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Abstract—We consider the differential and partialy integrated cross sections for bremsstrahlung from high-
energy electronsin an atomic field, with thisfield taken into account exactly. We use the semiclassical electron
Green function and wavefunctions in an external electric field. It is shown that the Coulomb corrections to the
differential cross section are very susceptible to screening. Nevertheless, the Coulomb corrections to the cross
section summed over the final-electron states are independent of screening in the leading approximation in the
small parameter 1/mrg, (ry, is the screening radius and mis the electron mass, # = ¢ = 1). We also consider
bremsstrahlung from afinite-size el ectron beam on aheavy nucleus. The Coulomb correctionsto the differential
probability are also very susceptible to the beam shape, while the corrections to the probability integrated over
momentum transfer are independent of it, apart from the trivial factor, which is the electron-beam density at
zero impact parameter. For the Coulomb corrections to the bremsstrahlung spectrum, the next-to-leading
termswith respect to the parameters nve (€ isthe electron energy) and 1/mr ., are obtained. © 2005 Pleiades

Publishing, Inc.

1. INTRODUCTION

Bremsstrahlung in the electric field of atoms is a
fundamental QED process. Its investigation, started in
the 1930s, is important for various applications. In the
Born approximation, both the differential cross section
and the bremsstrahlung spectrum have been obtained for
arbitrary electron energies and atomic form factors [1]
(see dso [2]). High-energy asymptotics of the
bremsstrahlung cross section in a Coulomb field has
been studied in detail in[3] exactly in the parameter Za
(where Z isthe atomic number and a = 1/137 isthefine-
structure constant). In these papers, the differential
cross sections and the bremsstrahlung spectrum have
been obtained. For a screened Coulomb field, the high-
energy asymptotics of the differential cross sectionwas
derived in [4]. The effect of screening on the spectrum
wasstudiedin[5, 6]. For the spectrum, it turned out that
screening is essential only in the Born approximation.
In other words, the Coulomb corrections to the spec-
trum are not significantly modified by screening. By
definition, Coulomb corrections are the difference
between the result obtained exactly in the external field
and that obtained in the Born approximation. In the
recent paper [7], it was claimed that Coulomb correc-
tionsto the differential cross section of the bremsstrahl-
ung are also independent of screening.

T This article was submitted by authorsin English.

In the present paper, we investigate the bremsstrahl-
ung cross section in the electric field of a heavy atom.
We assumethat €, €' > m, where € and €' are the initia
and final electron energies, respectively. In Section 2,
we consider the differential cross section in detail inthe
leading approximation, i.e., neglecting corrections in
the parameters m/e and 1/nmr g, . In contrast to the state-
ment in [7], screening may strongly modify Coulomb
correctionsto the differential cross section. We demon-
strate explicitly that this fact does not contradict the
final-state integration theorem [5], which implies that
Coulomb corrections to the spectrum are independent
of screening. We al so study the influence of the electron
beam finite size on Coulomb corrections. Again, Cou-
lomb corrections to the differential cross section are
very sensitive to the shape of the electron beam, while
the spectrum is independent of it, except for a trivial
factor. In Section 3, we consider corrections to Cou-
lomb corrections in the spectrum. It turns out that, in
the first nonvanishing order, they enter the spectrum as
asum of two terms. Thefirst term isproportional to m/e
and is independent of screening. The second term is
small in the parameter 1/mr g, and isindependent of the
energy.

Our approach is based on the use of the semiclassi-
cal Green function and the semiclassical wavefunction
of the electron in an external field. Previoudly, this
method was successfully applied to the investigation of
the photoproduction process at high energy [8, 9].
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2. DIFFERENTIAL CROSS SECTION

The cross section of the electron bremsstrahlung in
the externa field has the form

do’ = dp'dkd(e— € —w)|M|?, (1)

(2T[) w

where k is the photon momentum, p and p' are the
respective initial and final electron momenta, and

A/p2+m2, g = €y

The matrix element M is given by

w=lkl, €=¢,=

M = [drexp(-ik MHESreprn, @

where ¢ and Y™ are the respective wavefunctions
of the in- and out-state of the electron in an external
field, containing the diverging and converging spherical
waves and the plain wave with 4-momentum P in their

asymptotics, &ll = el Va €, is the photon polarization
4-vector, and y are the Dirac matrices.

In [10], the semiclassical wavefunction of the elec-
tron in an arbitrary localized potential was found with
the first correction in nve taken into account. In calcu-
lating bremsstrahlung and the e*e~ photoproduction
cross section in the leading approximation, the follow-
ing form of the wavefunction can be used [10]:

00

(|n out)(r.) — +J' exp |p T + |q F I)\J’dXV(rx)i|

17 ij xo COV(r ) U, 3)
O 2 0
0
ry =rF¥xn+qg42r thl/p,
A = sgnP°, n = pl/p.

In thisformula, g is atwo-dimensional vector lying in
the plane perpendicular to p, the upper sign corre-

spondsto Y&, and up isthe conventional Dirac spinor.

We recall that the wavefunction g} _;, corresponds

to the positron in the final state with the 4-momentum
(&p, P). For aCoulomb field, wavefunction (3) coincides
with the standard Furry—Sommerfel d—Maue wavefunc-

tion. When the angles between p and r in ¢4" (r) and
between p and — in Y™ (r) are not small, it is possi-
ble to replacer, in Eq. (3) by R, = r Fxn. Then, the
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integral over g can be taken, and we obtain the conven-
tional eikonal wavefunction

(<)

Womad(r) = exp{lp 0 |)\J’de(RX)}
4

[

0 0
x 0L F iJ'dxa V(R )T Up.
o 2P 0

0

We direct the z axis along the vector v = k/w, then
r =zv + p. Inthisframe, the polar anglesof p and p' are
small. We split the integration region in Eq. (2) in two:
z> 0 and z < 0. The corresponding contributions to
M are denoted as M, and M_, with M = M, + M_. For

z> 0, the function Y§™(r) has the eikonal form, and
we obtain

M, = J’dr'[%(_q[expéqz—m[r

z>0

00

—iIdx[V(r —nX+q./2z/p) + V(r + n'x)] E
0
’ . 5)
X Up{éﬂ— %J’dxéﬂx (OV(r —nx + q./22/p)
0

00

1 "
- ' []
2p,ldxoz OV(r +n'x)é }up
0

where A = p' + k — p isthe momentum transfer.

In Eg. (5), we have replaced ./2|r [h|/p in the def-
inition of r, in EQ. (3) by +/2z/p. Itiseasy to seethat,
within our accuracy, we can aso replace the quantity
V(r + n'x) in Eq. (5) by V(r + n'’x+ q./22/p) and con-
sider the vector g to be perpendicular to z axis. After

that, we shift p — p — q./22/p and take the integral
over . We obtain

J’ drexpg—l—pAD—lA r
z>0

00

_iJ'dx[V(r —nx) + V(r +n'x)] %
0
(6)

[

A 1 "
lao- = _
x 0y & ZpJ'derbz (OV(r —nx)
0

00

1 ~
——(dxe (OV(r + n'x)&d|u
2p'{ ( )
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In the same way, we obtain

J’drexp%szD AT

z<0

00

—iIdx[V(r —nx) + V(r +n'x)] E
O
0
(7)

[

o 1 "
o, eld-— _
X0yl & ZpIderbz (V(r —nx)
0

1 .
——dxa OV(r + n'x)eld|u
sz; ( )

There are two overlapping regions of the momen-
tum transfer A,

| A<Te-‘i’,
e (8)
I A>Amln = E

In the first region, we can neglect the terms propor-

tional to Aé in the exponentsin Egs. (6) and (7). Then,
the sum

M=M,+M_

becomes
a.
M = IdreXpD—IAD’
O

00

—iJ‘dx[V(r —nx) +V(r +n'x)] E
s 0

. 9
x| - i [oxeCr OV(r =)
0

00

1 ~
——(dxe (OV(r + n'x)&d{u
x| (r +n)

We can make the replacement n, n' — v in the
prefactor in Eg. (9). In the exponent, we must take the
linear term of the expansion of theintegral inn —v and
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n' — v into account. As aresult, we have

M = J’drexp[—iA [ —ix(p)]

00

XJ'dyUp.[éE[iy(n —v)—o/2p] MV(r —vy) 10)

+[—iy(n'=v)—a/2p] MOV(r +vy)éu,,

X(p) = [d2v().

In the arguments of V(r + vy), we make the substi-
tutionsz— z F y. After that, wetake theintegral over
y and obtain

M = A(A) CH, [(n r;)eD ;EZ

el D
2p'A

(11)
AA) = —iJ’dr exp[—iA OF —ix(p)]0,V(r).

We now pass to the calculation of M in the second
region, where A > A,. In Eqg. (6) for M,, we can

replacen' —~ n and zA?/2p —~ ZA%/2p, where 7 =
r -n. Because the polar angle of nissmall, we can inte-
gratein Eq. (6) over the half-space z > 0. After theinte-
gration over z, we obtain

M, = —i_[dpexlo[—iA Cp—ix(p)]
u,8d2p+a DAD]u
2pA [h + A7

(12)

The calculation of M_ is performed quite similarly.
Asaresult, we have

M = —iJ’dpexp[—iA Cp —ix(p)]

g | E2pta i) (2p+aDA)eDu (13)
W opAth+AL | 2pAth-nd |

Now, we can write the representation for M that is
valid in both regions,

e[kz ol O

A(A) EEFJ { 85 —s‘g}u )

14

5=wiepl, §=mtepl
No.1 2005
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Within our accuracy, this expression coincides with
Eqg. (11) inregion | and with Eq. (13) inregion 1. Using
the explicit form of the Dirac spinors, we finally obtain

M = 55A@ L0 (pe pi)

+¢' Y '
xgw eldpy+pp) —i[o x el dpy+po)

(15)
+2im[o x el ZE

[E+¢ . 0 0
—(0+8)F—el-i[exeld b O
O w EDi| 0

This expression is in agreement with that obtained
in [4] by another method. We emphasize that the poten-
tial enters amplitude (15) only viaA(A).

2.1. Coulomb Corrections
to the Differential Cross Section
in a Screened Coulomb Potential

We discuss Coulomb corrections to the differential
cross section of bremsstrahlung. We recall that these
corrections are the difference between the exact (in the
external field strength) cross section and that obtained
in the Born approximation, which is proportional to
[JA(A)? = |Ag(A) ] with A(A) from Eq. (11) and

Ag(A) = —iIdr exp[—iA 10, V(r)
(16)
= ADIdr exp[—iA TF]V(r).

The screening modifies the Coulomb potential of
the nucleus at distances
lor = Ac = 1/m.
In the region
A> maX(Amini r;ir)i
the quantitiesA(A) and Ag(A) are of theform
r1-iZa)q4o'#
F(1+iZa)pd

r1-iZa)p4t-12a
rQ+iza)tpd -

A(4) = Ag(4)
(17)

= —AjTiZO
Therefore,
IAQ)? = |Ag(A))? for A > max(Bmin Mser)

and Coulomb corrections to the differential cross sec-
tion vanish in this region in the leading approximation.
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Hence, Coulomb corrections are important only in the
region

A = maxX(Dn Fo) < M.

In this region, we can use Eq. (11) for the matrix ele-
ment. For the Coulomb corrections, substituting
Eqg. (11) in Eq. (1), using the relation

ddA_dA,
gy, =

and integrating over the azimuthal angle ¢ and summat-
ing over polarizations, we obtain

adwdA-dA
doyc = 3 3D ZZ
16mTe e'A,
2 2 M mtw? 2 2 (19
x[s ret+ 200 IO AW - Ag(a)].

We note that, in this formula, we can assume that the z
axisis directed along the vector p. Then, A, is negative
and

2
m w

|Az| ZAmin = ﬁ

The potential V(r) and the transverse momentum trans-
fer A enter Eq. (18) only asthe factor dR,

dR = dAS[|AQ)* - |AA)[]. (19)

It follows from the definition of A(A) that, for rg, >

|AZ|_1 , Screening can be neglected. However, it is obvi-

ous from Eq. (19) that screening drastically modifies
the A -dependence of the differential cross section for

rer < |A)] 7" Weillustrate this statement with the exam-
ple of the Yukawa potential

V(r) = =Zaexp[-Pr]/r.
After straightforward calculation, we have

dR _ 321 (Za)?
x[(z

ADE

J'dXXJl(XZ) K1(x) exp[2iZaK(yx)]
0

2

\ (20)
__Z }
(1+2%)°
Z = AD y = B
Jn2+ B JnZ+
No. 1 2005



COULOMB CORRECTIONS TO BREMSSTRAHLUNG IN THE ELECTRIC FIELD 5

We emphasize that A5 enters the right-hand side of

Eq. (20) only viathe variable Z, and, hence, /A + B
is the characteristic scale of distribution (20). For 3 >
|4,), this scale is entirely determined by the screening
radiusrg, =B Inthiscase, the A -distributionis much
wider than that in the absence of screening. We there-
fore conclude that, in contrast to the statement in [7],
Coulomb corrections to the differential cross section
strongly depend on screening. We note that screening
also affects the shape of the A -distribution (20) viathe
parameter y, which varies from 0 to 1. In Fig. 1, we
show the dependence of AdR/dA on the scaling vari-
able( for Z =80 and different values of the parameter y.

We note that, in contrast to bremsstrahlung, Cou-
lomb corrections to the differential cross section of e*e”
photoproduction in the atomic field areimportant only in
the region A, ~ m, where screening can be neglected [4].

2.2. Integrated Cross Section
It was shown in [5] that Coulomb corrections to the
cross section of bremsstrahlung integrated over A are
independent of screening in the leading approximation.
The statement was based on the possibility of obtaining
this cross section from the one for the e*e~ photopro-
duction. In this subsection, we perform the explicit

integration of do): (Eq. (18)) over A-. We show that the

strong influence of screening on the shape of dol- does

not contradict the statement in [5]. Our consideration is
quite similar to that used in [11] in the calculation of
Coulomb corrections to the e*e™ pair production in
ultrarelativistic heavy-ion collisions.

We consider the quantity

R = [dR = [dA[IA@) - [A®)T. (2

Thisintegral converges due to the compensation in the
integrand, and the main contribution comes from the
region

By = max(|8), o)

(see Eq. (17)). Substituting the integral representation

for A(A) (Eg. (11)) and for Ag(A) (Eg. (16)) in Eq. (21),
we have

R = J'dADJ’ dr,dr,
x exp[iA Lry —ro)]{ exp[ix(p) —ix(p2)] — 1}
* [LipV(ra)] OH0V(r)].
It is necessary to treat this repeated integral with

care. If one naively changes the order of integration
over Apandr, ,, theintegration over Agininfinitelim-

(22)
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AdR/dA
0
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-50
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Fig. 1. The quantity AgdR/dAq as afunction of { for Z =80

and y= 1 (solid curve), y= 0.5 (dashed curve), and y = 0.01
(dotted curve). The variable { is defined in Eq. (20).

its leads to &(p; — p,). Then, the quantity R vanishes
after the integration over p,, which is not correct. Such
an erroneous change of the order of integrations was
made in [4] in explicitly verifying that the integrated
cross section isindependent of screening. Although this
independence itself takes place, the proof of this fact
givenin[4] and widely cited in textbooksis not consis-
tent. The correct integration in Eqg. (22) can be per-
formed as follows. We restrict the region of integration
over A by the condition

AD<Q1

where
Q> max(|A], re)-

In thisregion, integral (21) is saturated and, hence, the
result of integration must be independent of Q. We can
then change the order of integrationsover r, , and Agin
Eq. (22) and take the integral over A;

_ J.(Q|pL—pJl) . _
R 2nQUdrldr2—|pl_p2| explid,(z 22)2]3)

x{ exp[ix(p) —iX(p)] =8 [ 1oV(r)] HO V()]
It is seen from this formula that the main contribution

to the integral is given by the region [p; — p,| ~ 1/Q. If
P12 > YQand |p, —p,| ~ V/Q; then

lexplix(p) —ix(p2)] -1 <1,

and the integrand is suppressed. Therefore, integral (23)
is determined by the region where both p;, ~ 1/Q and
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6 LEE et al.

~ 1/Q. Due to the factor [;V(r,)0,;V(r,) in the
integrand, z; , ~1/Q also. If r < rg,, then

V(r)=-Zalr
and
X(p) =2Za(Inp + const).
In addition, for r; , < [AJ™?, we can omit the factor

explid(z, — 2,)] in (23). We then perform the substitu-
tionr, , — ry ,/Q and obtain

R = 8T[(Za)zjjdp1dp2

(Pl [p,)Ji(|p1— Pz|)D[P2D2'ZG
plp2|pl P DQ)D

0 (24)

o5

We emphasize that this formula does not contain Q.
Using the identity

(p1 Epz)Jl(|Pl_Pz|) _ P1P>
lp1—p pf—pg 25
0 00

xth 2 _ J —p.)),

%’16[:)2 Pza—plm o(|P1—P2)
and the relation

21

[ d03o(/p3 + p3~2p1p,0050)

) (26)

= 21Jo(P1) Jo(P2)

which follows from the summation theorem for the
Bessel functions, we have

= 321’(Za) J’J’dpldpz
> (27)
Dlj)ZEIZiZG D
X [P2do(P2) J1(P1) — P1do(P1) J1(P2)] D[ED -170.
™1 U

Making the change of variables p,; , = rexp(t/4) and
integrating over r, we finally obtain

_ 3 200 cos(Zat)—1

R = 321(Za) Idt—-——-———-—exp(t)_l
0 (28)

= —321°(Za)’[Rey(1 +iZa) + C]

= —321(Za)’f(Za),
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where C is the Euler constant and
Y(x) = dinl(X)/dx.

Using thisformula and taking the integral over A, from
—o0 t0 =4, in Eq. (18), we reproduce the well-known
result obtained in [3]. We note that the value of R fol-
lowing from the numerical integration of Eq. (20) over
A agrees with the universal result (28).

Thus, we come to a remarkable conclusion: Cou-
lomb correctionsto the cross section integrated over Ay
areindependent of screening, although the main contri-
bution to the integral comes from the region

AD = maX(Amini r;ir) '

where, for Ay, << r;clr , the differential cross section is

essentially modified by screening. We emphasize that
this result is valid in the leading approximation with
respect to the parametersm/e < 1and Ac/rg, < 1. Inthe
next section, we show that, in the limit m/e —» 0, the

screening contributesto do: /dw only asacorrectionin
the parameter Ac/r. .

2.3. Effect of Beam Sze on Coulomb Corrections

It is interesting to consider the effect of a finite
transverse size b of the electron beam on Coulomb cor-
rections to bremsstrahlung in a Coulomb field of a
heavy nucleus. This consideration should be performed
in terms of the probability dW rather than the cross sec-
tion. Similarly to the effect of screening, afinite beam
size can lead to a substantial modification of Coulomb
corrections to the differential probability dW,, while
Coulomb corrections to the probability integrated over
A isauniversal function. Toillustrate this statement, we
consider bremsstrahlung from the electron described in
theinitia state by the wavefunction of the form

W(r) = [dQ,h(p)YE"(),
where the function h(p) peaksat p = py. If the width &p

(29)

of the peak satisfies the condition
Op < . /Ain€ = m,
then
W(r) = [dQ,h(p)expli(p —po) LpIW s, (1) 0
= op)wp, (1),
where the function @(p) is normalized as
[delep)” =
No.1 2005



COULOMB CORRECTIONS TO BREMSSTRAHLUNG IN THE ELECTRIC FIELD 7

and has awidth of

b> 1/ /BE = Ac.

The quantity dW, isgiven by theright-hand side of for-
mula (18), where the functions A(A) and Ag(A) are
given by Egs. (11) and (16) with the additional factor
@(p) in the integrands. Substituting

V(r) = -Zalr,
we have
A(A) = —2iZO(AZJ'dp(p(p)
x exp[—iAn [p] Ky (A,0)p/p" "4,

Ag(A) = —2iZquj dp@(p)
x exp[—iAg [p] K (A,p)p/p.

(31)

b |A)™ Obmn,
then we can simply replace @(p) — @(0) in Eq. (31),
so that the differential distribution does not change
compared with the case of aplain wave. Therefore, we

consider the case b < A;lm , Where the finiteness of the

beam sizeisvery important. In this case, we can replace
Ki(&p) — (A0) in Eq. (31).

Substituting the functions A(Ay) and Ag(Ap) from
Eqg. (31) in dR defined by Eq. (19) and repeating al the
steps of the derivation of

R = I drR
in the previous subsection, we obtain

R = —=321°(Za)* f(Za)|0)|%. (32)
We seethat Coulomb correctionsto theintegrated prob-
ability depend on the shape of the wave packet only via

the factor |(0)|*, corresponding to aelectron density at
zero impact parameter. Therefore, their dependence on
Za coincides with that in the case of a plane wave (24).
However, the shape of ¢@(p) can essentially modify the
Ag-dependence of dW,. Asanillustration, in Fig. 2, we
show the dependence of AdR/dA on ¢ for Z =80 and

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

Tt @ AdR/dD
20

Vi

0 4 N~ —
/

—20- 4

—40

—60}- 4

-80

0 2 4 6 8 10

Fig. 2. The quantity ApdR/dA in the units (npg) ! asa
function of { = pgAAg for Z = 80 and @(p) = @y(p) (solid
curve), e(p) = @y(p) (dashed curve). The functions ¢ ; are
defined in Eq. (33).

@®(p) = @(p) (solid curve) and @(p) = @,(p) (dashed
curve), where

exp[-p°/2pq]
e

1p,)exp[—p?/2p3
op) = (p/po) exp[—p po]’

J2mnpt

It is seen that the behavior of AdR/dA differs drasti-
cally for the two cases considered. In accordance with
Ea. (32),

@o(p) =
(33)

{ = poln.

R = —321°(Z0)* f(Za)/T ek

for @(p) = @(p) and
R=0

for @(p) = @(p). We note that, in the latter case, the
function AdR/dA; itself is different from zero.

3. NEXT-TO-LEADING TERMS
IN THE BREMSSTRAHLUNG SPECTRUM

Asisknown [5], the modification of the high-energy
asymptotics of Coulomb corrections to the spectrum
due to the screening effect is small. Below, we show
that the sameisalso truefor the next terminnve. Inthis
section, we explicitly cal culate the screening correction
in the leading term of the high-energy asymptotics and
neglect screening in calculating the next-to-leading
term in m/e. In other words, we calculate the first cor-
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8 LEE et al.

rections in the small parameters m/e and 1/mr, to the
bremsstrahlung spectrum

do' _ awpe

2
& = 2(om) pyee] LRLo S IMP

Aehe A,

(34)

with the amplitude M given by Eq. (2) and summation
performed over the polarizations of al particles. It is
convenient to calculate do¥/dw using the Green func-
tion G(r,, r,l€) of the Dirac equation in an external
field. This Green function can be represented as

Granfo) = y S0
- (35
dp [We(ro)We(ry) , Wp(r)P_pe(ry)
+ ZI(ZH) |: + i|’

£—£p+|0 £+sp—|0

where |, is the discrete-spectrum wavefunction, €, is
the corresponding binding energy, and P = (g,,, p). The
set of either in- or out-wavefunctions can be used in
Eqg. (35). The regularization of denominators in
Eqg. (35) corresponds to the Feynman rule. From
Eqg. (35),

z [AQuE"(r )T (r)
(36)
2
= 3 Jo YD) = 120860 1o,

where Q, isthe solid angle of p and G =G - G.The

function G is obtained from (35) by the replacement
i0 — —0. Because the bremsstrahlung spectrum is
independent of the direction of the vector p, we can
average the right-hand side of Eqg. (34) over the angles
of this vector. Using Eq. (36), we then obtain

do’ _

o - J’ dr,dr,exp(—ik )

Zsp 4
(37)

X ZSp{ 0G(ry r1]€)80G(ry, r,|€)& ,
)\V

wherer =r,—r, and &' = € —wisthe energy of thefinal
electron. Here and below, we use the linear polarization
basis (e* = €). We note that the integration over dQ, is
trivial because the integrand is independent of the
angles of k, and we therefore omit the integral

J’ko/ 411 below. It is convenient to represent do¥/dwin
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another form using the Green function D(r ,, 1, |€) of the
squared Dirac equation,

G(r r1)€) = [Y(€=V(ry) —y Cpp + mD(ry, 14€),

p, = —i0,. (38)

Performing transformations as in [9, 12], we can
rewrite Eq. (37) as

Y
9o " _ZFPI dr,dr,exp(-ik [T)

xS sp{l(2eCp, ~8K)BD(r rye)]
A

x[(2e Cp, +&k)8D(ry, 1,|€)]}

For the first two terms of the high-energy asymp-
totic expansion of the spectrum, the leading contribu-
tion to theintegral in Egs. (37) and (39) is given by the
region

r=|r,—ry Di = 28€2> 1.
Amin wm m

Thisestimateisin accordance with the uncertainty rela-

tion. Substituting 8D = D — D in Eq. (39), we obtain
four terms. Within our accuracy, the terms containing
D(e)D(g") and D (€) D (¢') can be omitted, and we have

do’ _ aw i
== 28pReJ’J'drldrzexp(—lk [7)

xS Sp{[(2e T, ~8K)D(r, r4]e)] (40)
A

x[(2e[p, +8K)D(ry, ,|€)]}

Here and below, we assume the subtraction from the
integrand of itsvalue at Za = 0. For calculationsin the
leading approximation in m/e, the function D(r,, r4|€)
can be used in the form [12]

E(pl pz)} (0)(r2,r1|8), (41)

D(ra rile) = [1+

where DO(r,, r,|€) is the semiclassical Green function
of the Klein—Gordon equation in the external field. The

function D is obtained from Eq. (41) by the replace-
ment D© —» DO* Representation (41) can be used
directly for the calculating the screening correction to
the spectrum. It is shown below that it can be used for
calculating the correction in m/e as well.
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COULOMB CORRECTIONS TO BREMSSTRAHLUNG IN THE ELECTRIC FIELD 9

Substituting Eqg. (41) in EQ. (40) and taking the
trace, we obtain

do 20(00

a0 1droexp(—ik [0)

x S CAle ;D] [e [p,D{"]
T (42)

2
U
* gele P +p2)DL ][ ps +p2)DY] )

DY = Dr,ryfe), DY = DOHry,rpfe).

In deriving Eq. (42), weintegrated the terms containing
second derivatives of D© by parts. We are interested in
the Coulomb corrections that can be obtained from
Eq. (42) by the additional subtraction of the Born term
(0(Za)?) from the integrand.

3.1. Next-to-Leading Termin nve
for Coulomb Corrections to the Spectrum

We start with Eq. (40) and introduce the variables
rxryxry rir

p=—"7%—"1 Z=—5"
r2 r

r=r,—ry, (43)

We note that the variable p in this section has a quite
different meaning than the variable p in the representa-
tion for A(A) in the previous section (see Eq. (11)). The
analysis performed shows that the leading contribution
to the term under discussion originates from the region
p~1lUmand 06, Y ~me < 1, where 8 is the angle
between the vectors r, and —r,, and U is the angle
between the vectors r and k. Screening can then be
neglected, and we can use the semiclassical Green
function D in a Coulomb field obtained in [9],

[2/\/72[]2100\

e r
o119 = 25 o] [
. T[(ZO()
XD%[+2r1r2aECE%l 2k|q - P|D

(44)

0
q-p° O

K = Je°=m’, a =y,

where g is a two-dimensional vector in the plane per-
pendicular to r. We note that, because the angle 6 is
small, we can assume that the variable z belongs to the

ﬂ(ZG) TZA)" (yop —y p/r)LHA=P) p) U
4k

A = sgng,
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interval (0,1) andr, =rzr,=r(1-2). Thefunction D
entering Eq. (40) is obtained from Eq. (44) by the
replacement K — —k and A — —A. The contribution
of thelast term in bracesin Eq. (44) vanishes after tak-
ing the trace in Eq. (40). Therefore, this term can be
omitted in the problem under consideration. The
remaining terms in Eqg. (44) can be represented in
form (41) with

0) ike™
D™(ra ryfe) =

2J’dq D[er}

Bzﬂﬂzlzm %l N

“Oq- plt

Then, using the relation

(45)
i n(ZO() n
2k|q - pl

IKZelKr

8TCr,I,
qu }[gﬂﬂzlzm\

queXp[ 21,0 — pl0

- m(Za)’ et
*B* g _ptT

(eThy,)Drpryfe) =

(46)

+ et
Dl

r12

and passing from the variablesr , to thevariablesr, p,
and z, we obtain from (42) that

dog _ _
dw

C(O.)E

2r'e I_Iz (1 2)2 3 [ [Audazdp
<ol S

DlﬁZDZZG_ 2Q2
EQl 1+2(Za) In"== Q1

g

(47)

11 nH
Q. #Qh

ng% ! —eEr+euhDBaEr+e[qu
rwll

y

2

——(elf,)(eldy) D
Z(1-2)

where Q, , =q,, ,—p|- Theintegral over p can be taken
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10 LEE et al.

o olydoY-/dy In this formula, the term proportional to f(Za) corre-

0 T T T T

-0.5

-1.0

-15

-20 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Fig. 3. The dependence of ;" yda'. /dy on y (see (49)) for

Z =82, £ =50 MeV. Dashed curve: |eading approximation;
solid curve: first correction is taken into account.

3.2. Screening Corrections

sponds to the leading approximation [3], and the term
proportional to Reg(Za) isan O(m/e)-correction. In our
recent paper [9], this result was obtained by means of
the substitution rules from the spectrum of pair produc-
tion by photon in a Coulomb field. Formula (49)
describes bremsstrahlung from electrons. For the spec-
trum of photons emitted by positrons, it is necessary to
change the sign of Za in (49). The O(nvVe)-correction
becomes especially important in the hard part of the

spectrum, as can be seenin Fig. 3, where oglydo‘é /dy
with the correction (solid line) and without it (dashed
line) are shown for Z = 82 and € = 50 MeV. We note
that, in the whole range of y, the relative magnitude of
the correction is appreciably larger than m/e due to the
presence of alarge numerical coefficient.

In this subsection, we calculate the screening cor-

using the relations (see Appendix B in [9])

1 sidering Ac/rg, asasmall parameter.
f(za) = 2T[(ZO()2 qz We siart'from Eq. (42) and use thg semiclasgical
Green function D(O)_(rz, rle) for an arbitrary localized
Idp Q ﬂzlm_l_'_z(za) In2Q2 potential V(r). This Green function was obtained
Q in[10] with the first correction in nve taken into
! account. The leading term has the form (see also [12])
= Re[W(1+iza) +C], (48) .
2iZat D(O)(r2'r1|5) = 2
4T[ Q2 1 (50)
_ 7 I'(1—|Za)r(1/2+|Za) J’dqexp ﬂ—i)\rJ’de(r1+xr—q) :
- ATz (12=iza)’ 2t
where Similarly to Eq. (47), we obtain
Y(t) = dinl(t)/dt, dol _ aoos

rection to the high-energy asymptotics of do. /dw, con-

= = dqg,dg,dp
C =0.577... isthe Euler constant, and g = |q; — q,|. We do — 32rfe I J'Z (1 2)° -UI s

next perform summation over the photon polarization,

pass to the variables |oor mD o6 -0
exp[|CD+— +— |—}
4=0d1+0 g = 01—y, e arall=)
" Uyee eEq elq
and take all integrals in the following order: dQ,, dq, X N [Heem Helr + ]DB?D t— %
dq, dr, dz The final result for Coulomb corrections to A, O
the bremsstrahlung spectrum is given by 7
+———(eliy)(e DJz)D
dot _ 2, 4 Z(1-2%
i —400[% +2(1-yHi @)
. “9) where
_Tw@-y)mg2 3.,
e I + 5(1-yHReg(za) | :

y = wle, 0, = a(Za)/m’.
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(51)

¢ = rJ’dx[V(rl+xr—qz)—V(rl+xr—ql)]. (52)
0
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COULOMB CORRECTIONS TO BREMSSTRAHLUNG IN THE ELECTRIC FIELD 11

Aswe seein what follows, it is meaningful to retain
the screening correction only in the case where rg, <

Am,n, which is considered below. Then, the main con-
tribution to integral (51) comes from the region

IIm=sp=srgy<r
and
gy, 01/m.
Under these conditions, the narrow region
ox = plr<1l

around the point

isimportant in the integration over x in Eq. (52). There-
fore, we can perform thisintegration from —o to 0. The
phase ® then becomes

® = 2ZaIn(Q,/Q,) + " = 2ZaIn(Q,/Q,)

@ (53)
+ I’IdX[5V(r1 +Xr—q,) —0V(r, +xr—qy)],

where dV(r) isthe difference between the atomic poten-
tial and the Coulomb potential of a nucleus. The nota-
tionin Egs. (51) and (53) isthe same asin Eq. (47). It
is seen that

ZadV(p)

O, OpdV(p) O
POV(P) D=5

<1 for pOm

and

1p <1 for pUrg, >

q
Dy, O E)ZD
Therefore, expression (51) can be expanded in ). In

our calculation of the screening correction do!**" /dw,

we retain the linear term of the expansion in &), The
function dV(R) can be expressed via the atomic elec-
tron form factor F(Q) as

4TtZO(

BV(R) = [ (SQ) =9(QRFQTZ. &)

Substituting this formula in Eq. (53) and taking the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

integral over x from —co to o, we obtain

scr d 0 .
o) = I(Zimz[exp(@m Tp-02)
4nZa

—exp(iQp p —91))IF(Qn)—— Q

(55

O

where Qisatwo-dimensional vector lyinginthe plane
perpendicular to r. We next use the identity (see
Egs. (22) and (23) in[13])

[ pP =% o 01iq, p —a0)]

Elp q,0
2iZa
—% expliq O 2/2],

- e

g=0,-0, fi,=1FQp.

Expanding the exponential in Eq. (51) with respect to
@) and using relation (56), we take the integrals over
0,2, I, and zand obtain

(56)

where

do>" 40((ZO() dQg
- S F(QD)I21T
oo SE)  SE)
[Dflﬂ 2iZaln fj[ fi fz }
s = B = [y2(3 ] (57)

F(y-1)(% +2u— 3)In[://_ﬁ J

L3y (y-1)(1-3)0
|

16m°
fiz
Using the trick introduced in [13], we can rewrite

thisformulain another form. We multiply the integrand
in (57) by

w
= — = +
y ¢’ Sz 1

EQDD

1= jd 6%— = (f7+Q7)
(58)
IMé((f—%/x) ~Qi(1/X*-1)),
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f(ZU)71A1, 2
0.25 T T T T

0.20

015 e n

0.10 -

T
\
1

0.05 e 7

Fig. 4. The dependence of A,/f(Za) (solid curve) and
A,/f(Za) (dashed curve) on Z.

change the order of integrations over f and x, and make
the shift

f— f+Qu/x.

After that, the integration over f can be easily per-
formed. Then, we make the substitution x = tanht and
obtain

(scr)

yd(;‘; = 160,me [20F(Q0)

0
02T[ Qé

© 21 (59)

o (0t rsn(2Zat) 7 cdb. - _
[goie] 22290 | 101y - S,
0 0

2 _FT

8m’e™ sinh’t
Q%(cosht + cosd)

My, = 1+

According to Eq. (57), the correction ydo!™" /dy has
the form

y(scr)
doe

ay = Ol A=Y+ AT,

(60)

Shown in Fig. 4 is the Z-dependence of the ratio
A o/ f(Za) calculated numerically with the use of form
factors from [14]. For the less realistic Yukawa poten-
tial, we can perform analytic calculations of the func-
tions A. It turns out that their dependence on the
parameter 3 = AJrg, hastheform

A = (Za)’B’(aIn’B+bInB +c), (61)
where b; and ¢; are some functions of Za, while a; does
not depend on Za. Recalling that B is proportional to

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

ZY3 in the Thomas—-Fermi model, we see that A; depend
on Z mainly viathe factor

(Za)’B* 0 (Za)*Z*°.

Therefore, it is quite natural that ydo!**" /dy calcul ated

with the use of the exact form factors is well fitted by
the expression

y(scr)
dog

y TR 8.6 x 100 ,(Z0)?

(62)
xZ[1.2(1-y) +y7.

In fact, the accuracy of thisfit for al Z is better than a
few percent.

It followsfrom Eq. (61) that, forry, = A~ thefac-

tor 3? in the screening correction is extremely small,
B2 < (m/e)2. Theterms of such an order were systemat-
ically neglected in our consideration. Hence, within our
accuracy, the account of the screening correction is

meaningful only for re, < Ay .

4. CONCLUSIONS

We have performed a detailed analysis of Coulomb
corrections both to the differential and the integrated
cross sections of bremsstrahlung in an atomic field. We
have calculated the next-to-leading term in the high-
energy asymptotics of the bremsstrahlung spectrum.
Similar to the leading term of the high-energy asymp-
totics of Coulomb correctionsto the spectrum, thisterm
is independent of screening in the leading order in the
parameter A /r.... We have also calculated the first cor-
rection to the spectrum in the parameter A /r, .

We have shown that, in contrast to Coulomb correc-
tions to the spectrum, Coulomb corrections to the dif-
ferential cross section strongly depend on screening
even in the leading approximation. This dependenceis
very important in the region that gives the main contri-
bution to the integral over A5. We have performed the

explicit integration over A; of do. for arbitrary screen-

ing and have verified the independence of the final
result from screening.

We also examined the effect of the finite beam size
on Coulomb corrections to bremsstrahlung in a Cou-
lomb field of a heavy nucleus. Similar to the effect of
screening, the finiteness of the beam size leads to a
strong modification of Coulomb corrections to the dif-
ferential probability, while the probability integrated
over Ay depends only on the density of the electron
beam at zero impact parameter.

No.1 2005
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Abstract—The band structure and evolution of the Fermi surfaces of stripe phases were studied using the
t—t'-U Hubbard model in the mean field approximation. The appearance of quasi-one-dimensional “impurity”
subbands caused by the localization of particles on domain walls inside the Hubbard gap is confirmed. Among
vertical stripe phases paralel to y bonds, the Yg and Y, structures with distances | = 8a and 4a between domain
walls were found to be stable. Fermi surface segments in antinodal or nodal directions were shown to corre-
spond to an “impurity” band or the main band related to the entire antiferromagnetic domain region. Thisisa
probable explanation of the difference in the properties of ARPES spectra at different Fermi surface regions
observed for La, _,Sr,CuO,. It was shown for the Yg structure that the topology of the Fermi surface
changed and an isotropic pseudogap opened at the point corresponding to ap = 1/8 doping level. Attempts
at relating this property to the anomal ous suppression of T.in LSCO at p = 1/8 encountered difficulties. The
low dispersion of the impurity band and the wide gap separating it from the lower Hubbard band in diagonal
stripe phases formed at p < 0.05 create prerequisitesfor the existence of the insulating state at nonzero doping.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Angleresolved  photoemission  spectroscopy
(ARPES) [1, 2] directly probes quasi-particles in
cuprates. For instance, the superconducting gap was
measured and the existence of a pseudogap revealed by
this method in the normal state of underdoped cuprates
based on Bi (BSCCO). Like the superconducting gap of
d symmetry, the pseudogap is absent in the nodal diag-
onal directions (on the line of the superconducting gap
nodes) and opens in the antinodal quasi-momentum
directions close to the points M(£Tt, 0), (O, £11). There
are many arguments [1-3] in favor of the conclusion
that the pseudogap is determined by the properties of
the antiferromagneticaly correlated Fermi liquid,
namely, by the energy profile of the lower Hubbard
band. Thisprofileiswell discernibleinthe ARPES data
on insulating undoped antiferromagnets. At alow dop-
ing, it determines hole pockets in the nodal directions
around the point (172, 1v2) and the pseudogap in the
excitation spectrum in the antinodal quasi-momentum
directions. The homogeneous sol utions of thet—t'-U or
t—t'-J models substantiate this picture at low h-doping
and predict a change of the topology of the Fermi sur-
face from small-sized hole pockets to a large elec-
tronic-type Fermi surface as the doping increases.

The observed evolution of the Fermi surface as the
degree of h doping increases, however, contradicts the
assumption of the formation of ae-type Fermi surface.
For La,_,Sr,CuO, (LSCO), the Fermi surface arc
remains hole-like at substantial doping levels and

always intersects the M(0, T)—Y(rt, 7)) segment. It fol-
lows from the ARPES data on LSCO [4-6] that its
Fermi surface has segments of two different types. The
first type is straight Fermi surface segments parallel to
CuO bonds closeto the M point. The second typeis seg-
mentscloseto the nodal diagonal directionswith system-
atic photoemission intensity suppression on them. This
picture was obtained for underdoped LSCO by photoe-
mission with photons of energy hv =29 eV [4-6] in the
main Brillouin zone. Measurements at hv = 55 eV with
ahigher resolution in the second Brillouin zone showed
that, along with bright Fermi surface segments in the
antinodal directions, there were Fermi surface seg-
ments along the boundary of the magnetic Brillouin
zone with a narrow momentum distribution and a low
integral intensity [7, 8]. Thisbehavior wasrelated in [7]
to the formation of stripe structures, that is, antiphase
antiferromagnetic domains arranged in line. The sug-
gestion was made that the transition between two types
of structures, from diagonal stripe structures to stripe
structures parallel to CuO bonds, occurred in the region
of the transition from the insulating to superconducting
state of LSCO at low doping levels (& ~ 0.03-0.07).

The observation of incommensurate peaksin inelas-
tic neutron scattering at Q = (11, 1) £ (, +8) or Q = (Tt
0, ), (1L, T+ J) in the insulating or superconducting
phase, respectively (see [9-11]), lends support to the
existence of such quasi-static structures. A comparative
study of the incommensurate peaks from superlattices
in elagtic neutron scattering and incommensurate peaks

1063-7761/05/10001-0106$26.00 © 2005 Pleiades Publishing, Inc.
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in inelastic neutron scattering favors the suggestion that
the latter originate from slowly fluctuating stripe struc-
tures[12]. The pinning of such structures caused by dop-
ing with zinc [13] or under magnetic field action [14]
substantiates this conclusion. Additional broadening of
quasi-particles at the points k = (ky, T — k) (Ko ~
0.175m), where the Fermi surface turned from the direc-
tion M(rt, 0)-M'(0, ) toward segments parallel to
(0, 0)-M(1, 0) [ 7], was also related to stripe phases.

The Fermi surface in electronically doped cuprates
is substantially different from that in h-doped samples.
The observed Fermi surface in the underdoped region
bounds electron pockets around the points M(zt, 0),
(0, £m) [15] in consistency with the energy profile of
the upper Hubbard band [16, 17]. Further doping gen-
erates a fragmentary Fermi surface with an additional
segment in the diagonal direction [18]. Such a patched
character of the Fermi surface was explained in [19] by
the formation of electron and hole pockets simulta-
neously from the upper and lower Hubbard subbands of
the t—t'-U model. In [20], the hypothesis according to
which the fragmentary structure of the Fermi surface
was related to stripe phases was al so discussed.

The purpose of this work is to show that the frag-
mentary Fermi surface structure and several other spe-
cial features of bands and spectra intensities could
appear as aresult of the formation of stripe phases. We
show that Fermi surface fragmentation for a periodic
stripe structure is caused by splitting the initial band
into several subbands, asdistinct from splitting into two
(lower and upper) Hubbard subbands in the homoge-
neous antiferromagnetic state. This is accompanied by
the splitting off of “impurity” quasi-one-dimensional
subbands present inside the Hubbard gap of the homo-
geneous antiferromagnetic state. These in-gap bands
are related to particles localized on domain walls. We
show that different Fermi surface segments correspond
either to the particles that belong to the impurity band
and are associated with domain walls or to particles
from the entire region of antiferromagnetic domains.

Our analysisis based on self-consistent solutions to
the Hubbard model obtained by the mean field method.
The results are in agreement with those reported
in[20, 21] and based on a simplified description of
stripe phases, which were modeled by a handpicked
potential. The mean field method allows the stability of
stripe structures to be estimated in a crude approxima-
tion, and unrealistic hypothetical structures, for instance,
stripe structures with charge modulation and long-range
antiferromagnetic spin order simultaneoudly, to be
excluded from consideration. Our calculations substanti-
ate many of the properties of quasi-particle excitationsin
stripe phases observed in model cal culations and calcula
tions by the mean field method [20-24]. In particular,
they lend support to the interpretation of quasi-one-
dimensional quasi-particle states inside the Hubbard
gap as states localized on domain walls.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

107

We consider the t—t'—U Hubbard model with band
energy ¢, and one-center interaction U >0 (t=1and al
energies are in t units throughout). The model does not
include long-range Coulomb interactions but gives a
quite correct description of the properties of quasi-par-
ticles characterized by large quasi-momenta near the
Fermi boundary. The Hamiltonian of the model in the
mean field approximation is insufficient for describing
the superconducting state and must be augmented by
empirical interaction of electrons on neighboring cen-
ters. The corresponding equations should be derived
with more accurate inclusion of correlations. We, how-
ever, use the original t—+t'—U Hubbard model to study
stripe structures in the normal state. The procedure for
seeking a solution by the mean field method with a peri-
odic field structure is quite standard [24]. The periodic
structure is determined by the two-dimensional transla-
tion vectors E; and B; in the direct and reciprocal lat-
tices, respectively,

Ei = (BxwEy), Bi=(BxBy), 1=

which satisfy the conditions EjB; = 2mg;.

An arbitrary siten=n(L, j) = E;L, + E,L, + of the
periodic structure with n, centers per unit cell is
described by the coordinates L = (L4, L,) and j = (jy, j,)
of the unit cell and the site inside it, respectively. A
guasi-momentum k [0 G inside the Brillouin zone of the

original lattice is expressed via the momentum k

1,2, (1

reduced to the Brillouin zone G of the periodic struc-
ture, k = k + B,m; + B,m,. The set of integers m;, m,
numbers al independent Umklapp vectors. The G and
G regions are bounded by the conditions |R Bi|<|B /2
and [k, | < T, respectively.

The role of the order parameters for the periodic
mean field solutionsis played by electron densities and
mean spin vectors of each unit cell site,

rp= Onepd Sy = BByne, 2

Here, averaging is over al N_ = N/n, unit cells and o
numbers spin vector components.

The mean energy isfound in the mean field approx-
imation as an explicit function of order parameters (2)
[24], and the wave function is determined by the popu-

lation of the one-electron eigenstates )(lA of the linear-
ized Hamiltonian

Hi, = T+ NL2{2Urjfj—2uslist} =y h

J kOG
This Hamiltonian is partitioned into independent con-
tributions for each reduced guasi-momentum k value.
Here, T is the kinetic energy and 7; and SJj are the
operators corresponding to one-electron means (2). The
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eigenstates of the Hamiltonian H;;,, are expanded in the
momentum representation into a set of 2n., Fermi oper-
ators

Xir = 3 Cvom oW (K), 3

whereA =1, ..., 2n,, Bm=B;m; + B,m,, and the vec-
tors k + Bm span the entire phase space G.

The matrix of eigenvectors W, , and eigenvalues

E; , arefound by diagonalizing the h; matrix in the
bassset{ck+8m o
(hR)myo" m'yo-Wm',a',)\ = Wm,o,)\ER)\- (4)
Here,
(hﬁ)m,o,m',c' = 6f’f"“'6(‘<"eﬁ+8m

o (5)
+ Uzq)(J! m _m)[rjéco'_spj(o-u)cc']i

where ¢(j, m) = exp[iBmj] and j = (jy, j,) runs over all
n. centers of the unit cell. Order parameters (2) them-
selves are in turn calculated from the matrix of eigen-
vectors W and Fermi functionsf as

(08 =555 Y {000 wb(iim- "

koG msm,s
m,s,)\(k)Wm‘,s’,)\(k)f(ER)\ —IJ.)

The Pauli matrices o, and g, in (6) correspond to the
S, and r; components, respectively. Equations (4) and
(6) determine the self-consistent solutions of the mean
field method for a periodic field structure.

Theintensity of the photoemission of electronswith
the momentum projection k onto the ab plane and
energy E=hv-wis

(k@) = IM(K)[°A(ko) f (@) O Ry (7)

It is determined by the matrix element M(K), spectral
density A(kw), and Fermi function f and isaccompanied
by the convolution with the Gaussian function R [25]
that imitates finite resolution in k and energy. The
dependence of the matrix element M on k was studied
in[26]. Here, we use a constant value of M, because our
goal is to study the influence of the structure on the
spectral density A.

In the one-€electron approximation,

Ak, ©0) = ﬁ

®
z [ Wi o1 ()| “3(Eg, — = 0)3, 7, g
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Here, A =1, ..., 2n,and m= (my, m,) number indepen-
dent Umklapp vectors Bm= B,m, + B,m,. The standard
replacement of the & function in (8) by afunction with
afinite width Q is implied. The map I(k,, k;, w = 0)
visualizes both the main and shadow Fermi surface seg-
ments. Although band energies are periodic functions
in the k space, intensity (7) and spectral density (8) are
devoid of such periodicity. For this reason, even if the
matrix element in (7) isindependent of k, various Fermi
surface regions manifest themselves with different
intensities because of the compound nature of band
operators in the presence of a structure.

Apart from the maps I(k,, k, w = 0), we consider
intensity maps averaged over a certain frequency win-
dow 2Aw,

Lol @) = [des] (ke) RS%E. ©

Here, R is the corresponding Gaussian function with
width Aw that imitates finite resolution in w. The con-
struction of such maps requires function normalization
by its maximum value. It follows that the brightness
and width of Fermi boundaries on them depends on the
width of the frequency window Awin (9). In particular,
at alarge width Aw, not only the true Fermi boundaries
with sharp population steps but also boundaries with
smoother n(k) variations are seen in the map of thel,,
function. Such regions correspond to the opening of a
insulating gap or pseudogap.

Lastly, if k = k(l) is varied along a certain contour,
the map of the A(k, w) function on the plane of two vari-
ablesk(l) and w reproduces the dispersion of the energy
levels E,(k) along the selected contour. Each level is

then weighted with a weight factor |W, . ,|* corre-

sponding to the contribution CEG to band eigenstate (3).
To see dl the E,(K) bands as a whole rather than their
“bright” fragments only, it is sufficient to construct the
map of function (8) with replacing the |W]? factor
by one.

2. THE STRUCTURE
OF VERTICAL STRIPE DOMAINS

Among the stripe phases with domains aligned with
the y-oriented CuO bonds, the structures with domain
walls centered on x bonds, wall spacings| =4, 6, 8, and
10, and n. = 2| (I isiin lattice parameters) were calcu-
lated. Let these phases be named Y,, ..., Y, res
pectively. Without adjustment of model parameters, the
mean field approximation ignoring interaction with the
lattice describes a tendency in structure changes rather
than the exact order of their sequence as the doping
varies.

The mean energies H (p) per lattice site are shown
in Fig. 1 as functions of the doping p = 1 — n for the
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hole-doped model with the parameters U =4 and t' =
0.1 (in t units) for a series of structures and for the
homogeneous antiferromagnetic state. The latter has
the lowest energy when p — 0. In agreement with the
earlier results [24], stripe states are stabler in hole-
doped model sthan the homogeneous antiferromagnetic
state. The Yig, Yg, Ys, and Y, structures sequentially
become stablest as p increases. Starting with certain
p > p*(l) inside the interval |, two additional domain
walls appear in the Yg and Y, structures, and the width
of the true antiferromagnetic domain decreases to 4a
and 5a. The p* values correspond to kinksin the depen-
dence of the mean energy on the doping and lie in the
region where 'Y, is the stablest structure. At large p, the
Y, structure with Al =4 is obviously distinguished as
the stablest structure.

Figure 1 also displays variations in the electron and

spin densities r(n) and d(n) = (-1)™" " [S,(n)Jon sites
along the n, coordinate parallel to CuO bonds for some
structures in the hole-doped systemwithU =4 andt' =
0.1. These variations show the degree of charge local-
ization and spin density distortion close to domain
walls. The self-consistent periodic spin field F(n) =
U(-1)"d(n) (or the spin structure factor) is somewhat
different from the handpicked potential with rectangu-
lar modulation [20, 21]. At low t', it actually contains
only two harmonics F, with the vectors g = Bm closest
to the vector Q = (11, ™) of the homogeneous antiferro-
magnetic state.

The main and shadow Fermi surface segments on
the complete phase space plane |ky| < 1t for the Y,
stripe structure with | = 4a and n, = 8 aligned with y
bondsare seenin Fig. 2a, wherethe map of theintensity
of photoemission I(k, w=0) at thedopinglevel p=0.15
is shown. The Fermi surfaces of the stripe structure are
substantially different from those of the homogeneous
antiferromagnetic solution for the model with the same
doping level. The Fermi surfaces for the latter are
boundaries along hole pockets prol ate al ong the bound-
ary of the magnetic Brillouin zone. The periodic field of
spins of antiphase antiferromagnetic domains forms
quasi-one-dimensional Fermi surface segments perpen-
dicular to the direction of stripe domains. The map of
intensities I (k,, k,, w = 0) symmetrized along the x and
y stripe domain orientations is shown in Fig. 2b. The
absence of a Fermi boundary in the diagonal direction
means a pseudogap opening in this direction instead of
the pseudogap in the region of points M = (0, 1), (1T, 0)
for a homogeneous solution.

The intensity 1,, map averaged over the frequency
window Aw = 0.08t according to Eq. (9) is shown in
Fig. 2c. In addition to the bright Fermi surface seg-
ments, the broadening of Aw makes visible quasi-parti-
cles with energies exceeding the pseudogap width in
the diagonal direction.
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Fig. 1. (a) Doping p = 1 —n dependences of the mean energy
per node for the hole-doped model with the parametersU =
4.0 and t' = 0.1 of vertical stripe structures and homoge-
neous antiferromagnetic state (thick curve AF). The curves
for Y, structures are labeled by the corresponding | = 4, 6, 8,

and 10 values. (b) Thesameat alow p valuefor the diagonal
stripe phases D and D,g. The dashed lines correspond to

approximate mean field results in the region of incomplete
convergence. (c) Mean density and spin (2) variations
depending on the coordinate n, of lattice sites for the Yg
(solid lines) and Dg (dashed lines) structures.

The band structure of periodic stripes and spectral
weight transfer between subbands are seen in the spec-
tral density A(k, w) maps on the (k, w) plane as k
changes along a certain contour. The band energies
weighted according to (8) and the system of the same
band levels E, (k) — 1 of the periodic structure with unit
weights are shown in Fig. 3 as functions of k, which
varies aong the path (0, 0)-M(m, 0)-Y(ry, ). The
E, (K) energies [but not the intensities A(K)] are, as they
should be, periodic functions of k with the period 217l
in the contour regions normal to the direction of stripe
domains. In redlity, only a small number of nonshadow
band levels contribute to the spectral function for each
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Fig. 2. (@) Intensity map [Eq. (7)] on the [k, ,| < 1T plane representing the Fermi surface of the Y, structure of vertical stripes with
| = 4 for the model with U =4 and t' = 0.1; doping level p = 0.15. (b) The same map averaged over the x- and y-oriented stripe
structures. (c) Map of intensity (8) averaged over the frequency window Aw = 0.08t in the first phase space quadrant 0 < ky < TC

(b)

/

r

4

M Y

k

Fig. 3. (@) Maps of spectral density (8) revealing band energies E) (k) — p of the Y, stripe structure as k varies along the contour
M=M(, 0)-Y(11, ). (b) The same bands from the density map of levels with unit weightsin (8). Model parameters and doping are

asinFig. 2.

k and, accordingly, manifest themselvesin photoemission.
In agreement with the results obtained in [20, 21, 24], it
follows from Fig. 2 that the transfer of spectral weight
between the subbands of periodic structure occurs in
such a way that bright band regions tend to reproduce
the unperturbed band. Bright band fragments close to
the boundary of the magnetic Brillouin zone appear
inside the Hubbard gap of the excitation spectrum of
the homogeneous antiferromagnetic state.
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Details of the behavior of “weighted” bands E(k) —
M in the vicinity of the boundary of the magnetic Bril-
louin zone as k varies along three sections, namely,
M@, 0) — Y(m, ™), Nr-Y(1v4, 3w4) — Y, and
M-(12, v2) — Y, are shown in Fig. 4. Along the last
two sections, none of the bands intersects the chemical
potential level, which means a pseudogap opening in
these directions and isin agreement with the absence of
adiagonal Fermi surface segment in Fig. 2b. The Fermi
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Fig. 4. Behavior of bands and spectral density transfer between them close to the boundary of the magnetic Brillouin zone from the
Ak, w) map; k varies along three contours M'-M(t, 0)-Y(1t, 1), M-S(3174, T¥4)-Y, and 'Y in the region limited by the condition

Ky +

< 1.3mt The vertical lines correspond to the k values at the intersections of the contours with the magnetic Brillouin zone.

Maps b and c display pseudogap opening at the corresponding points of this zone. The Y, structure, doping, and model are asin

Figs. 2and 3.

I

(b)

7N\
N\ /

Fig. 5. Photoemission intensity I(k, w = 0) maps revealing the Fermi surface for the Yg stripe structure (with averaging over the x
and y orientations); maps (@) and (b) correspond to doping levelsp = 0.1 < 1/8 and p = 0.15 > 1/8, respectively. Anomalous doping
p = 1/8 corresponds to pseudogap opening along the boundary of the magnetic Brillouin zone.

surface also disappears near M(0, 11). According to the
interpretation suggested in [20-22], there appears an
impurity 1D band of quasi-particles localized on
domain walls and moving along them. For vertical
stripe domains, the dispersion of such a band is large,
of order t.

Calculations of the Yg and Y;, structures show that
the shape of the Fermi surface similar to that described
above (Figs. 2a, 2b) only exists at the doping levelsp <
1/8 and p < 1/10, respectively. At the same time, Fermi
surface segments in the nodal diagonal directions
appear a p > 1/, and a pseudogap habitual with
BSCCO again opens near the M(tt, 0), (O, T7) points. The
Fermi surfaces of the Yy structure with the doping levels
p=0.1<1/8andp=0.15>1/8 areshownin Fig. 5. At
the very instant of the change of the topology of the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

Fermi surface, at the doping level p = 1/8, a pseudogap
opens along the entire boundary of the magnetic Bril-
louin zone. The impurity band lies wholly above the
chemical potentia level u andisfully free, whereasthe
remaining seven lower levels of the main band originat-
ing from states delocalized over the antiferromagnetic
domain lie above u at al k values and are fully popu-
lated. The gap between them at the chemical potential
level isseen in Fig. 6, which displays the spectral den-
sity A(k, E — 1) maps as k varies along three sections,
namely, ' — M(1t, O)-Y(1t, ), M'-S(174 3174)-Y, and
=Y, and the corresponding unweighted eigenvalues.
The arrangement of the latter explains the scheme of
filling the main and impurity in-gap bands. The appear-
ance of adiagonal Fermi surface segment at p > 1/8 in
the Yg structure means the formation of ahole pocket in
the remaining main band, which contains seven levels
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Fig. 6. Behavior of bands E, (k) — p for the Yg structure at

anomalous doping p = 1/8 on the maps of the spectral (bot-
tom) and unweighted (top) densities of states. Quasi-
momentum k changes along the M-M(rt, 0)-Y contour. The
horizontal lineis the chemical potential level.

per domain layer, while the impurity band that split off
from the main band inside the Hubbard gap is com-
pletely depopulated. Solutions for the Yy, structure
exhibit similar change of the Fermi surface topology at
p = 1/10. At this p value, the mean energy of the
Yo Structure is, however, higher than that of the Yy
structure.

Itismorereadlistic to describe LSCO asan ensemble
of several quasi-static structures with domains of vari-
ous widths or mean charge density fluctuationsin space
or time. Simplified model calculations of a disordered
stripe phase were performed in [20]. Taking into
account spatial charge fluctuations or (and) structure
variations, we can expect quasi-one-dimensional Fermi
surface segmentsin antinodal directions and Fermi sur-
face segments in nodal directions to manifest them-
selves simultaneously in the ARPES data. It follows
from our analysisthat different Fermi surface segments
have different origins, and antinodal segments originate
from impurity band states localized on domain walls,
whereas Fermi surface segments in nodal directions
originate from states del ocalized over the antiferromag-
netic domain. Clearly, the former are more sensitive to
the influence of defects, impurities, and structure varia-
tions. This could explain the difference in the shape of
ARPES signals from LSCO for noda and antinodal
Fermi surface segments (the presence versus absence of
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sharp peaks in the energy distribution of photoel ec-
trons [6, 7] for the corresponding segments).

It aso follows from the band fragmentation
described above that the pseudogap region of the mag-
netic Brillouin zone with a suppressed photoemission
intensity is retained in the region of the intersection of
the standard Fermi surface arc and the boundary of the
magnetic Brillouin zone in the vicinity of the point
(174, 3174). Such magnetic Brillouin zone points are
called hot points in [7], because, starting with these
points, the observed broadening of the photoemission
peak isinterpreted as the switching on of an additional
mechanism of scattering of particles with the corre-
sponding k value. According to the concept of stripe
phases, the disappearance of the Fermi surface in this
direction is caused by special features of the bands,
namely, the retention of the pseudogap in the region
between two Fermi surface segments of different
natures. Near hot points, spectral weight is transferred
from band states del ocalized over the antiferromagnetic
domain to an impurity quasi-one-dimensiona band,
which ismore sensitive to the stripe structure period. As
has been mentioned, peak broadening inthe energy dis-
tribution of photoel ectronsin antinodal directions start-
ing with hot points could be a consequence of a disor-
dered arrangement of domain walls.

An attempt can be made to relate the anomaly of the
electronic properties of the Y structure at p = 1/8 to the
anomalous suppression of superconductivity and T, in
L SCO at thisp value. However, acontradiction remains
between the positions of inelastic neutron scattering
peaks g =111, 1 + 1/8) expected for the stripe structure
Ys and their positions q = 1(1, 1 + 1/4) observed for
LSCO at p = 1/8. The latter favor the Y, structure.

Studies of other periodic structures showed that, in
the mean field approximation, charge modulation
(charge density waves) is only possible in the presence
of antiphase antiferromagnetic domains with bound-
aries between them. The artificial order parameters that
describe charge density waves for in-phase antiferro-
magnetic domains do not survive: the solution by the
mean field method converges to a homogeneous anti-
ferromagnetic solution. Thisis also true of the periodic
variant of bubble-type structures [20] with a4 x 4 cell
and two-dimensional structures with antiphase antifer-
romagnetic domains of size 4 x 4 and charge modula-
tion along the x and y axes. A consideration of the latter
in the mean field approximation leads to a homoge-
neous paramagnetic solution. At certain parameter val-
ues, there exist dimeric structure states with spin cur-
rents on plaquettes 4 and mean spin vectorslyingin the
ab plane (32 centers per unit cell). Their energy is
higher than that of the vertical stripe structure Y,, and
their Fermi surface in no way corresponds to the seg-
ments of the observed Fermi surface.
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3. DIAGONAL STRIPE PHASES

The differences between diagonal stripe structures
and the structures aligned with bonds, which were con-
sidered above, are of interest. The diagonal structures

with a distance of |/ ﬁ between domain walls and the
number n, = 2 sites per unit cell will be denoted by D, .
The presence of such structures in the insulating
L SCO phase follows from inelastic neutron scattering
peaks with Q = (11, 1) + (8, £0) at a doping level of
p < 0.05 [9-11]. We calculated D, structures with the
trandation vectors E; = (-1, 1) and E, = (I, I) and
domain walls centered on sites rather than bonds,
because the energy of diagonal structures increases
when domain walls are centered on bonds. The energies
of the D, and D, structures with the numbers of sites
n. = 2l = 20, 40 per unit cell are shown in Fig. 1b rela
tive to the energy of the antiferromagnetic state at
p <0.1. Thedatapresentedin Fig. 1 and the experimen-
tal resultsreported in [9-11] lead usto expect the exist-
ence of diagonal stripe phases D, with | > 20 in the low
doping region (p < 0.05). Nevertheless, the characteris-
tics of the Fermi surface and the impurity band inside
the Hubbard gap will beillustrated as an example of the
D stripe structure with a smaller number of levels.

The Fermi surface map and the behavior of bands
along the sections M'=Y(r, ) and '=Y'(—t, ™) for the
diagonal Dg stripe structure with the translation vectors
E,=(-1,1) and E, = (8, 8), n. = 16, and domains parallel
to E; are shown in Fig. 7. As was predicted in [20, 21],
the quasi-one-dimensional Fermi surface segments are
perpendicular to the direction of stripe domains. An
impurity in-gap band with a small dispersion appears
in the middle of the Hubbard gap. As follows from the
reasoning of the authors of [20, 22], the dispersion of
thisband is proportional to the small hopping t', asdis-
tinct from asimilar in-gap band in vertical stripes with
width ~t. At such asmall dispersion of thein-gap impu-
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rity band and awide gap separating it from the remain-
ing lower Hubbard band, doping and stripe structure
period variations enable a system having the insulating
state even at nonzero doping p;, # 0 to be modeled [22].

The spectral density A(k, w) map is shown in Fig. 8
along two diagonal sections for the periodic structure
Dg with n, = 16, E, = (8, 8), and a doping level of p =
1/8. It corresponds with the structure of “weighted”
bands aong two diagonals, parallel and perpendicular
to stripe domains. The plots at the bottom display the
system of “unweighted” one-electron levels. Along the
entire boundary of the magnetic Brillouin zone, awide
gap separates the mgjor part of the lower Hubbard band
from the impurity band of states split off and localized
alongdomainwalls. At p=1/8, theimpurity band of the
Dg structure is empty. It follows that, at such a doping,
the Dg structure would have the properties of ainsulat-
ing with a wide gap separating the conduction band.
This situation is similar to that with the anomalous
behavior of the vertical stripe structure Yg at doping p =
1/8. The difference is that the gap of excitations in the
Ys structure would be narrow because of alarge impu-
rity band dispersion.

The question of whether or not the Dg structure with
p = 1/8 can exigt, that is, the question of its stability as
compared to vertical stripe structures, can hardly be
answered unambiguously on the basis of mean field
calculations. It follows from the positions of the low-
frequency incommensurate peaks of inelastic neutron
scattering by LSCO [9, 10] that we can expect the for-
mation of diagonal stripe structures D, with | = 20 only
at avery low doping level, p < 0.05.

Any diagonal D, structure at the corresponding dop-
inglevel p= 1/l retainsthe properties of the Dg structure
described above; that is, it remains insulating and has
an equally wide gap separating the main filled band
from the empty impurity conduction band. It follows
that, at arbitrarily low doping in the region p < 0.05,
where diagonal structures D, with | > 20 are stabler, we

(b) ()

4
Y' Y / /
/ &
k, 4 T 0
| i / Lu / /
4
k, r k Y'r k Y

Fig. 7. (8) Intensity map for the Dg structure with stripe domains parallel to the vector B, = (—t, 1) at the p = 0.15 doping level. The
Fermi surface segmentsnormal to thedirection of domainsare only seen. (b, ¢) Behavior of bandsfor k changing along the diagonals

(0, 0)-Y'(—m, ) and '-Y(1, 1), respectively.
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Fig. 8. Spectra density A(k, w) maps (bottom) and band
energies E(K) — L (top) of the Dg stripe structure at the p =

1/8 doping level for k changing along the MY diagonal nor-
mal to the direction of stripe domains.

always observe the formation of a set of diagona

domain walls with the mean distance | > 20/./2
between them that gives rise to the insulating state of
the system through splitting off the required number of
empty impurity bands from the remaining fully filled
main band. These arguments, first presented in [22],
explain the existence of ainsulating phasein LSCO at
nonzero doping (p < 0.05).

As distinct from diagonal structures, vertical stripe
domains are characterized by alargeimpurity band dis-
persion, AE ~ t, on the order of the Hubbard gap width
itself. Because of this and because of the dispersion of
the edge of the lower Hubbard band, such structures
cannot beresponsible for the insulating state of the sys-
tem over a substantial range of doping. The anomaly
at p = 1/8 is an exception for the vertical stripe struc-
ture Yg.

Lastly, note one more problem that arises in the
description of the electron-doped Nd,_,Ce,CuO,
cuprate (NCCO) at p, > 0.13. Thisisthe interpretation
of the patched character of the Fermi surfaces observed
in the maps of the intensity of the ARPES signal from
NCCO [18]. The Fermi surfaces consist of the bound-
aries of the electron pockets around the M(r, 0), (0, )
points and additional Fermi surface segments in the
diagona nodal direction. This phenomenon was
explained in [19] by the coexistence of electron pockets
from the population of the upper Hubbard band and
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hole pockets in the neighborhood of k ~ (172, 172) from
partial depopulation of the lower Hubbard band.
Attempts at relating the appearance of the additional
Fermi surface segments to stripe structures did not lead
to an unambiguous result [20]. We aso tried to find
stripe structures that would reproduce such segments.
In particular, the Fermi surface of the diagona stripe
structure D,, does have additional segments in the
nodal direction perpendicular to the direction of diago-
nal stripe domains. The energy of this state for the
e-doped Hubbard model is, however, higher than the
energy of the homogeneous antiferromagnetic state, as
with the e-doped models of the other stripe structures
studied earlier [24].

To summarize, the formation of stripe structures and
related Umklapp processes and spectral weight transfer
between different subbands result in the fragmentation
of bands and Fermi surfaces observed in photoemis-
sion. A quasi-one-dimensional impurity band is split
off inside the Hubbard gap. It corresponds to states
localized along domain walls that separate antiphase
antiferromagnetic stripe domains. In the region of sta-
bility of stripe structures'Y, aligned with bonds and hav-
ing domain widths| = 4, 6, 8, and 10, it is the impurity
band that is responsible for the existence of Fermi sur-
face segments aligned with bonds in antinodal direc-
tions at doping levels p < 1/1. At the same time, Fermi
surface segments in nodal directions owe their exist-
ence to band states delocalized over antiferromagnetic
domain sites and appear at doping levels p > 1/I. The
different origins of the nodal and antinodal Fermi sur-
face segments explains the difference in the character-
istics of photoemission from these segments observed
in the ARPES studies of LSCO [4-6]. For the Y struc-
ture, the p = 1/8 critical value itself signifies the open-
ing of a pseudogap along the entire magnetic Brillouin
zone boundary. The suggestion that the Yg structure is
responsible for anomalous suppression of T, in LSCO
at ap = 1/8 doping is, however, inconsistent with the
size | = 4 of stripe domains that follows from neutron
scattering measurements. Calculations of diagonal
stripe structures substantiate the special features of
impurity bandsin thissituation. The small dispersion of
the impurity band and the wide gap separating it from
the main band noticed in[20-22] areresponsiblefor the
existence of a insulating phase at nonzero doping. It
would be useful to discuss the photoemission spectra of
LSCO bearing in mind the details of the behavior of
bands and Fermi surfaces of particular structures
obtained in mean field calculations.

Note added in proof. Substantial progressin analy-
sis of stripe phases was achieved by using the
Gutzwiller approximation in [27, 28], where the depen-
dences of the period, chemical potential, and transport
properties of the structures on doping were explained.
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Abstract—A consistent analytical theory is developed for coherent resonant el ectron tunnelling in atwo-well
nanostructure in the presence of aweak electromagnetic field. Simple expressions derived for the transmission
coefficient and linear response of the two-well nanostructure makeit possibleto clarify the physics of processes
and to express the gain as a function of the structure parameters. It is shown that the high-frequency response
of the two-well nanostructure considerably exceeds the response of a one-well structure (resonance-tunnel
diode) and that the application of aconstant electric field makesit possible to tune the oscillation frequency and
toincreasethe gain. It is concluded that two-well nanostructures can be used in designing terahertz oscillators.
It is shown that, in contrast to a resonance-tunnel diode, interference of electrons between the wells and radia-
tive “laser-type” transition play adecisive role in such structures. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Resonant tunnelling in nanostructures has wide
prospects in designing integrated circuits, logic ele-
ments, oscillators, and lasers[1]. New striking possibil-
ities appear when conditionsfor coherent tunnelling are
created. Coherent lasers that do not require population
inversion [2] and oscillators based on atwo-band Stark
ladder [3] may serve as examples of such devices.

At the present level of technology, coherence can be
ensured over large lengths (up to a dozen quantum
wells); this was demonstrated in experimental studies
(see, for example, [4]). It should aso be noted that the
simple condition T < 1, for coherent tunnelling (tr- is
theresidencetimefor an electronin awell and 1, isthe
time of coherence breakdown) may turn out to be too
stringent. Indeed, the detailed theory shows that the
el ectron—phonon interaction does not affect the attenu-
ation of Bloch oscillations under certain conditions[5],
while resonant tunnelling remains coherent even for
Tr > Ty [6].

For this reason, it would be interesting to study the
features of the interaction of an electromagnetic field
with nanostructures under the conditions of coherent
tunnelling. It should be noted that a theoretical descrip-
tion of coherent systems requires a consi stent quantum-
mechanical approach. Thisis so because resonant tun-
nelling is associated with quantum interference of elec-
trons, which is exceptionally sensitive to the boundary
conditions and the energy of the electrons being
injected. Such an approach was used earlier for describ-
ing the high-frequency response of a single-well struc-
ture[7] (whichisaso referred to as a resonance-tunnel
diode (RTD)).

This study aims at developing a theory of the high-
frequency response for a two-well nanostructure
(TWNS). Such astructure can be the simplest structure

in a transition from an RTD to a superlattice with a
Stark ladder. In addition, TWNS is of independent
interest. First, it exhibits new features associated with
interwell interference and level splitting. Second, the
high-frequency response associated with transitions
between split levels might be more intense than the
response in an RTD [8, 9]. Thus, TWNSs are very
promising for developing terahertz oscillators.

In this study, aconsistent analytic theory of coherent
resonant tunnelling of electrons interacting with an
electromagnetic field is developed. A simple model of
the structure and the approach used earlier in [7] are
employed. Simple expressions derived here for the
transmission coefficient and the response of the system
make it possible to clarify the physics of the processes
and to calculate the gain as afunction of TWNS param-
eters.

In particular, it will be shown that the gain of a
TWNS considerably exceeds the gain of an RTD, and
that the application of a constant electric field makes it
possible to retune the oscillation frequency. The con-
clusionthat thegainincreasesin acertain interval of the
constant field appears the most interesting. It should
also be noted that in the sameway asin [7] for an RTD,
we managed to eliminate expressions of the type of
Vu?, which diverge for w — 0 and which are typical
of approximate theories (see the literature cited in [7]),
and obtain correct frequency dependences.

2. FORMULATION OF THE PROBLEM
AND BASIC EQUATIONS

We will study a model of coherent tunneling in a
TWNS using the approach developed in [7]. We con-
sider aone-dimensional structure with &-function barri-
ers a points x = 0, a, 2a (see figure). A steady-state

1063-7761/05/10001-0116$26.00 © 2005 Pleiades Publishing, Inc.
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electron flow proportional to g? is supplied to the first
well from the left (x — —0); the energy € of the elec-
trons is approximately equal to the resonance level
energy €g of the first well. In the region of the TWNS,
a varying electric field E(t) is applied and the field
potentia is

V(x,t) = 2U(X)coswt,

0<x<?2a, (D)
x>2a, U = —eE/2.

xU,

ue) = %ZUa,

The resonance level of the second well may be dis-
placed by V (for example, due to the action of the con-
stant electric field). The wavefunction W(x, t) satisfies
the Schrodinger equation

oWy
at = —5)—(—+G[6(X)+6(X a)+5(X 2a)]l-|J (2)

+V(x, )W -VO(x—a)W.

Here, we assume that # = 2m = 1. We seek the steady-
state solution to Eq. (2) in the form (see[7])

Wix 1) = € [Wi(x) +e W (0],

0<x<a,
()

W(x, 1) = €9 [Wy(x) + € "W ()],

as x<?a.

Partial wavefunctions Wy, W,,, | =1, 2, n = +1 describe
electrons with quasienergies € and € + w,, respectively.

Functions W,y(X) in the zeroth approximation in the
varying field satisfy the equations

PWi() +Wig() = 0, PiWrp+ Wy =0 (4)

and the boundary conditions

w0(1-p) + 282 = 2q

2 _ . _a
p_sv B_ipl

Wy(28) _

Wo(2a)(1-By) ———— ™

=0 ©)

2 _ 2 . _ o
p1 = p +V; Bl—ipla

W@ = Wy(a), W@ -Wi(a = aW(a).
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The corresponding equations and boundary conditions
for function W, (X) in the approximation linear in the
field have the form

PaWi+ Wi, = U)Wy, P = PP-w,

W, = —Nw, (6)
2 noo_ 2 _ 2 .
P1nWon + Wo, = U(X)Wa,  Pin = P1— Wy,

W, (0)(1—By) + 1;” 0, B =,

I Pn
Vo)1= i) =B = 0, B = -, (D

Ll',ln(a) = LlJZn(a)’ l'IJIZn(a)_l'IJ;Ln(a) = Gq”ln(a)-

The varying field induces the polarization currents
(response)

Ji(x, 1) = Jj(X) coswt,
J5(x, 1) = Ji(X)sinwt.

Here, J¢isthe current synphase with thefield and Jsis
the reactive current:

J(x) = I s
| n:ztl | (8)

JICn = —i e[(qJI*OqJI'n + Lpiknl'PIIO) _C-C-] .
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In the subsequent analysis, we will consider only cur-
rent J¢ leading to the emission (absorption) of the vary-
ing electric field.

3. WAVEFUNCTIONS
AND TRANSMISSION COEFFICIENTS
OF A TWO-WELL NANOSTRUCTURE
IN ZERO VARYING FIELD

The solutions to Egs. (4) have the form

_ ipx —i px
Wi = Ape™ +Bpe T,

i 9)

+ Bye )

ipx

Wy = Aye
and the coefficients are given by
296" ™ A1)

A AN

i(p—pa
A - 4a@-pye””
i A®

. PSRN
® A2

2q92ipan 10

Ao = A@)

By =

(10)

where the following notation is used:

= (2-Bf+ -

-B +%_1E'

Aio(1)

Mo = (2-B)fp+1-1 (12)

2ip;a

+ Blga + %1 + %e ,
2ip;a i
Big(2) = (2-B)e " Dyo(1) —Be” My,
Determinant A,y(2) describes the resonance properties

of the TWNS and the form of the coefficients of trans-
mission of electrons through the structure,

64
T(e) = >-
|810(2)|

Here and below, we consider the structure with
“intense” barriers, for which a/p > 1. Itisin thislimit
that remarkable properties of quantum wells are fully
manifested.

First, we will study the resonance properties of a
symmetric TWNS, for whichV =0 and p = p;. In this

(12)
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case, the determinant (11) assumes a simpler form

010(2) = Do(2),

A2) = (2-B)°-2p%2-B)e*™

. (13)
B2+ B)e™™.

In the vicinity of the resonant values of energy, where
A(2) assumes its minimal value, we can represent

momentum p in the form
P=PpPo+P, Po=T0a P<p,.

In this case, we obtain the following equation for

X= pa:

X*(1 + 2ix) +46XEJ'TL+ ]—E+ 8ix26%1+ F)E

2 2X] 5 x3 _ (14)
+35 %HFD—ZRS =0,

0 = p/a < 1

We will seek the solution to this equation in the form of
expansion of X = X; + X, into a power series in small
parameter o. In the first approximation, we obtain the
equation

X2+ 48x, +35° = 0, (15)
which has the following solutions:
M= -5, x? = _38. (16)

Two solutions correspond to the splitting of the reso-
nancelevel of anisolated well into two levelswith ener-
gies

2pod
el = g R0 g o OPe0

2 - (17)
and the splitting energy width
4 4p;
to=ey —e) = %6 = O(—F:. (18)
In the next approximation in 8, we have
P = 8m-i8?, xP = 98°m—-id>.  (19)

The presence of the imaginary part indicates damping
in view of possible departure of an electron from the
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TWNS. Relations (17)—(19) make it possible to write
determinant Ay(2) in the form

Ny(2) = [s e +ire —e@ +iry,
20
r- 26 (20)
= 20
aa

where I is the width of the resonance levels in the

TWNS. It can easily be seen that the determinant

assumes the following values in resonance:
D2, p=pY) = -8, B2, p=p?) =8 (21

Expression (20) makes it possible to find the TWNS
transmission coefficient in explicit form:

r’t
[(e—e@)’ +T[( —e@)’ +T7

T(e) = (22)

This coefficient has two resonance peaksin the vicinity

of resonance energies 4> with width I". The resonant

values T(e%"?) are equal to unity, while for e = €2) —

ty/2 (the value between the maxima), the transmission
coefficient becomes quite small, T(e(l) t/2) =
4(pla)? < 1.

Let us consider the general case V # 0, assuming,
however, that V < €. In this case, the equations are
extremely cumbersome and will not be given here in

complete form. In the first approximation in &, the
equation for x; assumes the form

xf+2xl%6+\2/%+362+6\~/ =0, 23)
where V =Va/py, <€ 1land d = pya < 1.
Equation (23) has two solutions,
X2 = —%6+VD+ 52 +DVD (24)

which correspond to two levels with the corresponding
energies

(1,2)

2PoX1

ek (1) = po+ =2 (25)
The value of energy splitting
t = eD(1)—e?(2) = to/1+ VIt (26)

increases with V. For V > t,, the splitting ist =V, i.e,,
the energy levelsin the wells become independent.
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The imaginary part of the correction of the next
order in & and €, hasthe universal form

Xy = -3 (27)

for both levels and is independent of V. Conseguently,
thelevel widthsT™ areidentical and are given by expres-

sion (20). Thereal part of correction x, iscumbersome
and is not given here. Whenever necessary, it can be
taken into account in €4"? and t.

Substituting the values of resonance energy (to

within &, V2, and 8V) into determinant A(2), we
obtain the expression

A2, p=pt?) = 8,1+ VL,

which istransformed into (21) for V = 0. It can be seen
that the resonant value increases with V as expected.
Using the results obtained above, we can represent
determinant A4(2) in the vicinity of the resonance in
the form

(28)

A(2) = [s eP) +ir[e -e2@) +ir]. (29

As before, transmission coefficient (12),
r’t
[(e—e(D)" + [ —eP(D) +T7

T(e) = (30)

has two resonance peaks of width I'. The resonant val-
ues of T(€) decrease with increasing V,

t

T(e) = 3
24V

(31)

27

since field V leads to degradation of interwell interfer-
ence and to localization of electronsinindividual wells.

4. WAVEFUNCTIONS
IN A TWO-WELL STRUCTURE
IN THE PRESENCE OF A VARYING FIELD:
GENERAL SOLUTION

The solutions to Egs. (6) for functions W,,, have the
form (see, for example, [7])

i ppX

Wi, = Aje ™ + Blne_i P f1(x),
Wy, = Aznei Pty BZne_i P 1), (32)
1109 = 5[ Wilx 9|

O‘)n
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Substituting W,,, and W,,, into boundary conditions (7),
we obtain the following system of linear equations for
determining coefficients A, and B,;:

(2_ Bn)Aln_BnBln = Fll

—2ip,a i(Pyn—Pn)a

A, + By —-A,.e

+
_an l(pln pn)a - FZ,

Arn(Bnt+ 1) + B1n(By + 1)

(33)

_ &’Iei(pln_ pn)aAzn + &'}e_i(pln+ pn)aB

D D on = Fs,
n n

—4ip;na

BlnA2n + (Bln - 2) B2n

The right-hand sides F; are given by
1(0)

= F,.

= (B—1) (0 -

F, = [f)(a)—fy(a)] e_lpn )
_rfia) fia) ~ip,a
Fs = [E_E_Bn a( )}

= [a-Btea- zézaq

1n

(34)

The solutions to system (33) can be represented in the
form

Anbin(2) = Fib(1)e” ™ +B(1},
2ip,

BinAn(2) = FilMlpe " +(2=B){1},

I(pln‘*pn)a 2|pn

AZnAln(Z) - —F rlln (35)

+(2-Bye ™y
BonBin(2) = —Fhsn(D)e ™ ™+ B, {11},

—4ip;na

where the following notation is introduced:
(o = &P [F;l” LC"—F c}

pln

. . 36
—2—p—F4exp[2l Pi@+i(pin+ Pn)al, (36)

{1} = 2F,e "™ +[F,D,~F,C],

A1n(2) = exp[-3i(Piy + Pr)alA (),

| L. @D
B12) = (2-B)As (D™ B Mye” ™,
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@) = (2- Bln)%L P -ge ~2ipy,a
Pun_ 0
o b, I

1= By = L B) + B + B B

CRO0G000g0
2
=]

[l
%:2 = (2-Bw)t Blnezmln ,
O -2ip,a

n = (2-B, N
%C ( Bn)e +f . ©
Dy = Bu(Ba+ 1)+ (B-1)(2-Br)e
%m(l) = (2-B, )%L+ Pin |:|e—2ipna
|:| n
0 b
B+ 15
[l
i P1n P11 2ip,
o B)% o R SR
Nin(@) = (1B Ban(De™ By lie™™"

Determinant A;,(2) in (38) is analogous to A4(2) to
within the substitution p;,, — p,. Consequently, it can
be written in the form

D@ =18 1e -, —eP(1) +ir]

rt,
x[e—w,—e2(1) +il].

(39)

Formulas (35)—(39) provide an exact solution to sys-
tem (6), (7), which is unfortunately cumbersome and
hard to visualize. In addition, this solution containsfor-
mally diverging expressions for w — 0. However, as
was shown for the first timein [7], there exists atrans-
formation under which diverging terms can be singled
out and compensated exactly. In this case, use is made
of small parameters & = py/a and w/eg, which are
present in a structure with high barriers. The smallness
of the frequency (equal to splitting t in resonance) as
compared to the resonance energy follows from the
smallness of splitting,

o4«
€r T

In particular, on account of the smallness of & and
wy/eg, we can simplify the expressions for F;, omitting
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the terms which are small in & and w,/ex:

Fi = Fuy = U[(2-Bn) A+ ByBudl,

— _ 2Ui
0==" (40)
(*)n

Fo = FutFy F3 = FytFy,

E[Alo —Bye e” "
O

_ipay L i(p-pya
+Bye P e ,

U g2ipa
Far = ——PEEAN(H B) + Broe 2P (1— B,)]

ToAL+ B + Boe (B, - 1] B E'“’ e

CI

p -2ip,
Fop = I Ay~ Broe ™™
PO
(41)

aw, —2ip,a, U .
_'2_[A20+Bzoe pa] Exp(i(p.—pn)a),
P1 0

U
Fap=— plpln%Azo + Bye - pla]

PP O
.aw, —2ip,a, L] .
i3 [An—Bxe ] Cxp(i(p:~ poa),
p O
—4ipy.
Fa {BlnAZO +(2—B1n)Bye P a}

x exp(2i(py— Pin)a).

5. WAVEFUNCTION AND RESPONSE
OF THE FIRST WELL
IN A TWO-WELL STRUCTURE

It is more convenient to consider the wavefunctions
and the response of each well separately. First, we
express coefficients A,,, and By, in terms of A, and By,
so asto single out the terms diverging for w — 0,

G _ OB
Aun = UAg= 3= [Min= @y = Aiy + A,
(ln Bu) (42)
_ uER-
Biy = UByy——3—on [May = @1 =Bl + By,
n
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where the following notation is introduced:

Min = [Ap g, Yee™ ™ + Bioly (1) Y2 e ™,

p p
P, = 1lol”e><|o(l(|mn + py)a)
2ipy -2ip,;
X [AypBi, X1 P4 Bxo(2—Bn) X1n€ P a] )
aw
Yo = Zn—|2—pn(1+zn), (43)
.aw

Xln = Zln+|2_n(1+zln),

Z, = el(p—pn)a_l, Z,, = I(p1 Prn)a 1

Contributions A%Y and B contain terms diverging
for w — 0 and areindependent of determinant A,,(2),
which is cancelled out due to the terms grouped in
A(2) when A, and By, appear in the numerator. Coef-
ficients A and B?) arefinitefor w —» 0 and arethe
only terms contributing to the response.

It can be proved that the part of the wavefunction
diverging in w and emerging due to A{Y and B is
compensated by the contribution from the inhomoge-
neous solution f;. Indeed, expanding p,, = p; — W/2p;

in the exponent exp(+ip,X) appearing W|th A(l) and
B(fn) , We see that the corresponding diverging contribu-

tions are cancelled out. Thus, for W,,, we obtain

LIJ ~ A(Z) Ipln + B(Z) Ipln (44)

It will be shown below that current (8) can be expressed

in terms of combinations of A? and B,

81 = Al -BI, vin = AR +BY,  (45)
which can be determined from relations (42):
= My, — D],
Y1n Aln(z)[ 1n— Py i (46)
n = (Bln_l)yln'

It should be noted that the coefficients of wavefunction
WY, and their combinationsy;,,, and d,,, contain theinter-
fering contribution both from the electrons arriving
from the upper level of the first well after the emission
of aphoton (on the order of M;,)) and from the electrons
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experiencing resonant tunnelling from the second well
(on the order of ®,,).

Let us now calculate My, using expressions (43),

(10), and (11). In the main approximation in & and \7,
determinant A;y(1) for the resonance value of momen-
tum p = p@® is given by

A1) =My (p) = %g[vo + 14V,
° (47)

Vo = —.

Here and below, we assume that energy € of the elec-

trons supplied to the structure is equal to e(Rl)(l) . To

determine the value of A,,(1), we note that it coincides
with A;(1) if we replace py, by p; and p, by p. Conse-
guently, choosing the frequency equal to splitting

energy t, wefind that p{? = p{?, and hence

2ia
A1, Py =Ny, = S=[Vo— 41+ VY.

N (48)

Substituting cofactors into Eq. (43) and considering
that

Y+ YE = EEZ%'HZ, (49)
we obtain
2 2
" _Also?; pz%%ﬁ | =
It can easily be seen that
@, = 3My,, (51)
since
2
X, + X% = 4%% . (52)
Summing the results, we obtain
i4Ua(8q) (53)

Yin = TR 2802)

It should be emphasized that the squared frequency in
the denominator cancels out; consequently, function
W, isfinitefor w — 0.
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Let us now calculate the current J;(X) in the first

well. Substituting functions W, and W,,, into Eqg. (8),
we arrive at the following expression:

Jin(x) = ep{[Ky,+c.c]cos(p—py)x

. . (54)
—i[Fy,—cc]sin(p—p,)Xx},
K1n = (6¥Oyln + y;oéln)v p - pn = wnlzp’
* * 55
Fin = (010010 + Y1oY1n): 010 = Ag—Bio, 9

Yio = A+ Bio.

Current J;,, (54) isthe sum of two terms. Thefirst term
weakly depends on the coordinate and is proportional
to q)lnv

K1n = v1n¢ 1n» (56)

by, = S+ (Ba— 1)y = Ba(Al + Blp) — 2B, (57)

It was shown in [7] for a single-well structure that the
first term describes electron transitions between states
with wavefunctions proportional to sinp,x and cospx,
sinpx and cosp,x, which are typical of the current state
and vanish in an isolated quantum well. These transi-
tions occur with approximately equal weights, thus
making intense interference of these states possible. If
the energy of supplied electrons coincides with the res-
onance energy, compensation takes place and ¢,,, van-
ishes. It will be shown below that, as before, the con-
tribution of the ¢ term is also small for any V if € =

er’ (1).

The second term corresponds to a“laser-type” tran-
sition between states sinpx and sinpx since these func-
tions coincide with the eigenfunctions of an isolated
well. True, momentap, and p,, differ by asmall quantity
w,/2p (in alaser, p—p, = £174a).

Omitting terms small in 3, we obtain the following
expression for F,;;

(Fr—cc} = i(8q)24Uaa2/p2[V0+A/1+V§]
1n_ U -
MAL2)°

(58)

e
X|———+CC.|.
[Aln(Z)
It follows hence that current Jj, is proportional to
[Y/A(2) + c.c]. It follows from expression (39) for

Dg(2) that A; 1(2) > A 4 since the resonance condi-
tions are satisfied for a transition between levels with

energies a(Rl) and sg). For this reason, we will hence-
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forth disregard nonresonant transitions, assuming that
I =I5 1(¥) .

We can now find the reduced current and the
response of the first well:

Jie = I\]g,—l(x)dgxn
0
~ Jic w,a
ch = —s = 7
(Ua)(epq) P

L (8)°40°/P[Vo+ J1+ V] [ 1
ek D14(2)

(59)

- c.c.]

Assuming that the resonance condition w, = t =

to4/1 + V2 issatisfied and using the resonance val ues of
Ap(2) and A, (2), we arrive at the final formula

[Vo+ 1+ Vel

J1c(Vo) = J1c(0) 1+ Vg

(60)
] = a
\]1(:(0) - rp
L et usanalyze the dependence of J,. on the biasvoltage
V,. For V=0, the current assumesthe value J,(0), then
increases with V,, and decreases in proportion to 1/V,
for large values of V, > 1. For a certain value of V, =

1/./3, the current attains its maximal value. The
increase in current J;. in a certain interval of bias volt-
ages V can be explained by the fact that field V
“detunes’ the resonant determinant A,4(1), increasing it

in proportion to [V, + A/1+V§]. As the value of V

increases further, the increase in |A0(2)° and A,,(2)
becomes predominant, and J,.. attainsis maximal value.
It can be concluded hence that, in a certain optimal
interval of variation 0 <V < t,, thegainis maximal and
frequency tuning is possible.

Concluding this section, we will prove that if the
energy of supplied electron is equal to the energy of the
upper level, the value of ¢,,, issmall as compared to the
second term F4,, in parameter &. Indeed, substituting A
and B, into relation (57), we can reduce the expression
for ¢4, to the form

_ 2
L W)

x{ 2[€"P M 5 + € " Ag(1)] —A 1o(2)}

_ 2iq8
D10(2)

{2Vo[Vo+ 1+ V3] =1+ V3 .
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Thisreadily leads to the above statement.

6. WAVEFUNCTION AND RESPONSE
OF THE SECOND WELL

Proceeding in the same way as for the first well, we
can determine coefficients A,, and B,, by separating the
terms diverging in w. After certain transformations, we
obtain

Az = U1Ayexp(2i(py— P1n)a)

_ i (61)
B, = —U1Byexp(=2i(p;— Pp1n)a)

4ip,,a
' Blne

+U——"——(My,—D,,),
Aln(z) ( 2 2)

where

2ipay * .
Man = [Axp€ " A1n(1) XS, exp(2i(Pn— Pin)a)

—2ipa~

+ Bye MinXin],

cD2n = Zexp(Zi(pn_pln)a)

. (62
X [ Asg(2—B) Yo + BuoB, Y21, i

Expressions (61) for A,, and B,,, differ from formula (42)
for A;, and By, in that the termswith A,y and B,, contain

exponentials exp(x2i(p, — p,)a) and e"™® in the sec-
ond term for B,,. To restore the symmetry, it is conve-

nient to pass to new functions {,, and (P :

D2n = Aznexp(i py(x—2a))
+ Banexp(—i py(x—22)) + f,(x—2a),

. ~ . (63)
W = Axoexp(ip,(x—2a))
+ Baoexp(-i py(x - 2a)),
where
AQn - AzneZi plna, éZn - ane_Zi plna’
~ 2ip;a ~ —2ip;a (64)
AZO = A20e f BZO = Bzoe

After the transformation of expressions (63) and (64),
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the expressions for Azn and Bz, assume the form

U (2 — Bln)
A14(2)

_ 21, 722
= Aon + Ao,

AZn = U1A20+ ['\7|2n—a)2n]

_ (65)
éZn = —Ulézo + VB, [|\~/|2n—&32n]
A14(2)

—_ o, 52
= BZn + BZn,

where

2ip,a

Man = [AcDin(l)€

2ip;,a

Xikn + ézoﬁ 1n€ Xln] ,

(66)
s i(Pynt Pr)a
by, = 2e Pun* P [A10(2_ Bn)Yn + BlOBnY:] .

In addition, the expression for the current in the second
well istransformed to
354(x) = ep{ (Kz+c.c.) cos(p; — Pyn) (X —2a)

—i(Fan—c.c.)sN(py — Pin)(x—22)},

~&n
P1—Pin= T

(67)

In expressions for Kon and IEZn, we must replace
coefficients Aand B by A and B. Using relations (65),
we obtain the following expressions for y,, and &zn:

2U

A2 | 52 _

Yon = Aon +Ban = Aln(z)[MZn—cDZn] (68)
8n = Ao — Bl = ~(Bin—1)¥an

It should be noted that the rel ation between &, and ¥,
has the sign opposite to relation (46); consequently the
structure of §,,, differsfrom that of ¢,,. First, we will

caculate }~<2n:
an = Vondon,  §on = ZAZO_Bln(A;0+ é;‘0)- (69)

Substituting Az and Bao, we obtain

. 8ge’ e )
= S 2+ (BB

= M 1+ :|_.|.§_i .
A7o(2) t(z)
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As in the case of the first well, the ¢ contribution is
small in parameter a/p as compared to the “laser” con-

tribution from I~:2n . Thus, we observe that TWNSs dif-
fer basically from RTDs, for which the ¢ contribution
dominates.

Let us find the reduced current (67) in the second
well:

2a
c 1 .
‘]2n = a‘l’dxsn(pl_pln)(x_za)

(70)
[—iep,(Fzn+ C.C.)].

. ~ _ W
x [-iep,(Fn—c.c)] = T 2p,]
It should be observed that the integral is negative in
contrast to the integral for the first well. However, y,,
also has the opposite sign as compared to v;,,.

We will now calculate Mzn, which involves certain
difficulties. We will proceed as follows. We decompose

X1 @nd X7, into the rea and imaginary parts,
X, = X+iY, X5 = X-iY,

3w
2lpp,0"

71

X = B

Now, we can write the expression for M2y in the form

Maq = X{ Azoaln(l)ezp"a + é20|:| 1nezi pl"a}
+ IY{ ézoﬁ 1ne2i P _ Azo&ln(l) GZi pna} .

The term containing Y can be reduced to determinant
A;(2) whose resonance value is small. Consequently,
the second term can be disregarded. It can easily be

proved that the expression for M1, for p = p® has the
form

Man(p = p™) = —Au(1)

; 2 72
= ZI_G \_/+ 1+\L , ( )
P |t to
so that we can write
o _ [BW8qa’/p’® .
MZI’] - SEQplD A10(2) [VO + 1 + Vo] . (73)
Accordingly, for Pn and Yo, We obtain
&:’Zn = %MZn, (74)
~ i(8q)4aU 2
h = —— [V, + 1+ V(]. 75
y2 A]_O(Z)Aln(z)r[ 0 0] ( )
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Substituting 82 and 8z, = —B3Y,,, into expression (70),
we obtain the current in the second well,

- 2
B = 820l o

X [Vo+ 1+ Vgl J1+ Vs,

which completely coincides with current (59) in the
first well. The corresponding resonance value has the
form

(76)

.
1+V3 F 0

vo+«/1+VS} 340) = &P

Joe = :]C(O){

Equation (2) was also solved numerically [10]. The
analytic results obtained above for the transmission
coefficients of the currentsin the first and second wells
coincide with numerical values.

7. DISCUSSION OF RESULTS
AND CONCLUSIONS

It would be interesting to compare the results
obtained for aTWNSwith the corresponding resultsfor
asingle-well structure (RTD) and for a coherent quan-
tum-well laser. According to [7], the polarization cur-
rent (response) of an RTD is given by

_ 4yT]
¢ - 2 2 2 2 2.’
Uapg® [(w-y) +T[(w+y) +r] (78)
y = €e—¢&, =2

jo = e

In the low-frequency limit, we have w < I; assuming
that y=1T,, weaobtain J. = 1/I";. Comparing (78) with
expression (77), we see that the reduced high-fre-
guency current (w > IN) in the TWNS exceeds the cur-
rent inthe RTD by afactor larger than a/p. A still larger
gain as compared to the RTD current is obtained in the
high-frequency quantum regime [7] fory=w>T:

Je = o (79
Thecurrent ratio is

Jic _aw

3, = oF (80)
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Thus, a TWNS provides a substantially higher gain at
high frequencies w > I as compared to a single-well
structure.

Comparing J;. with the corresponding current in a
coherent laser [2], in which radiative transitions occur
between the resonance levels in a quantum well (p —
p, = Wa), wefind that the value of J,.issmaller by p/a.
The reason is that the frequency is lower and equal to
the splitting energy. However, in contrast to a coherent
laser, the frequency of the TWNS can be tuned by
changing the constant voltage V, the voltage increasing
the gainin acertain interval of V.
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Abstract—~Polariton emission in GaAs-based microcavities has been studied under variable conditions, which
made it possible to excite (a) polaritons from the upper polariton branch and hot free polaritons and electrons,
(b) polaritonsfrom the lower polariton branch (LPB) and localized excitons, and (c) the mixed system. Variation
of the excitation conditions leads to substantial differencesin the energy distributions of polaritons and in the
temperature dependences of polariton emission. It isestablished that the energy relaxation of resonantly excited
LPB polaritons via polariton and localized exciton states at liquid helium temperatures is ineffective. Instead,
the relaxation bottleneck effect is suppressed with increasing temperature by means of exciton delocalization
(due to thermal excitation by phonons). The most effective mechanism of relaxation to the LPB bottom isvia
scattering of delocalized excitons on hot free carriers. It is found that the slow energy relaxation of polaritons
excited below the free exciton energy can be significantly accelerated at low temperatures by means of addi-
tional weak generation of hot excitons and, especially, hot electrons. This acceleration of the energy relaxation
of polaritons by means of additional overbarrier photoexcitation sharply decreases the barrier for stimulated
parametric scattering of polaritons excited at an LPB inflection point. Therefore, additional illumination can be

used to control the polariton—polariton scattering. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Exciton—photon interaction in semiconductor
microcavities (MCs) with quantum wells in the active
layer leads to the formation of gquasi-two-dimensional
(2D) exciton—photon states called MC polaritons [1].
These coupled states between photon and exciton are
characterized by extremely low density of states (onthe
order of 10~ of thelevel for exciton states) and by finite
energies at a zero quasi-momentum k. These unique
features of the MC polariton dispersion, on the one
hand, and short polariton lifetimes, on the other hand,
lead to a significant difference of the energy relaxation
of polaritons in MC structures from the relaxation of
bulk (3D) polaritons and that of 2D excitons in quan-
tum wells.

In particular, strong dependence of the MC polari-
ton energy on the quasi-momentum at small k values
significant decreases (similarly to the case of 3D polari-
tons in semiconductors) the rate of energy relaxation
with acoustic photon emission. At alow density of exci-
tation, thisresultsin astrong decrease in the popul ation
of states on approaching the bottom of the lower polari-
ton branch (LPB). This phenomenon is known as the
bottleneck effect [2]. Calculations showed that, in MCs
with a Rabi splitting of Q = 6 meV and a negative
detuning of A = E¢(k = 0) — Ex ~—Q between the photon
and exciton mode energies, the population of states at

the LPB bottom decreases by three orders of magnitude
as compared to the population of states near the free
exciton energy Ey [2]. The bottleneck effect was exper-
imentally studied in MCs under conditions of continu-
ous-wave (cw) and pulsed laser excitation [3, 4]. The
results of these investigations showed that even weak
resonant excitation of polaritons led to a significantly
less pronounced decrease in the population of MC
polariton states as compared to the cal cul ated val ues. For
example, in MCswith A ~—Q for Q = 6 meV, the popu-
lation of polariton states at the LPB bottom decreased
only by one order in magnitude [3, 4], which is two to
three orderslower than predicted by thetheory [2]. This
behavior indicates that a considerable role in polariton
relaxation is played, besides the scattering on acoustic
phonons, by some other scattering mechanisms. These
include, first, the scattering due to interparticle interac-
tions. In particular, Malpuech et al. [5] found that, in the
presence of even a small 2D electron gas density in a
guantum well, the scattering of polaritons on electrons
leads to a stronger energy relaxation of polaritons than
does the scattering on phonons. These cal culations qual-
itatively explained the experimentally observed strong
dependence of the polariton energy distribution in the
LPB on the conditions of photoexcitation [6, 7].

This paper presents the results of a thorough inves-
tigation of the energy relaxation in MCs with InGaAs

1063-7761/05/10001-0126$26.00 © 2005 Pleiades Publishing, Inc.
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guantum wells in the active layer in various regimes of
optical excitation, which led to different initial compo-
sitions of the photoexcited exciton—electron—polariton
system. This was achieved by using lasers generating
light quanta with various energies 7iw,,.. a cw He-Ne
laser and two tunable solid-state titanium sapphire
(Ti-Sp) lasers. The He-Ne laser (with 7wy > E,
where E; is the bandgap width of GaAs) was used to
excite hot free carriers (electrons and holes) and exci-
tons. Using tunable Ti—Sp lasers, we produced resonant
excitation of polaritons with various energies corre-
sponding to lower and upper polariton branches. Differ-
ent compositions of the photoexcited exciton—electron—
polariton system were obtained by varying the laser
output powers.

The results of investigation of the photolumines-
cence (PL) of polaritons showed that their energy dis-
tribution in fact strongly depends on the photoexcita-
tion conditions and the temperature. It was aso con-
firmed that even weak He-Ne laser irradiation during
the Ti—Sp-laser-induced resonant excitation of MCs
near the LPB inflection point strongly accelerates
polariton relaxation to the L PB bottom, which may lead
to amost tenfold decrease in a threshold for the stimu-
lated parametric scattering of polaritons.

The paper is organized as follows. In Section 2 we
describe samples and experimental techniques. Section 3
reports on the temperature dependence of polariton
emission upon resonant excitation to the LPB of the
system. Then we will consider how additional resonant
excitation to the upper polariton branch (UPB) of the
system (Section 4) and additional excitation with an
energy exceeding the bandgap in the barrier layer (Sec-
tion 5) affect the polariton emission upon resonant exci-
tation to the LPB of the system. Section 6 is devoted to
the effect of additional nonresonant excitation on
the threshold of stimulated parametric scattering of
polaritons.

2. SAMPLES
AND EXPERIMENTAL TECHNIQUES

We have studied emission from a semiconductor
MC grown by molecular-beam epitaxy. The experi-
ments were performed on distributed Bragg reflectors
comprising 20 and 17 stacked Al 13Gay g;/ASAIASpairs
beneath and above the active element, respectively.
Each stack consisted of (A/4)-thick layers, where A is
the wavelength to which the MC is tuned. The active
element comprised siX 1ny0sGayg/AS quantum wells
with athickness of 70 A situated in the antinodes of an
electromagnetic field in a (3\/2)-thick GaAs layer con-
fined between two Bragg mirrors. The GaAs layer had
awedge shape, such that the Fabry—Perot mode energy
monotonically varied along the sample at a rate on the
order of 0.7 meV/mm. This sample configuration
allowed the energy distance between the Fabry—Perot
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mode and the exciton energy to be varied by exciting
luminescence in different points of the sample.

The structure was placed in an optical cryostat into
helium vapor. The sample temperature could be con-
trolled in arange from 5 to 30 K to within 0.2 K. Tun-
able (Ti—-Sp) and cw (He—Ne) lasers (Eyene = 1.96 €V)
were used for the resonant and nonresonant excitation
of polariton emission, respectively. The resonant exci-
tation was performed at a certain angle @, relative to
the normal to the MC plane, which provides the excita-
tion of polaritonswith k = qsin®,,., where q isthe pho-
ton wavevector in vacuum. The PL signals were mea-
sured using a system comprising a double monochro-
mator (RAMANOR U-1000) and a CCD camera. The
measurements were performed at several points of a
sample with a Rabi splitting of #Q = 6 meV and a
detuning between the photon and exciton mode ener-
gies A from —2to —6 meV.

3. EFFECT OF TEMPERATURE

ON THE POLARITON EMISSION

UPON RESONANT EXCITATION
TO THE LOWER POLARITON BRANCH

Figure 1a shows the PL spectra of polariton states
recorded at T=6 K (solid curve) and T = 20 K (dashed
curve). The signal was detected in the direction of the
normal to the sample surface, which corresponded to
the emission of polaritons with k = 0. The resonant
excitation of samples to the LPB was performed using
laser radiation with apower density of W, = 240 W/cm?
incident at ®,. = 19° (k= 2.5 x 10* cm™). The energy
of exciting quanta was fiw,,. = 1.4519 eV, that is,
26 meV below the exciton energy level (Ex =
1.4545 eV). As expected, the PL spectrum measured at
a lower temperature (T = 6 K) displays a single lower
polariton (LP) band corresponding to emission from
the LPB bottom. Fine structure of the L P band is dueto
interference within the sample thickness (GaAs sub-
strate is transparent in this spectral range). As the tem-
peratureincreasesto 20 K, the L P band intensity shows
amore than tenfold growth, which is evidence of asig-
nificant increase in the polariton energy relaxation rate.
In addition, the PL spectrum measured at 20 K exhibits
an upper polariton (UP) band corresponding to emis-
sion from the UPB bottom, which appears due to the
scattering of polaritons with phonon absorption.

Figure 1b displays the PL spectra observed for the
MC nonresonantly excited by He—Ne laser radiation at
apower density of Wi ne = 60 W/cm?. As can be seen,
the LP and UP bands are observed in this case at both 6
and 20 K, but the UP band intensity is still significantly
lower than that of the LP band. Thisratio of intensities
is evidence of a sufficiently effective relaxation of the
photoexcited polaritonsfrom the upper to lower branch.
For the excitation above Eys in contrast to the resonant
excitation below E, the LP band intensity exhibits a
decrease (approximately twofold over the 6-20 K inter-
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Fig. 1. MC polariton PL spectrameasured fork=0at T =
6 K (solid curves) and T = 20 K (dashed curves) using
(a) resonant excitation into LPB with Ti—Sp laser A (W, =
260 W/cmz) at ®g,. = 19° and (b) nonresonant overbarrier
excitation above Ey of GaAswith aHe-Nelaser (Wie e =

60 W/cmz). The LP and UP bands correspond to emission
from the LPB and UPB bottom, respectively.

val) with increasing temperature, rather than an
increase. The UP band intensity remains virtualy
unchanged.

The difference in behavior of the LP and UP band
intensities in response to the temperature variation for
excitation below Ey and E; is related to the fact that the
process of energy relaxation in the MC depends on the
composition of the photoexcited exciton—electron—
polariton system. Indeed, nonresonant excitation of the
MC predominantly leads to the formation of electrons,
holes, and excitons in the GaAs barrier, which are
trapped by the quantum well to form a system of non-
radiative “hot” excitons with large quasi-momenta.
These excitons are scattered into polariton states with
small k[2], which is followed either by recombination
or by trapping on quantum well potential fluctuations
with the formation of long-lived (~100 ps) localized
excitons [8]. In the case of the resonant excitation to
LPB by the Ti—Sp laser radiation with Aw,,. < Ex, the
excited polaritons are scattered either to the LPB states
with smaller k or to the degenerate (with LPB) localized
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exciton states. In our experiments, the energy of excita-
tion by the Ti—Sp laser A was approximately 2.6 meV
below Ey. For this reason, the scattering of resonantly
excited polaritons into high-energy exciton states with
large k due to the absorption of acoustic phononsat T =
6 K (KT = 0.5 meV) isunlikely.

Thus, the difference in the distribution of polariton
population of the LPB states in the region of polariton
bottleneck (k ~ 10* cm™) observed under variable exci-
tation conditionsisrelated to a differencein the compo-
sition of the photoexcited exciton—electron—polariton
system. In order to determine the distributions of
polaritons with respect to the quasi-momentum under
different excitation conditions, we have measured the
angular dependences of the LP intensity (k ~ sin®). As
can be seen from | p(k) curves presented in Fig. 2a, the
population of LPB states under al excitation conditions
decreases on approaching the bottom of the band. This
nonequilibrium distribution of polariton statesis a con-
sequence of the bottleneck effect cased by a strong dis-
persion of polaritons and their short lifetimes (compa:
rable to the characteristic time of scattering on acoustic
phonons [2—4]). However, the behavior of | (k) for the
nonresonant excitation above the bandgap is quantita-
tively different from that for the resonant excitation into
LPB below E. For the sake of more convenient com-
parison of the | (k) curvesat T = 6 K in Fig. 2a, the
excitation densities of Ti—Sp (260 W/cm?) and He-Ne
(60 W/cm?) lasers were selected so as to ensure that the
LP band intensities would be approximately equal at
k ~ 2 x 10* cm. Under these conditions, the I, p(k = 0)
value for the nonresonant (He-Ne laser) excitation is
about ten times that for the resonant excitation (Ti—Sp
laser A). A comparison to the results of calculations[2]
showed that a decrease in the population of MC polari-
ton states observed in the experiment using He-Ne
laser radiation was three orders of magnitude lower,
and that observed for Ti—Sp laser was two orders of
magnitude lower than the value predicted by the theory
for the phonon mechanism of polariton relaxation.

Now let us consider the effect of temperature on the
process of energy relaxation in the polariton system. As
can be seen from Fig. 2a, the |, (k) dependencefor non-
resonant excitation weakly varies with the temperature.
In the case of resonant excitation below Ey, anincrease
in the temperature from 6 to 20 K is accompanied by
significant changes in the population of polariton states
near the LPB bottom: the I, x(k) curve becomes less
steep and the intensity of emission from LPB for k=0
exhibits a tenfold increase (Figs. 1 and 2). In order to
explain the effect of temperature on the polariton emis-
sion, let us consider Fig. 2b showing the temperature
dependence of |, p(k = 0) for the excitation with Ti—Sp
laser radiation. As can be seen, the PL intensity
increases with the temperature according to an expo-
nential law, in proportion to exp(-AE/KT) with an acti-
vation energy of AE = 2.6 eV. Thisvalue coincideswith
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Fig. 2. MC polariton emission: (a) the LP band intensity versusk for the excitation with Ti—Sp laser A (e = Ex —2.6 meV) and
He-Ne laser radiation; (b) temperature dependence of | p (k = 0) for the excitation with Ti—Sp laser A.

the difference between the exciton level and the excita-
tion energy Ey — 0, = 2.6 meV. In order to trace vari-
ations of the activation energy as dependent on this dif-
ference, we measured the temperature dependences of
I p(k = 0) at various P, which allowed the energy of
resonant excitation by the Ti—Sp laser to be varied
within Ey — i, = 2.1-3.1 meV. As expected, the acti-
vation energy was dependent on this energy difference,
but the relation AE = Ex — i, Was retained. Thus, we
may suggest that an additional channel of polariton
relaxation at higher temperatures is related to the ther-
mal activation of long-lived (~100 ps [8]) localized
exciton states photoexcited upon the resonant excita-
tioninto the LPB at E = #iw,,.. A strong decreasein the
intensity of polariton emission observed on approach-
ing the LPB bottom at a lower temperature indicates
that the relaxation of such localized excitons with the
emission of acoustic phonons, both into low-energy
LPB states and into low-energy states of localized exci-
tons followed by the scattering into LPB states, is not
an effective mechanism.

The characteristic exponential behavior of the
polariton emission intensity asafunction of the temper-
ature indicates that the relaxation of resonantly excited
polaritons and localized excitons at 20 K proceeds in
two stages. In the first stage, thermal activation of the
localized excitons leads to occupation of the low-
energy excitonlike states in the LPB. At the second
stage, these excitons are scattered into states at the LPB
bottom. Note that the absorption of Ti—Sp laser radia-
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tion in the range of temperatures T < 20 K remains
amost constant (relative variation AA/A does not
exceed 20%). Therefore, a contribution to the optical
absorption (upon the resonant excitation) due to transi-
tions into the LPB with the absorption of acoustic
phonons is relatively small. Thus, the optical absorp-
tion coefficient is predominantly determined by the
scattering into localized excitons, while an increase in
the polariton emission intensity |, » with the tempera-
ture isdirectly related to delocalization of the photoex-
cited localized excitons.

4. EFFECT OF ADDITIONAL RESONANT
EXCITATION TO THE UPB
ON THE PHOTOLUMINESCENCE
OF POLARITONS RESONANTLY EXCITED
TO THE LPB

In order to elucidate mechanismsresponsiblefor the
energy relaxation of excitonlike polaritons, we have
studied the PL of polaritons under conditions of simul-
taneous excitation into UPB and LPB, whereby local-
ized excitons and polaritons in the LPB, polaritons in
the UPB, and hot free excitons with large quasi-
momenta were excited. The ratio between various
excited states could be changed by varying the relative
density of excitation into the LPB and UPB.

Figure 3a shows the PL spectra of MCs with a
detuning between the exciton (X) and photon (C)
modes A = E; — Ec = -5.3 meV. The emission was
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Fig. 3. (@) MC polariton emission spectra measured for k=0 at T = 6 K using resonant excitation into UPB with Ti—Sp laser B at
g = 28°, Wi = 60 W/cm? (dashed curves), into LPB with Ti—Sp laser A at ®, = 19°, W, = 100 or 300 W/cm? (thick solid curves),

and with both Ti—Sp lasers (thin solid curves); (b) schematic diagram of energy relaxation in the exciton—polariton system upon
simultaneous resonant excitation with lasers A and B into the LPB and UPB, respectively.

detected along the normal to the MC plane. The mea-
surements were performed at T = 6 K under various
excitation conditions. Thick solid curves represent the
spectra observed for aresonant excitation into the LPB
with the Ti—Sp laser A at an excitation angle of ®, =
19° (hw, = 1.4519 eV = Ex— 2.6 meV). Aswas pointed
out above (Fig. 1), the single predominant signal in
these spectrais due to emission from the LPB bottom.
Dashed curves represent the PL spectra recorded using
aresonant excitation into the UPB with the Ti—Sp laser
B at an excitation angle of @ = 28° (fiwg = 1.4633 eV).
These spectradisplay the signal sdueto both lower (LP)
and upper (UP) polaritons. Thin solid curvesin Fig. 3a
show the spectra of emission along the normal to the
MC plane measured using simultaneous excitation of
the samplewith Ti—Sp lasersA and B (Aw = 1.4519 and
1.4633 eV, respectively). The two families of spectra
presented in Fig. 3a were recorded for two different
densities of excitation using laser A (W, = 100 and
300 W/cm?, respectively) at constant densities of exci-
tation using laser B (W = 60 W/cm?). A comparison of
the spectra observed using the excitation with laser B
only and with both lasers A and B shows that the con-
tribution to the intensity of polariton emission due to
the latter laser is not additive: an additional excitation
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to the LPB leads to an increase in intensity of the LP
band and a decrease in intensity of the UP band, that is,
stimulating the polariton relaxation from UPB to LPB.
In particular, Fig. 3a shows that, for W, = 100 W/cm?,
the intensity of the LP band obtained by excitation with

two lasers (17 ®) isabout 1.5 times the sum of intensi-
ties of the LP bands observed upon separate excitation

with lasersA and B (175 + 175). As the power of |aser
A is increased to 300 W/cm?, the ratio 115 2 /(11 +
I25) increases to 2.5.

Figures 4a and 4b show plots of the PL intensity for
polaritons from the LPB and UPB bottom versus den-
sity of excitation into the UPB, measured with a fixed
density of excitation into the LPB (W, = 300 W/cm?)
and without such excitation, respectively. The dashed
linein Fig. 4a showsthe intensity of emission from the
LPB bottom in the case of excitation using only laser A
at W, = 300 W/cm?. As can be seen from these data, the
excitation into the UPB only (open circles) leads to a
slightly sublinear increase in the UP band intensity and
toadightly superlinear growth in the LP band intensity.
These deviations from linearity indicate that both the
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Fig. 4. Plots of the intensity of polariton emission from
(&) LPB and (b) UPB bottom versus density of excitation

into the UPB, measured without (15, 155) and with

(If,: B , IGP+ B) a fixed density of excitation into the LPB

(W =300 W/cmz). The dashed line in Fig. 4a shows the
intensity of emission from the LPB bottom in the case of
excitation using only laser A at W, = 300 Wicm?.

rate of the relaxation from the UPB to LPB and the rate
of the energy relaxation to the LPB bottom increase
with the density of excited polaritons. An increase in
the relaxation rate is related to interparticle collisions.
These collisions aso account for the difference in
intensity of the LP and UP bands recorded upon the
simultaneous (17 *®) and separate (1 + 1) MC exci-
tation using two Ti—Sp lasers. Figure 4 also shows that
the difference between 15, + Iop and 152" for the
emission from the UPB is maximum under the condi-
tions of a small density of excitation into the UPB. As

for the LP band intensity, the difference between | fp +

I’- and |15 ® exhibits the opposite trend and increases

with the density of excitation into the UPB. This behav-
ior is quantitatively characterized in Fig. 5, which
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Fig. 5. Plots of the ratio of the PL intensity for the MC
simultaneously excited with lasers A and B to the sum of
intensities for the separate excitation with each laser versus
power density of laser B for the emission from (a) UPB bot-

tom (yyup = I5p " /15p) and (b) LPB bottom (y p =

180 81018 +125)) for Wy = 60 and 300 W/em?.

shows plots of the ratios y p = 105 ° /(10 + 15p) and

vor = 108 2115, versusthe power of laser B for W, = 60

and 300 W/cm?. As can be seen, the maximum val ue of
Yip (~1.5) for W, = 60 W/cn?? is achieved at Wy ~
240 W/cm?, while for W, = 300 W/cm?, the maximum
(~2.5) isachieved at Wy ~ 500 W/cm?.

Figure 6apresents aplot of theintensity of emission
from the UPB bottom versus quasi-momentum k mea-
sured at T =6 K for the resonant excitation into the UPB
with laser B operating at Wy = 60 W/cm?. As can be
seen, the energy distribution of polaritons over the UPB
(in contrast to that over the LPB) is close to thermody-
namically equilibrium distribution for a certain effec-
tive temperature: the density of polaritons exponen-
tially increases on approaching the UPB bottom even at
very low excitation densities. Apparently, such adistri-
bution cannot be established due to the relaxation of
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Fig. 6. Plots of (a) the intensity of polariton emission from UPB versus quasi-momentum k measured at T = 6 K upon resonant
excitation into UPB with laser B (Wg = 60 W/cmz) and (b, c) therelative intensity of emission from the UPB (pyp = IC,: B 3P)

A+B
and LPB (pr: ILP

polaritons with the emission of acoustic phonons only
for the UPB. Indeed, on the one hand, the UPB disper-
sion is not less steep than the LPB dispersion and,
hence, the relaxation to the UPB bottom, as well as to
the LPB bottom, requires the emission of several
phonons. On the other hand, the polariton lifetime on
the UPB is (because of a significant photon contribu-
tion) even shorter than that on the LPB. A quasi-equi-
librium distribution of polaritons on the UPB can be
explained only by including into consideration the pro-
cesses of scattering between UPB and LPB. Indeed, the
schemein Fig. 3b shows that the most probable process
even at the first stage is the scattering of polaritons
(excited into the excitonlike states with large quasi-
momenta on the UPB) to the LPB with the emission or
absorption of acoustic phonons|[2]. First, the density of
exciton states is several orders of magnitude greater
than the density of states on the UPB; second, the prob-
ability of polariton scattering with the emission of
phonons is determined by the relative fraction of the
exciton component, which is small for the UPB states
and close to unity for the high-energy LPB states. The
exciton states on the LPB with k > k, ~ 10° cm™ are

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

/(pr + pr )), respectively, versus quasi-momentum k for Wi = 20 and 60 W/cm?.

optically inactive and characterized by very large
(nanoseconds) lifetimes [9]. Since these lifetimes are
greater by several orders of magnitude than the charac-
teristic times of the exciton—exciton collisions and the
scattering on acoustic phonons, the exciton system
acquires adistribution with a certain effective tempera-
ture close to the lattice temperature [10, 11]. The
energy distribution of polaritons at the UPB bottom is
formed due to the reverse scattering of equilibrium
long-lived polaritonsfrom LPP to UPB. Since the ener-
gies of acoustic phononsinvolved in the scattering pro-
cessfall within 1 meV [2], thedistribution of polaritons
in the UPB measured in experiment reflects with suffi-
cient accuracy the process of energy relaxation and the
effective temperature of the excitonlike polaritons in
the LPB. Thus, by measuring the energy distribution of
polaritons in the UPB, it is possible to obtain direct
information about the behavior of “dark” excitonlike
polaritonsin the LPB and to trace variations in the sys-
tem excited in various regimes.

Now let us consider variations in the distribution of
polaritons over the LPB and UPB under the conditions
of resonant excitation with two lasers. Figure 6b shows
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a change in the distribution of the relative intensity of

emission from the UPB, expressed as pup = 15p °/ 1 )p,
with increasing quasi-momentum, which directly
reflects the change in population of the corresponding
states. As can be seen, an additiona excitation into the
LPB below Ex produces two effects: first, adecreasein
the integral intensity of emission from the UPB (and,
hence, in the total density of polaritons on the UPB)
and, second, a more pronounced decrease in intensity
with increasing k (or the energy), reflecting a decrease
in the effective temperature of polaritons. More effec-
tive cooling was observed for alower density of excita-
tionwith laser B, that is, for alower density of hot exci-
tons and UPB polaritons injected into the system. Tak-
ing into account the above considerations concerning
relations between the energy distribution of particles
between the UPB and LPB, we may conclude that the
injection of polaritons with energies below Ey aso
leads to a decrease in the effective temperature in the
exciton system initially excited above Ex. The energy
of hot excitonsis spent for exciting low-energy polari-
tons on the LPB and localized excitons. This must
result in increasing density of excitonlike polaritons on
the LPB in the region of energies E ~ Ey with k ~ 3 x
1010 cm™,

Figure 6c shows the experimentally measured
changes in digributions of the LPB population

expressed as p p = I1p " /(10 + 115). As can be seen,
the maximum increase in the polariton density caused
by the second laser excitation is observed exactly in the
region of k ~ (2-3) x 10* cm?, that is, for energies
dightly below the exciton energy level. Moreover, a a
low density of excitation into the UPB (Wg = 20 W/cm?),

an increase in 17 ° relative to the sum 17 + 175 is

observed only in thisregion of quasi-momenta; only for
agreater excitation density (Wg = 60 W/cm?) does this

increase spread toward lower quasi-momenta near the
LPB bottom.

An analysis of changesin the energy distribution of
polaritons caused by variations of the density of excita-
tion into the UPB and LPB showed that the interaction
between the two photoexcited systems leads to a nonad-
ditive increase in the LPB population near E = Ex as a
result of the cooling of hot excitons produced by laser B
and the delocalization of (localized) excitons generated
by laser A. The mechanisms of this delocalization
include the scattering on phonons (on increasing the
temperature) and on hot excitons and free carriers (on
illumination with laser B). The most effective delocal-
ization of thelocalized excitonsis caused by their inter-
action with electrons, since the matrix element of the
exciton—electron interaction is several orders of magni-
tude greater than those of the exciton—exciton and exci-
ton—phonon interactions [5]. Indeed, intentionally
undoped MBE-grown semiconductor microstructures
are characterized by the density of residual impurity
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centers not less than 10" cm, which leads to the
appearance of a 2D electron gas with a density of 10°—
10% cm in quantum wells. An increase in the temper-
ature or laser-induced generation of hot excitons leads
to heating of the equilibrium electrons and a change in
their density due to the deionization of charged centers
by the hot phonons and excitons. The scattering of hot
free carriers on resonantly excited localized excitons
and polaritons leads to an effective population of the
LPB near E = E4. The delocalization of excitons
requires an energy of OE > Ey — it~ 2.6 meV.

Thus, the effect produced by additional resonant
MC excitation into the UPB is analogous to that of the
temperature for the resonant excitation into the LPB,
leading to an increase in the density of mobile excitons
in the LPB near E = Ex. These excitons are effectively
scattered to the LPB bottom as aresult of exciton—exci-
ton and exciton—electron collisions. The predominant
mechanism is the exciton—electron scattering, which is
characterized by a large cross section; in addition, the
energy and momentum conservation lawsimpose much
lower limitations on the exciton—electron interaction
with respect to the energy of excitons which can be
effectively scattered to the LPB bottom. For the exci-
ton—exciton scattering, the threshold condition for the
kinetic energy of excitons scattered to the LPB bottom
can be written as 2E,E, > (Ex — E_ 5(K))%/4, where E; ,
are the energies of excitons on the LPB measured from
Ex. This formula shows that, in an MC with an LPB
depth of Ex — E, o(k = 0) = 5meV, effective scattering to
the LPB bottom will take place only for particles with
energies above 1.7 meV. In the exciton—electron system
with the same temperatures of excitons and electrons,
effective exciton—el ectron scattering to the LPB bottom
begins with an exciton energy of E ~ (Ex —
E, p(K))mJ/my, where m, and my are the effective masses
of electron and exciton, respectively. Since the m, in
GaAsisamost ten times as small as my, the scattering
to the LPB bottom becomes possible for particles with
a much lower threshold energy (on the order of
0.3-0.4 meV) than that for the exciton—exciton inter-
action.

In order to assess how much the efficiency of scat-
tering to the LPB bottom depends on the kinetic energy
of polaritons initialy excited to the UPB, we studied
the intensity of the polariton emission from the LPB
bottom as a function of #wg. In these experiments, we
changed both the energy %wg and the angle of excita-
tion for laser B in order to realize the conditions of res-
onant photoexcitation into the UPB. The results of
these measurements are plotted in Fig. 7 asthe intensi-
ties of polariton emission from the LPB at k = O versus
hwyg, measured for the excitation with both lasers A and

B (175 ) and with laser B alone (15). As can be seen,
additional excitation to the UPB bottom (fiwg — Ex ~
0.36 meV) leads to addition of intensities observed for
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curve shows the intensity pr observed for the excitation
using only laser A.

the separate excitation using lasers A and B: 115 ° =

1% + 105, However, as the Awg value increases, the

ratio of the two intensities grows to reach about three
for g — Ex = 15 meV.

An increase in fiwg leads primarily to a growth in
the average energy of excitons produced by laser B and
to an additional heating of the electron gas. In turn, the
greater the quasi-momenta of excitons (ky) and elec-
trons (k,), the more effective the exciton—el ectron scat-
tering to the LPB bottom (however, thisincrease isrel-
atively small). In particular, Fig. 7 shows that, for exci-
tation into the UPB aone, the intensity of polariton
emission from the LPB bottom is almost independent
of g — Ex. For thisreason, we believe that the lack of
additivity in 1, observed with increasing iwg isrelated
to the involvement of localized excitons produced by
laser A into the scattering process. The scattering of hot
excitons and electrons, excited by laser B, on the local-
ized excitons leads to their delocalization. The esti-
mates presented above for an MC with an L PB depth of
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about 5 meV show that effective scattering to the LPB
bottom is possible for excitons with k = 5 x 10° cm™.
Upon excitation by laser B to the UPB bottom, the
energy of photoexcited excitons is insufficient for the
delocalization of excitons produced by laser A
(2.6 meV below Ey). For this reason, the scattering of
particles, excited by both lasers, to the LPB bottom pro-
ceeds independently and the corresponding intensities
are additive. As fiwy increases, the energy of particles
excited by laser B becomes sufficient for the delocaliza-
tion of excitons excited by laser A. Since the efficiency
of the exciton—€lectron scattering for delocalized exci-
tonsis severa orders of magnitude higher than that for
localized ones, the delocalization of excitons produced
by laser A immediately gives rise to density of polari-
tons on the LPB bottom.

5. EFFECT OF NONRESONANT
ABOVE THE BANDGAP LASER EXCITATION
ON THE ENERGY RELAXATION
OF POLARITONS

It was demonstrated in the previous section that the
effect of hot excitons excited by laser B on the relax-
ation rate of polaritonsexcited by laser A increaseswith
the kinetic energy of excitons (Fig. 7). It can be
expected that the linear dependence of |, on %wg
(Fig. 7) becomes saturated only for Zwg — Ex > £Q, o,
that is, when the photoexcited particles will effectively
relax with the emission of optical phonons #Q, o ~
35 meV. Thus, the maximum effect of enhancement of
the energy relaxation of polaritons resonantly excited
into the LPB should be expected in the case of an addi-
tional overbarrier excitation (with an energy above the
GaAs bandgap). Under these conditions, the system will
feature the excitation of both hot excitons and free carri-
ers (via the production of electron—hole pairs and the
delocalization of impurity centers). The excitation above
E4(GaAs) was provided by He-Ne laser radiation.

Figure 8 shows the behavior of the intensity of
polariton emission from the LPB bottom under condi-
tions of simultaneous excitation using two lasers:
(i) resonant excitation below Ey into the LPB with a
Ti-Sp laser and (ii) nonresonant excitation above
E,(GaAs) with a He-Ne laser. The experiments were
performed with variation of the energy of either the
Ti—Sp laser (Fig. 8b) or the He-Ne laser (Fig. 8a). As
can be seen from Fig. 8b, arelatively weak additional
excitation above the bandgap can provide for a more
than tenfold increase in the density of polaritons on the
LPB bottom, which is significantly higher than the
effect provided by a resonant excitation into the UPB
with ziwg — Ex < 15 meV. Thus, it has been established
that a relatively weak additional excitation using a
He-Ne laser leads to a sharp increase in the rate of
polariton energy relaxation to the LPB bottom. Here, a
guestion naturally arises concerning the optimum ratio
of the densities of excitation below Ey and above
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Ey(GaAs). The acceleration of relaxation to the LPB
bottom is related to delocalization of the (localized)
excitons excited by laser A with energy below Ey. Toa
first approximation, the rate of delocalization of the

. . . -1 .
localized excitonsis Tag [ Nt [ Whenes Where nyy is

the density of hot free carriers excited by the He-Ne
laser. Therefore, the density of localized excitons must
grow linearly with Wiy e Until T4y becomes compara-
ble to the characteristic time of radiative recombination
of the localized excitons (1, ). With further increase in
Wiene: the density of polaritons on the LPB bottom
must reach saturation. It should be noted that, to afirst

approximation, the rate of delocalization, TS; , must be

independent of the density of delocalized excitons and,
hence, the fraction of delocalized excitons must be

independent of the density of resonant excitation below
1

Eyaslongas Ty < T g).

These predictions agree well with the experimental
data presented in Fig. 8. As can be seen, the intensity of
polariton emission from the L PB bottom in the selected
range of variation of the laser power isvirtually alinear
function of this power for the separate excitation using
both He-Ne and Ti—Sp lasers. This behavior implies
that neither polariton—polariton nor polariton—exciton
interactions play any significant role in the energy
relaxation of polaritonsfor the separate excitation using
laser A or the He-Ne laser. However, simultaneous

excitation with both lasers |eads to a more complicated

behavior of the polariton emission intensity |/5™¢**

As can be seen from Fig. 8a, 157" *

He-Ne
thesum |

is greater than

+ 115 even for Wyene = 2 W/Cm?2. As

Wi e fUrther increases up to 30 W/cm?, the 154

value exhibits a superlinear increase with the laser
power and then reaches saturation for Wyepne >

70 W/cm2. The dependence of 1;5"** on the power
density W, of the Ti—Sp laser A at afixed power of the
He-Nelaser isvirtualy linear in the entire range of W,
(Fig. 8b). The dependence of the factor of increase in
the polariton emission intensity, defined as y =

(05PN 1A )18, on Wi e and W, ispresented in

Fig. 9aand 9b, respectively. As can be seen from these
data, yisvirtually independent of W,; at the sametime,

Y 0 Wiene fOr Wi ne < 30 W/em?; and y reaches satu-
ration for Wye ne > 70 W/en?2.

The rate of delocalization of the (localized) excitons
by free carriers can be evaluated using asimple relation,

_1 -
Toge = Npet OV,

where ¢ = naf< is the exciton scattering cross section,
ay = 50 A is the Bohr radius of exciton, and v =
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Fig. 8. Plots of the polariton emission intensity from the
LPBfork=0at T=6K versus (&) Wye_ne and (b) W for

an MC excited using aHe—-Nelaser (A), Ti-Sp laser A (),
and both lasers simultaneously (e).

J2Ein/m, is the velocity of hot free electrons. In the

case of excitation using a He—Ne laser, the density of
carriers per quantum well is approximately n ~ 3 x
10°cm2 W [W/cm?. For Eg, = 5-10 meV and
Whene = 30 W/cm?, we obtain T4y = 0.1 ns. This value
iscomparablein order of magnitude with thelifetime of
localized excitons (t = 0.3-0.5 ns) [8].

In addition to relaxation of the delocalized excitons
to the LPB bottom asaresult of the direct exciton—exci-
ton or exciton—electron scattering from the reservoir of
excitons with large k, the LPB bottom can be also pop-
ulated as aresult of the trapping of mobile excitons by
deeper localized levels, followed by their scattering
(elastic and involving one phonon) to the polariton
states (see Fig. 3b). The efficiency of this channel is
related to two factors: on the one hand, thermal delocal-
ization of the deep localized excitons is practically
absent; on the other hand, the time of scattering of these
excitons into the polariton states is comparable to the
time of their radiative recombination (0.3-0.5 ns).
However, the density of localized states decreases with
distance from Eyx according to the Gauss law,

Aexp(—(E — Ex)¥ &’ ). In the MC structure studied (six
guantum wells), the halfwidth of the inhomogeneous
exciton band was 9, = 1.5 meV and the density of local-
ized states became lower than the density of polariton
states (on the order of 2 x 10’ cm™ meV) already at
E = Ex — 5 meV. Thus, it can be expected that, in the
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emissionintensity fromthe LPB for k=0at T=6 K, caused
by simultaneous excitation using He-Ne and Ti—Sp lasers.

structures with relatively shallow LPBs, the relaxation
into polariton states at the LPB bottom competes with
the direct scattering of mobile excitons.

6. PARAMETRIC SCATTERING
OF POLARITONS STIMULATED BY MEANS
OF NONRESONANT LASER EXCITATION

Earlier [12-15] it was established that a polariton
system, in contrast to exciton systems, may exhibit
intense parametric scattering under certain excitation
conditions for relatively low densities of excitation in
MCswith shallow LPBs (Ex — E, p = 2—4 meV). In par-
ticular, excitation into the L PB with k;, near the bending
point provides conditions for polariton—polariton scat-
tering into the states near k = 0 and k = 2k, with obser-
vation of the laws of energy and quasi-momentum con-
servation: 2E(k,) = E(k = 0) + E(2k,). The scheme of
this scattering is presented in Fig. 10. When the excita-
tion density increases to a certain threshold level W,
the scattering acquires stimulated character [12-15]. At
T = 5 K, the efficiency of the stimulated polariton—
polariton scattering to the LPB bottom upon excitation
near the inflection point even at amoderate power den-
sity (W~ 100-200 W/cm?) exceeds by several orders of
magnitude the efficiency of the polariton—phonon scat-
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Fig. 10. Schematic diagram of parametric scattering, show-
ing the distance from the LPB bhottom to the free exciton

energy level.

tering considered above [12-15]. In order to provide
conditionsfor the stimulated parametric scattering, itis
necessary to ensure large populations of the finad
polariton states at the LPB bottom. Thus, a question
arises as to whether it is possible to modify the thresh-
old of the stimulated scattering of polaritons by means
of a weak additional nonresonant photoexcitation. It
was demonstrated above that this leads to a signifi-
cantly accelerated relaxation to the LPB bottom for the
polaritonsinitially scattered to the localized states with
E = fiw, . In order to answer this question, we studied
the effect of an additional above-bandgap excitation on
the emission from the LPB bottom in MCs with Ey —
E p = 4 meV resonantly excited by a Ti—Sp laser near
the inflection point E (k).

Figure 1la shows a distribution of the polariton
emission intensity with respect to the quasi-momentum
for excitation near the inflection point at an excitation
density about 1.5 times below the critical density for
the development of stimulated parametric scattering.
Under these conditions, theintensity of emission exhib-
its an almost tenfold monotonic decrease on approach-
ing the LPB bottom. Figures 11b and 11c demonstrate
achangein the emission intensity distribution under the
conditions of a weak additional photoexcitation pro-
duced by a He-Ne laser. As can be seen, the pattern is
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Fig. 11. Theintensity of polariton emission from the LPB bottom versus quasi-momentum and energy for the resonant excitation
into the LPB near the bending point (W, = 800 Wicm?, T=5.2 K): (a) without additional illumination; (b, ¢) with additional exci-

tation using a He-Ne laser with Wiy e = 30 and 80 W/cm?, respectively.

modified even upon an additional illumination at
Whene = 30 W/ecm?, for which the intensity is almost
independent of the quasi-momentum. As the laser
power density increases to Wy e = 80 W/cm?, the dis-
tribution exhibits a strong maximum at k = O with an
angular width below 3°, which is evidence of the devel-
opment of a parametric scattering into stateswith k ~ 0.
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It should be noted that the intensity of emission in the
case of excitation using the He-Nelaser aloneisamost
ten timeslower than that observed for the resonant exci-
tation, so that excitation by the He-Ne laser cannot
ensure macroscopic population of the LPB bottom.
Therefore, macroscopic population of the LPB bottom
isreached due to stimulation of the energy relaxation of
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localized excitons (excited below Ey by the Ti—Sp laser)
to the LPB bottom as a result of the interaction with
photoexcited hot excitons and electrons. Thus, by
means of injection of hot electrons at a relatively low
density into the polariton system, it is possible to con-
trol the threshold for stimulated parametric scattering
in the polariton system of planar semiconductor MCs.

7. CONCLUSIONS

Investigations of the relaxation of apolariton system
in a GaAs MC photoexcited below the free exciton
energy level at T = 6 K showed that the relaxation of
polaritons over the LPB and over the states of localized
excitons with the emission of acoustic phononsisinef-
fective. Anincreasein temperature leads to suppression
of the bottleneck effect in polariton relaxation. It was
established that the energy relaxation to the LPB bot-
tom is a two-stage process. At the first stage, excitons
are delocalized as a result of the thermal activation by
phonons; at the second stage, these delocalized exci-
tons are scattered into states at the LPB bottom, either
asaresult of direct exciton—exciton or exciton—electron
scattering into polariton states, or due to exciton local-
ization on deeper fluctuations, followed by their scat-
tering into LPB states (in MCs with relatively shallow
LPBs).

At low temperatures, the energy relaxation of
polaritons excited below the free exciton energy level
can be significantly accelerated by means of additional
weak generation of hot excitons and, especially, hot
electrons. The collisions of hot excitons and electrons
with resonantly excited excitons and LPB polaritons
lead, on the one hand, to a strong cooling of UPB
polaritons and hot excitons and a decrease in the UPB
population. Onthe other hand, these interactions|ead to
delocalization of the excitons photoexcited below the
free exciton energy level. Since delocalized excitons
relax to the LPB bottom much faster than do localized
excitons, additional generation of hot excitons and
electrons leads to a significant (by one to two orders of
magnitude) increase in the population of the LPB bot-
tom at helium temperatures.

Acceleration of the energy relaxation of polaritons
by means of additional overbarrier photoexcitation
leads to a strong increase in the population of states at
the LPB bottom and sharply decreases the barrier for
stimulated parametric scattering of polaritonsexcited at
an LPB bending point. Therefore, additiona illumina-
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tion can be used as a control mechanism over polari-
ton—polariton scattering.
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Abstract—The special features of the dielectric properties and conduction of ferroelectric crystals of
Pbg(Ge; —,Siy)3011 (0< x<0.67) solid solutions were studied. Permittivity anomalies close to the temperatures
T, =260 K and T, = 130 K, the appearance of relaxator behavior at x > 0.35, and critical behavior of the con-
centration dependences of dielectric and pyroelectric characteristics at x; = 0.35 and x, = 0.60 were observed

and studied. These phenomena were found to be related to the dynamics of charge localization on defects with
activation energies of U, = 0.6 eV and U, = 0.23 eV. Relaxator behavior appears when the Curie point liesin

the temperature region of thermal charge localization. The concentration dependence features at x; and x, are
explained by the coincidence of the Curie point and the centers of the temperature regions of chargelocalization
on the U, and U, defect levels, respectively. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Lead germanate crystals PbsGe;O,; are uniaxial fer-
roel ectrics with the phase transition from the P3/mnon-
polar phase to the P3 polar phase at T, = 450 K [1-3].
These crystals are promising as pyroel ectric sensors, an
optical material for recording and reading holograms,
and a material for creating ferroelectric memory ele-
ments [4-9]. Thanks to the well-defined ferroelectric
phase transition, which lies in the temperature region
convenient for studies, lead germanate has been exten-
sively used in the past three decades for studying soft
mode problems, the appearance of the central peak, etc.
[1-9]. These crystals have been model objects for
studying ferroelectric phase transitions.

An important direction in studies of ferroelectric
lead germanate is the preparation and investigation of
various solid solutions on its base. Data on the influ-
ence of isostructural atomic substitutions on crystal
properties contribute to elucidating the special features
of the nature of dielectric properties and the appearance
of ferroelectricity. They make it possible to change var-
iouscrystal characteristics over wide ranges. Ferroelec-
tric solid solutions that exhibit relaxator behavior are of
special interest to science and technology. We found
that the addition of silicon to lead germanate gradually
turned it into arelaxator ferroelectric. The main general
distinguishing feature of such ferroelectrics in the
phase transition region is the presence of a strongly
smeared maximum of the temperature dependence
of permittivity and low-frequency permittivity disper-
sion [10-22]. Although we still use the term “phase

transition,” the permittivity maximum in relaxator fer-
roel ectrics does not correspond to the real phase transi-
tion into the ferroel ectric state, and no long-range order
then appears. The smeared phase transition in relaxator
ferroelectrics occurs as a gradual rearrangement of the
crystal structure and the formation of an inhomoge-
neous state. The correlation radius changes with tem-
perature but does not become infinite anywhere. For
instance, X-ray studies have failed to detect structure
distortions related to the phase transition to the low-
temperature phase.

In recent years, ferroelectric-relaxators have been
extensively studied. Nevertheless, a clear understanding
of the physical mechanisms and an unambiguous inter-
pretation of the observed phenomena are till lacking
[10-22]. First, relaxator ferroelectrics were treated as
objects with fluctuations of the local phase transition
temperature caused by chemical disorder [10]. Later,
the ideawas introduced of the superparael ectric state of
relaxators [11]. Recent years have witnessed the devel-
opment of approaches some of which are related to
treating relaxator ferroelectrics as objects with “glass
behavior” [12, 13], while the others develop phenome-
nological models in which the system is divided into
nanoregions under the action of random fields [14-16].
Recently [17-20], the conclusion was drawn that one of
the conditions for the appearance of relaxator behavior
is the coincidence of the phase transition region with
the temperature region of thermal charge localization
on defects. The possibility of shifting the Curie point in
the Pb;(Ge,; _,Si,)30;;, (PGSO) system with respect to
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the regions of charge localization on defects by chang-
ing the concentration of silicon makes this system a
very convenient object for verifying this conclusion.

Several workswere concerned with lead germanate-
silicate crystals Pbs(Ge,; _,Si,)30,4 in which part of ger-
manium atoms were replaced by silicon [3, 4, 23-31].
The main trends of variations in the ferroelectric and
other properties of the system caused by the replace-
ment of germanium with silicon were described. The
T,, temperature corresponding to maximum permittiv-
ity decreased from 450 K at x =010 220K at x = 0.75
asthe content of silicon in PGSO crystalsincreased. In
crystalswith x > 0.25, the phase transition was smeared
and relaxator behavior was observed. In addition to
those in the phase transition temperature region, per-
mittivity anomalies in PGSO crystals were observed
over the temperature intervas 210270 K and
40-150K; the corresponding permittivity maxima
were close to the characteristic temperatures 260 and
130 K [29]. As the composition with x; = 0.39 was
approached, the concentration dependences of the
properties of solid solutionsfirst exhibited adecreasein
the permittivity €., in the Curie point region. The per-
mittivity then sharply increased and passed a well-
defined maximum at x, = 0.39, and the phase transition
became smeared. Similar behavior was observed for
compositions close to x, = 0.67. The concentration
dependences of the dielectric loss tangent [29] and the
pyroelectric constant [24] of solid solutions were also
nonmonotonic. Note that, in [24, 29], the crystals were
ascribed the composition of the batch mixtures from
which they were grown.

It is pertinent to note that the dielectric, conduction,
and pyroelectric properties of PGSO crystals have
obviously been studied insufficiently. In particular, the
low-temperature permittivity anomalies of PGSO crys-
tals were only studied at one frequency of 1 kHz; the
temperature dependences of their conduction were
reported for limited frequency, temperature, and con-
centration ranges, the pyroelectric constants of
Pb;Ge;0,, crystals reported by various authors were
substantialy different [4—6, 24]; data on the pyroeffect
in the region of permittivity anomalies at low tempera-
tures were virtually absent; and the concentration
dependences of the pyroeffect of solid solutions [24]
were determined in fairly large concentration steps
(Ax=0.15). The incompleteness and contradictory
character of the data impede the determination of the
nature and reasons for the appearance of the low-tem-
perature permittivity anomalies, specia features of its
concentration dependence, and the origin of relaxator
behavior of the system. The nature of the specified
dielectric property characteristics of the system of solid
solutions under consideration has not been elucidated
thus far.

Theinfluence of variousfactors, such asthe measur-
ing field frequency, the degree of monodomainization
of crystals and their calcining at various temperatures
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in various gas media, composition deviations from sto-
ichiometry, etc., on the low-temperature permittivity
anomalies of Pb;Ge;O,, crystals was studied in [32].
Theresultsled the authorsto conclude that these anom-
alies were relaxation in character and related to the
dynamics of thermal localization of charge carriers on
defect centers with the formation of local polarized
states. It was shown in [32] that, in conformity with the
theoretical results described in [17-20], an analysis of
the dielectric and other properties of Pb;Ge;0,, crystals
should be performed bearing in mind that they
belonged to the class of ferroelectric-semiconductors
[33—-36] in which the interaction of the electronic and
lattice subsystems noticeably influenced dielectric
properties. The energy gap width of Pb;Ge;O,, crystals
isEg=3.0eV [35]. Inthesecrystalsat T> 300K, impu-
rity conduction related to the presence of local defect
levels with activation energies of 0.62 eV in the forbid-
den band prevails [36, 37].

When we began these studies, we suggested that the
low-temperature permittivity anomalies of isostructural
PGSO solid solution crystals had the same nature as
those of pure lead germanate. The behavior of the
dielectric properties of the system, however, has certain
special features which manifest themselves as striking
peculiarities of concentration dependences and the
appearance of relaxator behavior. We therefore deemed
it of interest to study the dielectric and conduction
properties of the whole series of solid solutions in
detail.

The purpose of thiswork was to determine the char-
acter and reason for the appearance of low-temperature
permittivity anomalies in PGSO solid solutions of al
concentrations and explain changes in the dielectric
properties of solid solutions caused by changesin their
composition, the presence of striking peculiarities of
the concentration dependences, and the appearance of
relaxator behavior in the system. To solve these prob-
lems, we performed detailed studies of the dielectric
and conduction properties of the PGSO system over a
wide temperature range at various frequencies. We took
advantage of the possibility of shifting the Curie point
T with respect to the region of thermal localization of
charges by changing the concentration of silicon,
which, according to [17—20], should substantially influ-
ence the dielectric properties. The permittivity anoma-
lies were characterized in more detail by studying the
temperature dependences of the pyroelectric effect of
crystals at low temperatures.

2. THE PREPARATION OF CRYSTALS
AND METHODS FOR STUDYING THEM

Single crystals of the composition Pbs(Ge, _,Si,)304;
were grown by cooling a molten 5PbO - 3(1 —y)GeO, -
3ySIO, (0 <y < 1) batch mixture at arate of 5.0 K/hin
platinum crucibles as described in [29]. Transparent
light-brown crystals had an isometric habitus with a
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Fig. 1. Concentration dependences of thea and ¢ parameters of the hexagonal unit cell of Pbs(Ge; _,Si, )30 solid solution crystals.

{1010}- and {0001} -type faceting, their size across

reached 4-8 mm. The chemical composition of the
crystals was determined by X-ray spectral microanaly-
sison a CAMEBAX-301 spectrometer. The content of
silicon in the crystals was found to vary within the lim-
its0 < x< 0.67. The ratio between the concentration of
silicon atomsin the crystals x and their concentrationin
the initial batch mixture y was 0.91 + 0.03 over the
entirerange of y variations. Clearly, thisx/y ratio equals
the distribution coefficient of silicon during growing
solid solution crystals from their melts. These data on
the distribution coefficient can be used to refine the real
concentrations of solid solution crystals studied earlier,
which were assigned the compositions of the initial
melts[3, 4, 23-31]. We were unable to prepare crystals
with silicon concentrations x > 0.67, and the x = 0.67
concentration is likely limiting for the replacement of
germanium with silicon in Pby(Ge, _,Si);0;,; solid
solutions.

The phase composition of the samples and the ori-
entation of crystallographic axes in the crystals were
determined using a DRON-4 diffractometer and a
POLAM L-213M polarization microscope. The X-ray
powder patterns of the crystals and the hexagona unit
cell parameters calculated from them corresponded to
the data on Ph;(Ge, Si);0,; crystals obtained in [3, 4,
26, 29]. In agreement with these data, crystal symmetry
did not change as the content of silicon increased.
Simultaneously, the a and ¢ hexagonal unit cell param-
eters decreased monotonically, without noticeable
jumps (Fig. 1). These results are evidence of the
absence of obvious morphotropic phase transitions in
the system.

Electrophysical properties were studied for plates
cut fromthe single crystals normally to the c axis. Elec-
trodes were deposited on the base planes of the plates
using asilver paste. The thickness of the plates and the
area of the electrodes wered = 0.5-1.5 mm and S=
6 mm?, respectively. The permittivity €, dielectric loss
tangent tand, and specific electrical conductivity p
were measured using an E7-14 immittance meter or a
P5083 dternating current bridge in low measuring
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fields. The characteristic rate of temperature variations
was 5.0 K/min. The pyroelectric constant y was deter-
mined by the quasi-static method using a V7-30 elec-
trometer. To obtain monodomain crystals, the samples
were polarized by cooling to temperatures above the
Curie point and simultaneously applying a constant
electric field of 0.25 kV/cm.

3. RESULTS

We studied the temperature dependences of permit-
tivity €, dielectric loss tangent tand, and specific con-
ductivity p of Pbs(Ge, _,Si,)30;, crystals for various
silicon concentrations over awide temperature range of
4.2-850 K at various frequencies from 0.1 to 100 kHz.
We also measured the pyroelectric constant y over the
temperature range 100-350 K. The measurement
resultsare shown in Figs. 2 and 3. Special attention was
paid to two silicon concentration regions, 0.30 < x <
0.45 and 0.55 < x < 0.67. It will be shown below that, at
these concentrations, the effective Curie temperature
Te(X) isin the temperature region of dielectric peculiar-
ities close to the critical temperatures T, = 260 K and
T, = 130 K. The results of measurements allow us to
distinguish several anomalies of the temperature and
concentration dependences of the dielectric, conduc-
tion, and pyroelectric properties of the crystals under
consideration.

Permittivity anomalies in the regions of T, T,,
and T,. In agreement with the data obtained previously,
the temperature dependences of the permittivity of
PGSO crystals contain a well-defined maximum ¢, at
the temperature T,, in the region of the Curie point.
Apart from this peak, we observe less pronounced max-
ima g, and &, close to the temperatures T, = 260 K and
T, = 130 K below T, (see Fig. 2). These maxima are
accompanied by anomalies of the temperature depen-
dences of the dielectric losstangent tand (T), which has
a peak at about 230 K and a very broad asymmetric
peak at 60-120 K.
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Fig. 2. Temperature dependences of permittivity € and dielectric losstangent tand measured along the ¢ axis of Pbs(Ge; _,Siy)3011
crystalsat x = (1) 0, (2) 0.135, (3) 0.27, (4) 0.35, (5) 0.54, (6) 0.60, and (7) 0.675 at an f = 1 kHz frequency.

The concentration dependencesof the T,,, T;, and
T, temperatures corresponding to the permittivity max-
ima, the maximum permittivity values themselves, the
dielectric losstangentsat T, T;, and T, (&, €;, €, and
tand,,, tand,, tand,, respectively), and the concentra-

tion dependence of the maximum pyroel ectric constant
valuey,, close to the Curie point are shown in Fig. 4.
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The position of the g, peak close to the Curie point
changes as the content of silicon in the crystas
increases and shifts toward lower temperatures from
450K atx=0t0 225K at x=0.67 (Figs. 2, 4). The posi-
tion of the g, peak shiftsto the lower temperature T, =
260 K as the content of silicon increases to x = x; =
0.35; two permittivity anomaliesat T,,, and T, then coa-
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Fig. 3. Temperature dependences of the pyroelectric con-
stant measured along the polar axis of Pbg(Ge; _4Si,)3011

crystals (numbers at curves are silicon contents). Inset
shows log plots of the same dependences.

lesce (T,,=T,), see Figs. 2 and 4. The permittivity peak
heights €, and dielectric loss tangents tand,, close to

T,, decrease as the concentration of silicon in the crys-
talsincreases from x = 0 to 0.35. When the x = 0.35 sil-
icon concentration is reached (when two anomalies at
T, and T, coaesce), the peak permittivity value €,
increases jumpwise. The g, peak permittivity value for
the crystals close to the Curie point decreases as X
increases above x; and then again increases and passes
the second maximum at x, = 0.60. At the same critical
silicon concentration values x; and x,, maxima of the
concentration dependences of the peak dielectric loss
tangent and pyroelectric constant values are observed
(Fig. 4).

An increase in the content of silicon comparatively
weakly influences the positions of the low-temperature
permittivity and dielectric loss peaks. Theg; and tand,
peaks shift to higher temperatures by approximately
20K, and their heights increase (Figs. 2 and 4). The
positions and heights of the €, and tand, peaksin the
region of T, change insignificantly.

To summarize, X, isthe critical concentration of sil-
icon at which two dielectric property anomalies at T,
and T, coalesce. This is accompanied by a jump
increasein the peak permittivity valuee,,,. Theg,, value
decreases as the content of silicon increases further and
again reaches a maximum at the next critical silicon
concentration x, = 0.60. The concentration depen-
dences of the peak dielectric loss tangent and pyroel ec-
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Fig. 4. Concentration dependences in the Pbs(G; _,Siy)2011
system of (a) position and (b) amplitude of permittivity
maxima; (¢) maximum dielectric loss tangent values in the
vicinity of the temperatures T, T,, and T, and (d) maxi-
mum pyroel ectric constant valuesin the region of the Curie
point T,,. The permittivity anomaly valueswere obtained by
measuring the €(T) and tand (T) dependences at a 1 kHz
freguency; the extrapolation curve (1) (seetext) is shown by
the dot-and-dash line.

tric constant values have maxima at the same critical
silicon concentrations x; and x,, which are also charac-
terized by a noticeable broadening of the peak of the
temperature dependence of permittivity in the phase
transition region (Fig. 5).

Dispersion of the low-temperature permittivity
anomalies. The temperature dependences of permittiv-
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Fig. 5. Concentration dependence of the width at half-
height AT,,, of the permittivity maxima in the region of T

in Pbs(Gey _,Siy)3044 crystals according to &(T) depen-
dence measurements at a 1 kHz frequency.

ity and dielectric losstangent measured for three silicon
concentrations (x = 0, 0.32, and 0.41) at various fre-
guencies are shown in Fig. 6. The temperatures corre-
sponding to the low-temperature tand, peak at x < 0.35
and the peak at x > 0.35 that remains after two peaks at
T,,and T, coalesce noticeably increase asthe measuring
field frequency grows (Fig. 6). Thisis evidence of the
relaxation character of these features. For instance, the
temperature corresponding to the tand, peak of the
crystal with x = 0 shifts from 200 to 260 K as the fre-
guency increasesfrom 0.1to 100 kHz. An unusual form
of permittivity dispersion isobserved for the solid solu-
tionswith x> 0.35. Whereas the tand (T) peak shiftsto
higher temperatures by approximately 60 K as the fre-
guency increases from 0.1 to 100 kHz, the frequency-
induced shift of the &(T) anomaly is virtually unnotice-
able (Fig. 6¢). At x=0.41, the tand,, peak related to the
ferroglectric transition is unobservable, whereas the
temperature corresponding to the tand, relaxation
peak increases from 210 K at 0.1 kHz to 272 K at
100 kHz. Dispersion is observed at low frequencies not
characteristic of the lattice subsystem. Thisis evidence
that PGSO crystals are relaxator ferroelectrics.

The low-temperature €, and tand, peaksat T, aso
shift to higher temperatures as the measuring field fre-
guency increases. At x = 0, the tand, peak shifts from
116.7K at 0.1 kHz to 144.1 K at 10 kHz (see Fig. 6a).

Transition smearing. An increase in the content of
silicon in the crystals causes ferroel ectric phase transi-
tion smearing, which sharply increases as the silicon
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concentration approaches x, = 0.35. The solid solutions
with x> 0.35 acquire features characteristic of relaxator
ferroelectrics. They are characterized by an obviously
smeared phase transition, a sharp increase in the half-
width of the permittivity maximum (see Fig. 5), and
noticeable permittivity dispersion in the region of the
Curie point at low frequencies.

At the silicon concentration x = 0.32, which islower
than the critical value x;, an additional |ow-temperature
peak €, at T, is clearly seen against the background of
the broadened main peak €, (Fig. 6b). This peak has a
strong frequency dependence. At the concentration x =
0.41, which is higher than the critical concentration X,
we observe the temperature and frequency depen-
dences of permittivity with one smeared maximum and
pronounced dispersion at low frequencies (Fig. 6c¢), as
istypical of relaxators.

Nonergodicity. The heights and shapes of the per-
mittivity and dielectric loss maxima of the crystals
strongly depend on their thermal prehistory; that is, we
observe nonergodic behavior. A tendency toward
increasing the amplitudes of the maximaafter calcining
the crystals at high temperatures and decreasing these
amplitudes after holding the crystals at low tempera-
tures is noticeable. This tendency is most manifest at
X = X; = 0.35. The form of the anomalies of theg(T) and

tand (T) dependences measured for crystals with sili-
con contents close to x; and x, changes substantially
during thermal cycling. Changes in the form of these
dependences caused by thermal cycling of crystalswith
x = 0.33 are shown in Fig. 7. Certain differences
between the temperature dependences measured at dif-
ferent frequencies during one heating cycle and during
different cycles at one frequency can be explained by
the thermal cycling effect. In particular, measurements
during different cycles exhibit irregularities in the
sequence of decreasing the € value depending on the
frequency; no such irregularities are observed during
one heating cycle.

It follows that the crystals of the system under con-
sideration exhibit nonergodicity of the behavior of the
temperature dependences of dielectric characteristics.
This effect increases in the regions of compositions
close to the x; and x, critical values.

The temperature dependence of resistance. To
elucidate the nature of the observed features of the tem-
perature and concentration dependences of the dielec-
tric properties of the PGSO crystals, we studied the
temperature dependences of their conduction proper-
ties. The temperature dependences of specific electrical
resistance measured at various frequencies are shown
inFig. 8.

Four temperature regions which differ in the charac-
ter of conduction are quite clearly seen in the tempera-
ture dependences of the specific resistance of the PGSO
crystals (Fig. 8). In the high-temperature region
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0.32. Theresults of four cycles of measurements performed
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(region |, T > 285 K), resistance is independent of fre-
guency and decreases as the temperature increases
according to the Arrhenius law,

P = PoexXP(Ua1/KgT),

where kg is the Boltzmann constant and U,; is the acti-
vation energy, U,; = 0.64 eV. In temperature region |1
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(T =210-285 K), the temperature dependence of resis-
tance has a transient shape, resistance depends on tem-
perature uncharacteristically, and a well-defined fre-
guency dependence is observed. In low-temperature
region Il (T = 150-210 K), resistance again weakly
depends on the frequency and decreases as the temper-
ature increases following the Arrhenius law, p =
PoeXp(U ks T), with the activation energy U, =
0.23eV. In low-temperature region 1V (T < 140 K),
resistance weakly depends on the temperature and
again strongly depends on the frequency.

The obvious activation dependence of conductionin
temperature regions | and 1l (Fig. 8) is evidence of
usual semiconductor conduction with thermal activa
tion of charge carriersfrom thelocal levelsU,_; and U,
to the conduction band. The nonactivation form of the
temperature dependences and the strong frequency
dependence in temperature regions Il and 1V are evi-
dence of a transient conduction mechanism with the
predominance of hopping conduction over states local-
ized at the U, and U, levels[38]. A decreasein resis-
tance in these regions as the temperature decreases is
indicative of the localization of charges on defects; that
is, the number of charge carriers that for quite along
timereside on the corresponding U, and U, levelsand
can participate in hopping conduction increases as the
temperature decreases. As a result, resistance
decreases, which is evidence that regions |l and IV are
the regions of the effective thermal localization of
charges. The temperatures 285 and 150 K are therefore
the upper limits of the temperatures at which the effec-
tive thermal localization of charges on the levels U,
and U,,, respectively, begins. Note that the observed
activation energies U,; and U, are much smaller than
the energy gap width (3.0 eV) and correspond to the
energy intervals between the bottom of the conduction
band and the defect levels.

Changes in the content of silicon in the crystals
weakly influence their conduction properties (in partic-
ular, the positions of the temperature regions of charge
localization, where thermally activated conduction
transforms into hopping conduction) and the activation
energies of conduction U,, and U;.

The temperature dependence of pyroeffect.
Peaks in the region of the Curie point characteristic of
ferroelectric phase transitions are observed in the tem-
perature dependences of the pyroelectric constant of
polarized solid solution crystals (see Fig. 3). The vy,
peak height decreases as the content of silicon in the
crystalsincreases from x = 0 to 0.33. At x = 0.33-0.35,
Ymincreases and reaches amaximum at x = 0.35. It then
decreases and again increases to the second local max-
imum at x = 0.60 (see Fig. 3). The temperature depen-
dences of the pyroelectric constant below the Curie
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point contain a minimum in the temperature region
170-185K (seeFig. 3).

4. ANALY SIS AND DISCUSSION

4.1. The Effective Curie Temperature
of Solid Solution Crystals

The well-defined permittivity maxima observed in
the crystals of all compositions at the highest tempera-
ture T(X) for each concentration are related to the fer-
roelectric phase transition or the relaxator-type
smeared phase transition that occurs in the crystals.
This is substantiated by the presence of a well-defined
pyroelectric constant maximum in the same tempera
ture region and the absence of the pyro effect at the
higher temperatures.

The permittivity maximum at T,,, shiftsto lower tem-
peratures as the content of silicon in the crystals
increases. At x = 0-0.20, when a sharp phase transition
occurs, the T,(X) temperature of the permittivity maxi-
mum corresponds to the Curie point Te(X) of the sys-
tem. In thisregion of concentrations, the Curie point of
the system linearly depends on the concentration of sil-
icon, as is characteristic of many ferroelectric solid
solutions,

To(X) = Teo—AX, 1

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

where Ty = 450 K, A = 530 K, and x is the concentra-
tion of silicon.

At higher silicon concentrations at which the crys-
tals acquire features of relaxator ferroelectrics, the
positions of the smeared high-temperature €(T) max-
imado not correspond to a phase transition. Generally,
phase transitions can be observed in them only after
applying an external constant eectric field [21, 22]. The
effective Curie temperature of the corresponding solid
solution crystals can be determined by extrapolating
dependence (1) over the entire region of silicon con-
centrations (see Fig. 4). This dependence will be used
below to analyze the special features of the behavior
of the dielectric properties of the system under consid-
eration over the entire concentration range.

The lowering of the Curie point and, accordingly,
permittivity and dielectric loss peak valuesin thevicin-
ity of the Curie point as the content of silicon in the
crystalsincreasesis explained by the lower polarizabil-
ity of silicon cations compared with germanium cations
that they substitute.

4.2. The Relaxation Character
of Low-Temperature Permittivity Anomalies
and the Nature of their Appearance

The low-temperature permittivity anomalies
observed at T < T, are relaxation in character. Thisfol-
lows from the noticeable displacement of the corre-
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Fig. 9. Dependence of relaxation time T on inverse temper-
ature at various compositions.

sponding tand (T) dependence peaks to higher temper-
atures as the measuring field frequency increases. We
determined the characteristic relaxation times t at vari-
ous temperatures on the assumption that the equality
wt= 1 (w = 2rf) was valid at the £"(T, w) maximum
[39, 40]. The relaxation times determined this way are
the most probable. The t(T) dependence that we
obtained was well approximated by the Arrhenius law

(Fig.9),

T = Toexp(-Ui/ksT).

The activation energy U;, and the characteristic relax-
ation time 1y for the permittivity anomalies in the
region of T, were determined graphically. These values
changed insignificantly when silicon atoms were intro-
duced into the crystals and equaled U}, = 0.60 eV and
To; = 2.0 x 10* s. Analogous calculations performed
for the dielectric anomalies in the vicinity of T, yield

Ui, =0.24eV and 15, = 4.7 x 104 s,

The peak widths of the tand (T) dependencesin the
vicinity of 230 K were estimated by the Debye equation
[39, 40]

g g, = =t
®  l+iwt

and the Arrhenius equation with the use of the 1, and

U;, valuesfound above. (Here, * = €' —ig", with e, and
€, denoting the high-frequency and static contributions

to permittivity.) The resulting values were two to three
times smaller than the experimentally observed peak
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widths of the corresponding dependences. It follows
that the relaxation processes observed in the crystals
were characterized by diverse relaxation times.

Analysis of the experimental temperature depen-
dences of the conduction of the PGSO crystals per-
formed above shows that the characteristic tempera-
tures T, and T, of the low-temperature permittivity
anomalies are in the temperature region of the thermal
localization of charges on the defect levelsU,; and U,.
The closeness of the activation energy of relaxation
processes determined from dielectric measurements

(Uz; = 0.6 eV and U, = 0.24 eV) to the activation
energy of conduction at 300-450K (U,; =0.64 eV) and
150210 K (U, = 0.23 eV), aswell as the temperature
sequence of changesin the activation energy of conduc-
tion and the appearance of dielectric property peculiar-
ities, is evidence that dielectric relaxation processes
and the temperature dependence of conduction are
determined by the same defect levels. This and the
results obtained in [17-20, 32] lead us to conclude that
the low-temperature permittivity anomalies in the
PGSO solid solution crystals of all compositions are
related to the thermal localization of charge carriers on
defect centers. Filling defect levels as the temperature
decreases causes the appearance of local deformations
and local electric fields around charges localized on
defects, which in turn stimulates the appearance of
induced local polarization [19, 41]. The dynamics of
these processes manifests itself in the form of low-fre-
guency relaxation dielectric anomalies in the tempera
tureregion of thethermal filling of local centers[17-20].
This conclusion also corresponds with the low-fre-
guency range of the dispersion of the observed dielec-
tric anomalies. The characteristic time of induced
polarization changes and, accordingly, the frequency
range of permittivity dispersion are determined by the
vibrational properties of local states formed around
local centers and depend on the characteristic times of
the lattice and el ectronic subsystems [17-20]. The low-
frequency range of dispersion is related to the charac-
teristic times of the thermal activation of charges from
defect levels, which are much longer than the character-
istic lattice times.

The weak dependence of the characteristic tempera-
tures of the low-temperature permittivity anomaliesin
PGSO on concentration is explained by the weak influ-
ence of the substitution of silicon for germanium in the
crystals on their main semiconductor properties that
determine the appearance of these anomalies, that is, on
the positions of the temperature regions of the localiza-
tion of charge carriers on the U, and U,, levels and
level depths.

4.3. The Appearance of Relaxator Behavior
in Pbs(Ge; _,3,):011

Asthe content of silicon increases in the solid solu-
tions under consideration, the sharp ferroel ectric phase
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transition is replaced by a smeared transition of the
relaxator type. The maximum smearing of the ferro-
electric phase transition is observed for the composi-
tions whose effective Curie temperature T(X) lies in
the temperature region of charge localization. This
behavior conforms to the recently suggested phenome-
nological model of relaxator ferroelectrics [18-20].
According to this model, relaxator behavior arisesfrom
the relation between the lattice subsystem and the
dynamics of the thermal localization of charges in
traps. According to one of the conditionsfor the appear-
ance of relaxator behavior, the phase transition temper-
ature should liein the temperature region of thethermal
localization of charge carriers on defects.

The charges remain localized on defects fairly long
as the temperature decreases, which fixes the local
polarization direction on them [41]. The inhomoge-
neous polarization state formed around a charged
defect is retained equally long. This inhomogeneous
state effectively prevents the formation of homoge-
neous polarization in the system. As the Curie point is
reached, spontaneous polarization has different direc-
tions in nanoregions about various defects. The system
then acquires an inhomogeneously polarized state, and
the phase transition becomes smeared. On the other
hand, the characteristic polarization relaxation timesin
such a system are related not only to the dynamics of
the lattice subsystem, but also to the dynamics of
charge del ocalization from defects. For this reason, we
observe dispersion at frequencies that are much lower
than lattice frequencies.

The shape of the ¢(T) and tand (T) dependence
anomalies of the crystals with the compositions in the
transient region with x = x,; substantially changes under
thermal cycling (see Fig. 7). According to [17], such
nonergodic behavior can be explained by dependence
on the thermal prehistory of the crystal.

To summarize, we see that relaxator behavior
appearswhen the effective Curie temperature To(X) [see
Eq. ()] lies in the temperature region of the thermal
localization of charges. Thisconclusionisin agreement
with what follows from the theoretical model consid-
ered in [17-20].

4.4, The Nature of Defect Centers

The influence of silicon content variations on the
conduction properties of the crystals is weak, which
means that the effect of silicon on the electronic sub-
system is insignificant. It does not create additional
charge localization levels and does not change the
energy depth of such levels. This leads us to conclude
that the localization centersare likely related to the sub-
lattice of lead atoms. The broad distribution of relax-
ation times related to localization on the U, level (see
above) is evidence that this level isin reality a system
of defect levels with afairly broad energy distribution.
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Some conclusions on the nature of defect centersin
PGSO can be drawn from the results of the photorefrac-
tometric studies of PbsGe;Oq; [8, 9, 42, 43]. These
results show that the characteristic defects in
Pb;Ge;0,, that play the role of charge trapsin the for-
bidden band are part of Pb?* cations transformed to
Pb®* under the action of optical radiation. Clearly, fur-
ther detailed studies of the characteristics of defect cen-
tersin PGSO crystals will be of great importance for a
more in-depth interpretation of the special features of
their dielectric properties.

4.5. An Analysis
of Nonmonotonic Concentration Dependences

Asfollowsfrom the X-ray data (see above), the non-
monotonic character of changesin the properties of the
system of solid solutions under consideration in the
regions of the x;, = 0.35 and x, = 0.60 concentrations
cannot be explained by morphotropic phase transitions
caused by concentration changes. An increase in the
content of silicon in the crystals does not change their
symmetry, and the hexagonal unit cell parameters then
decrease monotonically without noticeable jumps (see
Fig. 1).

The nonmonotonic character of the concentration
dependences of the dielectric and pyroelectric solid
solution characteristics in the neighborhoods of x; =
0.35 and x, = 0.60 can be explained by the influence of
the localization of charge carriers on defect centers on
dielectric and other properties and an increase in this
influence when the Curie point gets into the region of
thermal localization. According to [17-20], the shape
of dielectric property anomalies should depend on the
position of the Curie point relative to the characteristic
temperature of the region of the thermal localization of
charge carriers.

The positions of the temperature regions of charge
localization closeto T, and T, change insignificantly as
the content of silicon in the crystals increases, whereas
the effective Curie temperature To(X) substantialy
decreases. For thisreason, the To(x) temperature, which
initially, at x < 0.35, lies above the region of thermal
localization, decreases as the content of silicon
increases and, at x; = 0.35 and x, = 0.60, occurs in the
regions of thermal localization at the U, and U, levels,
respectively. Clearly, the crystals of the specified com-
positions, at which T(X) isinside the thermal localiza-
tion regions, should have extreme dielectric and pyro-
electric characteristic values. Changes in the dielectric
properties of the solid solutions close to x; = 0.35 and
X, = 0.60 are critical in character. It follows that the
nonmonotonic changes observed in the concentration
dependences of the dielectric and pyroelectric charac-
teristics of the crystals at about x; = 0.35 and x, = 0.60
are related to the coincidence of the effective Curie
temperature [see (1)] and the temperature region of the
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thermal localization of charges on the U, and U, lev-
els, respectively, at these concentrations.

5. CONCLUSIONS

Our study of the dielectric properties and conduc-
tion of Pby(Ge,_,S,);0,; solid solutions revealed
peculiarities in the behavior of the measured parame-
ters caused by changes in the temperature and concen-
tration. These were: the presence of anomalies of the
temperature dependences of dielectric properties close
to the characteristic temperatures T, and T, in addition
to the usual anomalies closeto the Curie point; the pres-
ence of well-defined maxima of the concentration
dependences of dielectric properties close to the con-
centrations x; = 0.35 and x, = 0.60; the strong depen-
dence of dielectric properties on the temperature pre-
history of the sampl es close to the concentration x;; and
the appearance of relaxator behavior in the crystals at
x> 0.35 (x is the concentration of silicon).

A combined analysis of the dielectric properties and
conduction of PGSO family crystals shows that the
observed dielectric property peculiarities are related to
an increase in the strength of interrelation between the
lattice and el ectronic subsystems when the region of the
structural phase transition coincides with the region of
thethermal localization of charges on defects. Theform
of the temperature—frequency dependences of permit-
tivity anomaliesin the vicinity of the T, and T, temper-
aturesisevidence that these anomalies arerelaxation in
character. The appearance of these anomaliesis caused
by the influence of the localization of charges on
defects with activation energies U,; = 0.64 eV and
U,, = 0.23 eV on the dielectric properties of the crys-
tals. The conduction data, according to which the T,
and T, temperatures lie in the temperature regions of
charge localization on the corresponding defects, lend
support to this conclusion. This conclusion is also sub-
stantiated by the coincidence of the activation energies
of relaxation processes determined from dielectric
measurements and the activation energies of conduc-
tion and by the correspondence between the low-fre-
guency dielectric relaxation range and the characteris-
tic times of changes in the concentration of charges on
defect levels. Theseresultsarein agreement with thethe-
oretical concepts [17-20] that describe the influence of
charge localization on defects on dielectric properties.

The reason for the pronounced anomalies of the
concentration dependences of dielectric characteristics
ischangesin the position of the effective Curie temper-
ature T(X) with respect to the T, and T, temperatures of
the thermal localization of charges on the U,; and U,
defect levels. The positions of the temperature regions
of the thermal localization of charges and activation
energy values remain almost unchanged as the content
of siliconin the crystalsincreases. Thisis evidence that
the defect centers are related to the lead sublattice. On
the other hand, an increase in the content of silicon in
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the crystals strongly decreases the effective Curie tem-
perature To(X). At the concentrations x; and X,, the
effective Curie temperature To(X) liesinside the regions
of the thermal localization of charges T, and T,. As a
result, the influence of the dynamics of charge localiza-
tion on dielectric properties sharply increases at these
concentrations, and we observe concentration depen-
dence maxima and relaxator behavior in agreement
with the theoretical predictions [17-20]. The strong
dependence of dielectric properties on the temperature
prehistory of the crystals with x = 0.35 is caused by a
substantial temperature-induced change in the concen-
tration of localized charges and the retention in mem-
ory of the inhomogeneous charge distribution over
traps created when crystalsare held closeto T ~ T, for
along time.

To summarize, we studied the temperature-fre-
guency and concentration dependences of the dielectric
properties and conduction of Pby(Ge, _,Si,);0,; family
crystals. Analysis of the results obtained enabled us to
reveal the nature of the appearance of low-temperature
dielectric property peculiarities and relaxator behavior
in the system.
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Abstract—A simple model is used for estimating the bottom energy of the electron conduction band and the
electron-forbidden gap energy. It is shown that electronsin liquid hydrogen are localized not in electron bub-
bles, aswas considered previously, but in molecular negative ions surrounded by voids about 0.5 nm in radius.
The conductivity of fluid hydrogen at not very high pressuresis connected to transfer of positively charged clus-
ters and negatively charged bubbles. As the pressure and density increase, molecular dissociation occurs and
electron localization on atoms becomes more favorable, also with the creation of avoid around atomic negative
ions. At a sufficiently high concentration of atoms, the probability of tunnel transition of an electron from one
atom to another becomes close to unity, the energy level of the negative ion degenerates in the band, and the
conductivity is caused by the transfer of these quasifree electrons. It is supposed that this charge transfer
mechanism may play an important rolein the region of fluid hydrogen metallization. © 2005 Pleiades Publishing,

Inc.

1. INTRODUCTION

Investigations of hydrogen behavior inthe solid, lig-
uid, and plasma state are of significant importance from
both a scientific and technological standpoint. They are
important in astrophysics because hydrogen is the most
abundant chemical element, which constitutes about
three-fourths of the matter in the Universe. Jupiter and
Saturn together contain over 400 Earth masses, most of
which ishydrogen, heated and compressed to high tem-
peratures and pressures. Hydrogen is fluid under these
conditions. The convective motion of electrically con-
ducting hydrogen produces the magnetic field of giant
planets by dynamo action (see [1] and references
therein). Knowledge of the equation of state and phys-
ical properties of hydrogen and its isotopes is very
important for successful solution of the problem of
inertial nuclear fusion. An intriguing possibility of
metastable metallic, and even superconducting, phases
of solid hydrogen at ambient pressure has been pre-
dicted [2].

In 1935, Wigner and Huntington predicted that
molecular diatomic hydrogen would undergo a transi-
tion to ametallic state at an imposed pressure of about
25 GPa[3]. Current predictions are in a range close to
300 GPa [4]. However, despite unrelenting assault of
experiments, dense solid hydrogen shows no evidence
of metallic behavior [5]. In afluid, electric conductivity
measurements under multiple-shock compression indi-
cate that hydrogen becomes metallic at pressures of

T This article was submitted by authorsin English.

about 140 GPa, nine times the initia fluid density, and
atemperature of about 3000 K [6-10]. Electric conduc-
tivity has also been measured under single-shock com-
pression up to 20 GPa and 4600 K [11]. Those experi-
ments show that conductivity is thermally activated
similarly to the semiconducting fluid, and becomes
greater than 1 Q7 cm™ at 200 GPa and 400 K. The
pressure dependence of the conductivity measured
in[9] is shown in Fig. 1. The change in dope at

Conductivity, Q' cm™!

1045 T T
i .
103k " - 3
: . A ]
1025_ R n 4
10 E
- . '
i n
1E 4
-4 3
s | | ]
100 150 200

Pressure, GPa

Fig. 1. Electrical conductivity of H, and D, asafunction of
pressure [9]. The change in slope at 140 GPa s the transi-
tion from semiconducting to metallic fluid.

1063-7761/05/10001-0014$26.00 © 2005 Pleiades Publishing, Inc.
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140 GPa is indicative of the transition to the metallic
state. An analysis of the measurements in the range
93-120 GPa (semiconducting regime) resulted in the
equation typical of liquid semiconductors,

0 = gpexp[—E4(p)/2kgT], Q)

where o isthe e ectric conductivity, o, weakly depends
on the density p, Ey(p) is the density-dependent elec-
tron bandgap of thefluid, kg is the Boltzmann constant,
and T isthe temperature. If the temperature dependence
of conductivity isrelated to transition of electronsfrom
the ground state to the continuous spectrum, then E,
coincides with the ionization potential of the hydrogen
molecule in matter. The results of the least-square fit of
the experimental datato Eq. (1) are

Ey(p) = 1.22-62.6(p —0.300),

_ 2
0, = 90, 0.290<p<0.319,

where E4(p) isin eV, p is in mol/cm3, and gj is in
Q1 cm. Wenotethat avalue 200-300 Q- cm? istyp-
ical of liquid semiconductors [12]. The bandgap was
aso estimated as E; = 11.7 £ 1.7 eV at the point
p =0.13 + 0.005 mol/cm? in the single-shock experi-
ments [11]. The metallization density is defined to be
the density at which the mobility bandgap E; is reduced
by pressureto E, ~ kgT, at which point Eg isfilled in by
fluid disorder and thermal smearing. We have Ey(p) =
ks T at the density about 0.316 mol/cm? and the temper-
ature about 2600 K (0.22 eV). Thus, fluid hydrogen
becomes metallic at about 140 GPa and 2600 K via
continuous transition from a semiconducting to metal-
lic fluid.

The bandgap E, has been measured only for solid H,
and D, at low temperatures (about 5 K) and low (satu-
ration) pressures [13, 14]. The vacuum ultraviolet
absorption spectra of these two hydrogen isotopes are
practically identical. The low-energy component of the
spectra below 15 eV was assigned to Wannier exciton
transitions. The analysis of the higher order terms of the
Wannier series in [14] implies that E; = 14.7 eV in
hydrogen and Ey = 14.9 eV in deuterium. These values
are close to the gas phase ionization potentials of the
hydrogen molecules: 1, = 15.43 eV for H, and 14 =
15.47 eV for D,. Knowledge of E, makesit possible to
estimate the energy of the bottom of the electron con-
duction band V,. In fact, the molecular ionization
potential in dielectric matter, as follows from the close-
coupling approximation, isrelated to the gas phaseion-
ization potential by

Eg = lg+ P.+V,, (©)]

where P, isthe polarization energy of the medium by a
positive ion. For estimating the value of P,, the Born
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formula can be used:
2

e 10

2RO e @
where R, istheradius of the cavity where apoint charge
resides, surrounded by a homogeneous liquid or solid
with the dielectric constant €. Usudly, R is chosen
equal to the crystallographicionic radius or to the hard-
coreradius of the neutral parent molecule. Good agree-
ment with the results of the theoretical estimates of P,
for solid rare gases [15, 16] may be achieved for

P, =

R=R, R=H2H" ©)

where R; is the radius of the cell occupied by a mole-
cule in the medium with a concentration of molecules
N. Substitution of Eq. (5) in Eq. (4) givesP, = 0.7 eV
for H, and P, = 0.8 eV for D,. Thus, according to this
estimation, the energy of the bottom of the electron
conduction band V, is approximately —0.05 eV in solid
H, and +0.20 eV in solid D,.

The sign and value of V,, are determined by compe-
tition between the polarization and exchange interac-
tions of an €lectron with molecules of the medium,

VO = Te+ Pei (6)

where P, < 0 is the energy of the medium polarization
by an electron and T, > 0 isthe minimum kinetic energy
that a free electron can have in a system of short-range
repulsive scatterers. With decreasing N, the relative
contribution of the polarization interaction increases
and V, must therefore also be negativein the liquid and
gas phases of hydrogen. In an idea gas, the optica
model [17] may be used for estimation of V,

_ 2’
m

where misthe electron mass and L isthe el ectron—mol -
ecule scattering length. Thisimpliesthat L must be neg-
ative and demonstrate a Ramsauer—Tawnsend mini-
mum. The scattering length was obtained in spectro-
scopic investigation of the properties of electrons
localized above the surface of solid hydrogen [18, 19].
The resonant energy of the electron transition between
ground and excited surface states was found in this
experiment to depend on the density N of H, molecules
in the vapor phase. The linear density shift of the tran-
sition energy was interpreted in terms of the optical
model (fully analogous to the Fermi shift of energy of
high excited Rydberg atoms in a gas atmosphere) by
means of Eq. (7). This gave the value L = -0.14 +
0.04 nm and negative V,, which isin qualitative agree-
ment with the previously discussed results of spectro-
scopic investigations of solid hydrogen. We note that
the currently accepted value is L = +0.067 nm. Discus-
sion of possible reasons of this discrepancy can be

Vo

LN, (7)
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found in [19]. Most probably, discrepancy occurs
because practically all measurements of the electron
scattering length were performed at temperatures high
enough for the rotational degrees of freedom to be
excited. Only Zavyaov and Smolyaninov [18, 19] per-
formed their experiments at cryogen temperatures.

A negative value of V, indicates the absence of a
potential barrier for penetration of an electron from the
gasphaseto bulk liquid or solid hydrogen. At first sight,
this contradicts a number of well-known experimental
facts. First, the possibility of electron localization
above the surface of condensed He, Ne, and H,, is usu-
ally connected with the existence of a potential barrier
for electrons at the surface of these three matters having
small polarizability of atoms or molecules [20, 21].
Second, in the experiments on mobility of charge carri-
ers in liquid [22-24] and solid [25-27] hydrogen, a
very low mobility of negative charges (on the same
order as or, in some cases, even less than the mobility
of positive charges) was observed. The current interpre-
tation of this effect supposes that, just asin liquid and
solid helium, the positive charges represent clusters
(Atkins' snowballs [28]) consisting of a positively
charged molecular ion surrounded by alayer of neutral
molecules, and the negative charges in condensed
hydrogen are electrons localized in bubbles or voids of
several atomic sizes [21]. This interpretation also
implies the existence of a sizable potential barrier of
about 1-2 eV at the surface of the electron bubble.
Third, irradiated solid hydrogen displays a number of
interesting spectral features. Hydrogen mixtures con-
taining tritium, when cooled below a temperature of
about 10 K, show additional lines in the fundamental
absorption spectrum [29]. The new lines were inter-
preted as Stark-shifted molecular transitions whose
appearance was caused by the presence of trapped
charges of both signsin the lattice as aresult of theion-
izing tritium radioactivity. Proton- and y-irradiated
samples show the same features. The analysis of Stark
shiftsresulted in the conclusion that two species of each
charge exist, one mobile and one less mobile. Each of
the less mobile charge species is responsible for the
induced absorption features. The mobile negative
charge is thought to be a small polaron, and its immo-
bile counterpart is then an electron trapped in the form
of a bubble [30]. In addition to the Stark-shifted fea-
tures, a number of spectral features also attributed to
trapped el ectrons have been observed inirradiated solid
hydrogen (see, e.g., [31] and referencestherein). A sim-
ple square-well model for the electron bubble gives a
good fit to the observed spectra only for an unreason-
ably large well depth V, = 3.8 €V [32].

One of the aims of the present work is to eliminate
the aforementioned contradictions between different
experiments. With the help of asimple model, we show
that, evenin the case of anegative V, (but not very large
in absolute value), two-dimensional electron surface
states may exist owing to the additional potential bar-
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rier at the surface, whose appearance is related to dif-
ferent ranges of polarization and exchange forces. An
important role of the polarization energy at the surface
and interface was also reported for other dielectric and
semiconducting systems [33]. Using the fact of the

recently observed formation of the H, ion in solid

hydrogen [34-36], we conjecture that the low mobility
of negative chargesin condensed hydrogen isaresult of
the electron capture by a hydrogen molecule and bub-
ble creation around it, but not the result of electron bub-
ble creation. We assume that, in the case of irradiated
liquid and solid hydrogen, the availability of the admix-
ture of hydrogen (deuterium) atoms is decisive and
electrons are localized in H= (D), surrounded by voids

of smaller size than in the case of H, (D). Near the

metallization pressure of hydrogen, considerabl e disso-
ciation of molecules (about 10%) occurs [8]. Electrons
are localized in atomic negative ions. With increasing
pressure, overlapping of the neighboring atomic nega
tiveion states should result in formation of an extended
electron band and |ead to theinsulator—metal transition.
In this paper, results of our determination of the density
dependence of V, and E, are presented and compared
with the results of single-shock experiments.

2. ENERGY OF THE BOTTOM
OF THE ELECTRON CONDUCTION BAND

In dense fluids and solids, the interaction between
atoms and molecules plays an important role, optical
model (7) isinapplicablefor estimation of V,, and more
detailed consideration of Eq. (6) is necessary. The
energy P, of the polarization interaction of electrons
with matter differsfrom theion polarization energy P,.
Calculations performed for solid rare gases [16] are
well fitted by

- ¢+|%ﬂ:

(8)
3.154t — 3.860t°

1 + 2.55t — 4.750t>

¢.(t) =

- _‘¢eDa;D1
, ©)
4.966t + 0.924t

1 + 3.244t + 0.957t%

where a= 1.2R,, a isthe atomic or molecular polariz-
ability, and t satisfiesthe conditions0 <t < 0.2. Approx-
imation (8) coincides numerically with the calculation
datain [15] and Born formula(4). It iswell known that,
for helium isotopes and other rare gases, the value of V,
depends significantly on the atomic density and is prac-
ticaly independent of isotopic composition, aggrega-
tive state, and the type of crystal structure [37]. There-

be(t) =
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fore, thereisgood reason to believe that Egs. (8) and (9)
can be used for solid and fluid hydrogen and deuterium.
The results of estimating the polarization energy of
positive ions and electrons near the triple point of H,
and D, are listed in the table.

For estimating the minimum el ectron kinetic energy
T, it isnecessary to specify the short-range part of the
interaction potential. The interaction of an electron
with an atom or moleculein the vacuum can be qualita-
tively described by a simple model potential shown in
Fig. 2[38, 39,

[po, r<R,
O

V(r) = Ei_O(e2 (>R (10)
0 2mr® “

The only unknown parameter of the potential, the solid
coreradius R, isfitted as follows. In the case where a
stable negative ion of the corresponding species exists
(asis the case with H"), the value of R, is sought with
which the solution of the Schrodinger equation with
potential (10) gives the correct value of the electron
affinity EA. The atomic hydrogen has EA = 0.754 eV
[40], which resultsin R, = 0.032 nm. A negative ion of
molecular hydrogen does not exist in vacuum. In this
case, it is possible to use the known relation between
R., a, and the electron scattering length L [41],

L = /\/Ecot L,
) a,RY

where g, is the Bohr radius. Substitution of the value
L=-0.14nmin Eq. (11) resultsin R, = 0.052 nm. This
value of R, seems quite reasonable because, in the scat-
tering of two closed atoms, it should be twice the
atomic R, but correlation in positions of the atomsin
the molecule slightly reduces the value of R..

Knowing the radius of the molecular hard core, itis
possible to calculate the value of zero-point electron
energy T.. An approach commonly used for this is
based on the Wigner—Seitz model [15, 37, 42]. In this
model, the medium isdivided into equival ent spheres of
radius R,. Each sphere contains a hard core of radius R,
at its center. A free electron may be in any cell with
equal probabilities. Therefore, the electron wavefunc-
tion Y(r) ~ rtsin[k(r —R.)] and y'(r) must be continu-
ous at the cell boundaries, which is possible only if
P'(RY) =0. Thisgives

hK

Te = Zm
Theresults of estimations of T, and the values of V, and
E, following from Egs. (6) and (3) are also listed in the
table. It follows that our estimation of the ionization
potential E, in solid hydrogen is in good agreement
with spectroscopic measurements [14] and the bottom

(11)

kRs = tan[k(Rs—R.)] . (12)
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—a e 2mrt

0 R, r

Fig. 2. A model potential for the electron—atom or electron—
molecule interaction V(r) and the electron wavefunction
W(r) in the negativeion.

of the electron conduction band V, is negative in al
cases considered.

This model makes it possible to determine the
dependence of V, and E; on the fluid density p. The
results of our calculationsare shownin Figs. 3and 4. V,
has a minimum at a density of about 0.3 g/cm® and
becomes positive at about 0.5 g/cm?. Such behavior is
typical of all fluid rare gases having negative V, under
ambient conditions. The forbidden energy gap
decreases with density and, within the experimental
errors, coincides with E; produced by single-shock
compression at the point 0.53 g/cm?.

3. SURFACE POTENTIAL BARRIER
AND LOCALIZATION OF ELECTRONS
ON THE SURFACE OF HY DROGEN

For liquids with a positive value of V, (for example,
helium and neon), the electron transfer from the vac-

Results of estimation of the characteristic energies of H,
and D, near their triple points: the positive ion P, and the
electron P, polarization energy; the minimum electron
kinetic energy T, the energy of the bottom of the electron
conduction band V,; and the el ectron mobility gap or ioniza-
tion potential Ey. All valuesarein eV

Hydrogen Deuterium
liquid solid liquid solid
P, -0.67 -0.78 -0.78 -0.91
Pe -1.08 -1.26 -1.26 -1.48
Te 0.95 1.09 1.09 1.27
Vo -0.08 -0.16 -0.16 -0.18
= 14.68 14.49 14.53 14.38
No. 1 2005
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Vo, eV
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Fig. 3. Energy of the bottom of the electron conduction
band Vg in fluid D, as afunction of density p.
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Fig. 4. Electron-forbidden energy gap in fluid D, as afunc-
tion of density p.

uum into theliquid is hampered by thisbarrier. An elec-
tron approaching the surface from the vacuum never-
theless feels the influence of its positive image charge
inside the liquid. The potential of this attractive image
force above the surface is given by

_ Q€ _g-1
V(Z)__—Z—’ Q_4(e+1)’

(13)

where z denotes the coordinate perpendicul ar to the sur-
face and ¢ is the dielectric constant of matter. The
attraction by theimage force and the barrier given by V,
lead to a bound surface state [20, 21]. The eectron is,
however, still partially free to move along the surface
and has high mobility in these directions. For liquid

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

helium, the potential barrier V, ~ 1 eV is high in com-
parison with the binding energy of the localized elec-
tron. Therefore, it is possible to set V, = c with good
accuracy and to take the presence of the interface into
account by the boundary condition of the wavefunction
W|,-, = 0. The attractive potentia then givesriseto a
hydrogen-like wave function with the Bohr radius
becoming ay/Q. The energy levels correspond to the
Rydberg series, and the electron energy spectrum is
given by

CDJk

h2k2 2
E (k) = LK _M9E
m  24°n

3

n=12.. (14

where k is a two-dimensional wavevector of the elec-
tron paralel to the helium surface. Owing to small
polarizability of helium (Q = 1/144), the ground-state
binding energy is also small (E;(0) = 7.5 K < V) and
the assumption V, = w isquite reasonablein this partic-
ular case. The electron is localized at a distance on the
order of 100 nm from the surface, and, therefore, the
true behavior of the interaction potential at the distance
of the interatomic order from the surface is not very
important. The frequencies of the 1-2 and 1-3 transi-
tions correspond to 125.9 and 148.6 GHz, respectively.

In the case of condensed hydrogen, the situation is
different. As we have shown above, V, is negative in
both liquid and solid hydrogen, and at first sight, the sur-
face electron localization isimpossible. Such stateswere
neverthel ess observed [18, 19, 43, 44]. We now consider
the spectroscopic measurements with surface electrons
on solid hydrogen surfacesin moredetail [19]. A tunable
laser source makes it possible to observe the photores-
onance of the surface eectrons when changing the
potentia of the lower electrode U (and, consequently,
the confining electric field E) altered the el ectron spec-
trum. The photoresonance signal amplitude depended
linearly on the laser intensity and on the surface charge
density. The transition frequency in the limit of zero
electric field E and hydrogen gas pressure P was equal
to 3.15 + 0.05 THz. As in the case of similar experi-
ments for electrons over He and “He [45, 46], the
energy spectrum can be approximated by introducing
the Rydberg correction & into Eq. (14),

mQ’e’

E.(0) = ————;,
24%(n + 3)

(15)

where d isindependent of n. Measurements of & for He
and “He gave —0.014 and —0.022, respectively, while
0 =-0.11 was obtained for solid hydrogen [18, 19]. As
we dready mentioned, Zavyalov and Smolyaninov
found that, for electrons over solid hydrogen and deute-
rium, the transition frequencies depend strongly on
vapor density. Analysis of this dependence madeit pos-
sible to determine the scattering length L that we usein

No.1 2005



ELECTRON-FORBIDDEN ENERGY GAP OF HYDROGEN 19

our estimations. That the scattering length is negativeis
important evidence that V, is negative.

To understand why creation of the localized surface
statesis possiblein the case of negative V,, we consider
the interaction of an electron with the surface of hydro-
gen in more detail. The interaction potential V(2) is
shown schematically in Fig. 5. Inside condensed hydro-
gen, the potential energy of the long-range polarization
interaction P, is determined, for example, by Eqg. (9).
Approaching the surface, P, increases. At the surface, it
istied continuously to the image force potential, which
is determined by Eq. (13) far from the surface. An elec-
tron located just at the surface interacts with half the
molecules that it interacts with in the bulk matter. It is
therefore reasonable to assume that, at the surface, the
polarization energy is approximately P/2. In addition
to the polarization interaction, there is a short-range
exchange interaction of the electron with electrons of
hydrogen molecules, which results in the shift of the
free electron energy V, by a positive value T,. The
dependence of T.(2) is significantly more abrupt than
that of Py(2). We approximate it by the step function.
The resulting surface potential depicted in Fig. 5 by
solid line represents the potential barrier for electrons
penetrating from the vacuum side. It is obvious that, if
V, isnot too small, the surface electron localized states
may exist.

For determination of the surface el ectron energy spec-
trum, we use an even simpler potential. Outside hydro-
gen, it coincides with the image force potential (13)
down to z = R, = 0.052 nm. At shorter distances, the
potential is considered to be constant, V(2) = V(R,).
Inside hydrogen, the potential is also considered to be
constant, V(2) = V, — PJ/2. Solution of the Schroédinger
equation gives a spectrum in Eq. (15) with 8 = -0.2 that
ispractically independent of n. For amodel thussimpli-
fied, the agreement with the experimental value 6 =
-0.11 is quite satisfactory. It is worthwhile to note that
we used the continuity conditions

Y(-0) = Y(+0), mMyxy'(-0) = M Y'(+0) (16)
for the electron wavefunction Y(2) [47], where my; is
the electron effective mass. In liquid helium, myg = m
and both masses cancel out in Eg. (16). In solid hydro-
gen, my; = 0.2m[48]. The sudden changeinthe electron
effective mass at the hydrogen surface resultsin a sig-
nificant increase in surface electron binding energy.

4. STRUCTURE AND ENERGY SPECTRUM
OF ATOMIC AND MOLECULAR NEGATIVE IONS
IN CONDENSED HYDROGEN

The electron affinity to atoms and molecules
increasesin condensed dielectricsin comparison with its
value in vacuum [49-53]. This effect was observed by
Lukin and Yakovlev [49] and Sowada and Holroyd [50]
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Fig. 5. Schematic arrangement of the electron interaction
potential at the surface of condensed hydrogen.

in experiments on conductivity of solutions of molecu-
lar oxygenin different dielectric liquids. Such solutions
were exposed to short X-ray radiation pulses. This
resulted inionization of the solvent and a sharp growth
in conductivity. Then, the electrons were localized at
neutral oxygen molecules with the creation of negative

O, ions. After this, the conductivity dropped abruptly

because the mobility of heavy O, ionsisseveral orders

less than the mobility of free electrons. Then, a laser
pulse in the visible spectrum was produced. If the laser
frequency exceeded acertain threshold value, then pho-
todetachment occurred, accompanied by new growth of
conductivity. The photodetachment energy was found
to be significantly higher than the electron photode-
tachment energy from the oxygen molecule in vacuum
(the difference was more than 1 eV). This effect is the
result of a strong polarization interaction of the bound
electron with atoms or molecules of the solvent. A more
detailed discussion of thiseffect can befound in[51-53].

As aresult of irradiation or thermal dissociation, a
certain amount of atomic hydrogen may be present in
condensed molecular hydrogen. We therefore perform
our estimations for both atomic and molecular negative
ions. At the moment of the electron transition to the
level of anegative ion, surrounding matter can be con-
sidered undisturbed. The electron binding energy inthe
negative ion can then be estimated from the solution of
the Schrodinger equation with a potential slightly dif-
ferent fromthat in Eq. (10) and Fig. 2; it ispresented in
Fig. 6. At the surface of the surrounding void, the neg-
ative ion with R = Ry, the interaction potential varies
stepwise by avalueof T,. The estimation of the electron
affinity gives, for example, EA =1.33 eV for H-inlig-
uid hydrogen at the triple point and EA = 1.42 eV for
D-insolid deuterium, also at the triple point. A contin-
uous red emission spectrum was observed during pro-
ton-beam irradiation of solid D, and H,, maximizing
near 830 nm (1.49 eV) [31, 54]. We believe that the
electron attachment to D and H is responsible for this
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Fig. 6. Model potential for the electron—atom or electron—
molecule interaction V(r) and the electron wavefunction
W(r) in the negative ion inside a bubble of radius R.
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Fig. 7. Electron affinity to atomic deuterium in fluid deute-
rium as afunction of density.

emission. Similar estimation shows that the electron
affinity to the hydrogen molecule in undisturbed hydro-

gen is negative. Hence, the radiative formation of H;,

and D, ionsisimpossible. With increasing fluid den-
sity, the electron affinity increases. The results of our
calculation of the electron affinity to atomic deuterium
in fluid molecular deuterium are shown in Fig. 7.

After atomic negative ion formation, the interaction
of its outer electron with surrounding matter results in
the creation of a void around the ion, with decreasing
electron energy. At the bubble radius about 0.5 nm, the
electron energy shift is about 0.15-0.20 eV. With the
potential barrier at the surface of the void, which is of
order of P2, the electron detachment energy isapprox-

imately equal to 1.9 eV for H™in liquid H, and 2.2 eV
for D~insolid D,. Thelast value is somewhat different
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from the experimentally measured value about 3.1 eV
of the electron bound-free transition energy in proton-
irradiated solid deuterium [32]. Nevertheless, we
believe that photodetachment of electrons from the D~
ions may be responsible for this ultraviolet absorption
spectrum and suppose that amore refined cal cul ation of
the hydrogen negative ion spectrum is capable of
improving agreement with experiment. Creation of

negative H, and D, ions also becomes possible inside
voids of sufficiently large radius. For example, the el ec-

tron detachment energy for the D5 ioninavoid 0.5 nm
in diameter in solid D, is approximately 1.3 eV. Close

values are valid for H; in liquid and solid H, and for

D> in liquid D,. This alows us to suppose that low
mobility of negative chargesin liquid and solid hydro-
gen [22-27, 39] is related to electron localization in
molecular or atomic (when dissociation of molecules
occurs) negative ions surrounded by bubbles or voids.

5. CONCLUSIONS

A simple mode for estimating the bottom energy of
the electron conduction band V, and the forbidden
energy gap E, was proposed based on the experimental
investigation of the exciton absorption spectrumin con-
densed hydrogen. Estimation of E; is in good agree-
ment with values obtained in measuring conductivity
by single-shock wave experiments. It was shown that
electrons in liquid hydrogen are localized not in the
electron bubbles, as was considered previously, but in
molecular negative ions surrounded by voids of about
0.5 nmin radius. The conductivity of fluid hydrogen at
not very high pressures is related to the transfer of
heavy complexes—positively charged clusters and neg-
atively charged bubbles. With increasing pressure and
density, molecular dissociation occurs and the electron
localization on atoms becomes more favorable, also
with the creation of avoid around atomic negative ions.
At asufficiently high concentration of atoms, the prob-
ability of tunnel transition of an electron from one atom
to another becomes close to unity, the energy level of
the negative ion degenerates in the band, and the con-
ductivity is caused by the transfer of these quasifree
electrons. This mechanism of charge transfer may play
an important rolein the region of fluid hydrogen metal-
lization.
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Abstract—An analysis of the evolution of microscopic particles (dust grains) in the Earth’s ionosphere and
their effect on ionization in the middle atmosphereis presented. It is shown that summer conditionsin the polar
ionosphere, which are characterized by an ambient air temperature below 150 K and presence of supersaturated
water vapor, facilitate the formation of dust structuresin the middle atmosphere, such as noctilucent clouds and
polar mesospheric summer echoes. The ionospheric plasma composition can change significantly intheregions
occupied by these structures. Depending on photoel ectric properties of the grains, their presence may lead to
excess, or decreasein, €l ectron concentration and complex behavior of ion concentration. The proposed self-con-
sistent model of the ionosphere allows for grain growth, sedimentation, and charging and can be used to explain
the behavior of ionization under summer conditionsin the polar ionosphere. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Processestaking place in plasmas containing micro-
scopic particles have been the subject of extensive stud-
ies in recent years. Systems of this kind are generally
called complex (or dusty) plasmas. The particles are
rapidly charged by recombination of electrons and ions
on their surface, photoelectric emission, and other pro-
cesses. The resulting plasmas are characterized by
additional length and time scales and, therefore, by
much more complex behavior, such as instabilities and
waves of new types. The interest in dusty plasmas is
dueto their widespread occurrencein nature. Dust grains
are present in the interstellar medium, planetary mag-
netospheres and ionospheres, and the atmospheres of
comets. Frequently, dust grains strongly affect, and may
even determine, environmenta conditions. Understand-
ing of the processestaking placein complex plasmas has
significantly improved owing to laboratory experiments
conducted since the mid-1990s[1-6]. This motivates the
application of methods developed in studies of dusty
plasmas to ionospheric plasmas. As shown below, the
ionosphere may contain both nanometer- and micron-
sized dust particles. In this paper, we call them micropar-
ticles, sincethistermiscommon in studies of dusty plas-
mas. Note also that the charging of particles greater than
10 nmin sizeis described by models analogous to those
used in analyses of charging of micron-sized particles.
However, the present study is of interdisciplinary nature,
because its results can be applied in other areas, such as
atmospheric physics, geophysics of micron-scale and
nanostructured objects, and ecology.

Microparticles build up in the ionosphere as aresult
of both bombardment by micrometeorites (which sub-

sequently burn in the upper part of the middle atmo-
sphere, at atitudes of 80 to 100 km) and convective
transport of particles from the lower atmosphere (soot
produced by forest fires or particles of volcanic origin).
It is commonly believed (see [7]) that these processes
lead to the buildup of dust grains several nanometersin
diameter at altitudes of 80 to 100 km. Their concentra-
tion varies between 10 and 1000 cm=3, depending on the
season and micrometeorite activity. It can be shown that
the presence of these particles does not modify the state
of the ionospheric plasma under normal conditions.
The situation is totaly different in the polar mesos-
phere under summer conditions at altitudes of 80 to
90 km: the ambient temperature falls below 150 K, the
water vapor that is present at these altitudes supersatu-
rates(e.g., see[8]), and dust grainsgrow. Astheir diam-
eter reaches a certain value (at a certain time), their
presence begins to determine local ionization charac-
teristics of the ionosphere. When the micrometeoritic
activity isrelatively high, narrow sporadic layersof ele-
vated ionization are frequently observed in the middle
and upper atmosphere (at altitudes of 90to 110 km) [9],
where the most common ions are those of sodium,
potassium, iron, and their oxides (apparently of meteor-
itic origin). We do not discuss the physics associated
with these layers.

Oneimportant feature of the polar ionosphere under
summer conditions is the presence of dust layers (very
thin on the atmospheric scale) located at altitudes of 80
to 85 km (noctilucent clouds, or NLC) or 85 to 95 km
(polar mesospheric summer echoes, or PMSE). NLC
consist of submicron-sized particles. Their vertica
optical thicknesses are much less than unity, but they
can be seen by the naked eye at sunset, whereas PM SE

1063-7761/05/10001-0152$26.00 © 2005 Pleiades Publishing, Inc.
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(apparently consisting of charged nanometer-sized par-
ticles) cannot be observed by optical methods and man-
ifest themselves by strong radio reflections observed
with radars at frequencies between 50 and 1000 MHz
[10]. Strong correlation between observations of NLC
and PM SE suggests that they have acommon origin. In
the literature, NLC and PMSE are frequently grouped
together under the common term polar mesospheric
clouds (PMC) [8]. These objects are discussed in this
paper with a view to constructing a self-consistent
model that can explain the most important observa
tions.

The paper is organized as follows. In Section 2, we
discuss the summer physical conditions in the polar
ionosphere and present both computed spectra of solar
radiation in the mesosphere and observed concentra-
tions of electrons and ions. In Sections 3 and 4, we
develop atheoretical model describing the evolution of
dust structures in the middle atmosphere and discuss
the results of numerical simulations of polar meso-
spheric clouds. Finally, we state the main conclusions.

2. SUMMER CONDITIONS
IN THE POLAR IONOSPHERE

The formation of NLC and PMSE (hereinafter
called dust structures?) takes place in the polar atmo-
sphere at mesospheric altitudes (80—100 km) between
the end of May and the end of August. In this period,
the polar mesosphere is the coldest place on Earth. The
ambient air temperature there falls below 150 K [§],
and water vapor supersaturates. Thisleadsto conditions
favoring the growth of dust grains. The dominant nucle-
ation mechanism appears to be the condensation of
water molecules on nanometer-scale particles, which
are always present at mesospheric altitudes. The char-
acteristic grain sizeis afew nanometers[11], and their
concentration typicaly is 10 to 1000 cm3. They are
either products of volcanic eruptions and forest fires
brought into the mesosphere from the lower atmo-
sphere by convective mixing of the atmospheric air or
(more likely) products of combustion of micrometeor-
ites in the middle atmosphere. The micrometeorite flux
toward the Earth is 100 Mt per day (e.g., see [12]). It
mainly consists of centimeter-sized objects. They burn
at altitudes of 80to 100 km, supplying nanometer-sized
particlesto the mesosphere. It should be noted here that
observation data concerning nanometer-scale particles
in the upper part of the middle atmosphere are practi-
cally unavailable, because they cannot be detected by
optical methods. Since information about particle com-
position and size distribution can be obtained only by
means of sounding rocket flights [13], the quantities
indicated above should be interpreted only as conjec-
tures about the dust contained in the mesosphere [7].

1 The term layered is also used in literature, because their vertical
size, 10 to 1000 m, is small on the atmospheric altitude scale.
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Figure 1 illustrates the summer conditions in the
polar ionosphere that are important for the physics of
PMCs. In particular, the figure shows vertical profiles
of neutral-gas temperature, saturated water vapor pres-
sure, water vapor pressure, and estimated microparticle
concentration. Particle nucleation conditions are satis-
fied at atitudes between 78 and 92 km, where water
vapor is supersaturated. Note that it is in this atitude
range where NLC and PM SE are observed.

Under conditions of local water vapor supersatura
tion, the nucleation of nanometer-scale particles is fol-
lowed by their charging. At the altitudesin question, the
ionosphere is characterized by a complicated composi-
tion of its charged component, which consists of elec-
trons and positive and negative ions. Positive ions can
be tentatively divided into two groups. The so-called
simple, or primary, ions N,, O,, and NO* are pro-
duced both by solar radiation (primarily via photoion-
ization of nitrogen monoxide resulting in NO* forma-
tion) and by electron impact ionization in collisions
with high-energy electrons that escape from the radia-
tion belts. The other group contains the ions H*(H,0),,
(so-called clusters or proton hydrates), where n is the
hydration number (normally, n < 10). They are pro-
duced from simple ions via a complicated chain of
chargetransfer reactions[14]. It isimportant that the two
kinds of ions are characterized by substantialy different
recombination rate constants e.: 0. ~ 10~ cm? s for
smple ions, whereas a,,. ~ 10° cm® st for proton
hydrates. It should also be noted that the concentration
of positiveions of each group isacomplicated function
of ionization rate q,, ionization source (i.e., the relative
contributions of solar radiation and fast electrons to
ionization), as well as of the composition of the neutral
middle atmosphere, particularly on the NO concentra-
tion (since photoionization primarily involves NO mol-
ecules). The composition of the positive-ion subsystem
strongly depends on the neutral-gas temperature T,,.
This is explained by the fact that the cluster bond
strength is very small when n is large. For example,
clusterswith n= 10 cannot form at T,, = 160 K, because
they are destroyed in collisions with neutrals at a rate
faster than their formation rate. In this case, the simple
positive ions and proton hydrates with small n are the
dominant components.

The mesosphere may also contain negativeions[15].
However, they can be neglected at the altitudes of inter-
est here (80—100 km). Indeed, the primary negative ion

O, isproduced in the three-body attachment reaction

e+20, — (0;+0,)

(with rate constant k; = 103! cm® s) and consumed in
the photodetachment reaction

hw+0O, —0O,+e
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Fig. 1. Qualitative estimates for vertical profiles of air temperature (solid curve), partial pressure of water vapor (dashed curve),
pressure of saturated water vapor (dash—dot curve), and nanometer-sized particle concentration (dash—dot—dot curve). Water vapor

is supersaturated at altitudes of 78 to 92 km. Since the degree of saturation is ®y o = Py /Py 2 1, ice particlescanform asa
result of heterogeneous nucleation on nanometer-sized grains. The atitude range in which noctilucent clouds are observed is indi-

cated.

(with rate constant ky,, = 0.3 s at the altitudes in
guestion), in the reaction with atomic oxygen

0,+0 »0,+0+e

(with rate constant kyy = 3 x 102° cm® s?), and in
charge transfer reactions

0;+M —= M +0,.

The fastest process is the charge transfer via collisions
with water molecules. The corresponding rate constant

. H,O
iskg =10 cm3st

The O, kinetics in the lower ionosphere can be
described by the equation [16]

2107 _
ot

H,O
- kphoto[oz - kct [Oﬂ [HZO] )

KatNe[ O]~ — K[ O] [O] )

where brackets denote species concentrations. The bal-
ance condition for the sourcesand sinks of O, yieldsan
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estimate for the O, concentration:

[02] = KatNel O3] “/ (Kpporo
+ ke[ O] + K2°[H,0]) = 0.1-1 em™.

This quantity is substantially smaller than the charac-
teristic concentrations of positive ions and electrons at
the atitudes in question, which are estimated as
follows:

N.=n = (g/a)"° = 10°-10* cm™®,

where the characteristic ionization rate in the mesos-
phereis g, ~0.1-10 cm3 s

Microscopic currents of electrons and ions in the
ambient plasma and their recombination on the surface
of amicroparticle result in its charging. Thisleadsto a
considerable decrease in positive-ion and electron con-
centrationsin the regions occupied by NLC and PM SE.
Effects due to solar radiation may lead to much more
complicated behavior of charged speciesin dusty iono-
spheric plasmas, depending on the photoelectric prop-
erties of microparticles, their concentration, and grain
Size. This behavior is discussed in detail below.
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Fig. 2. Spectral power distribution of solar radiation versus atitude for the polar mesosphere under summer conditions. The zenith
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angle is 85°. Inset shows the extra-atmospheric flux Fgut (solid curve) and integral flux J’S F,  d\ (dash—dot—dot curve) of solar

radiation.

The presence of dust grains affects not only charged
species in the ionosphere, but also its neutral compo-
nents. In particular, catalytic production of water mole-
cules on microparticle surface can increase the water
concentration in dusty regions, which promotes particle
nucleation, i.e., giving rise to negative feedback. Note
that the effect of dust grains on minor components of
the middle atmosphere is poorly studied to this day.
However, it is a promising area of research in photo-
chemistry of the middle atmosphere, because the rates
of heterogeneous chemical reactions on microparticle
surface are comparable to those of gas-phase chemical
reactions in the middle atmosphere. For example, there
exists evidence of reduced concentration of atomic
oxygen in the vicinity of NLC [17]. Note aso that the
formation of NLC and PM SE may be related to global
climate change, which additionally motivates the study
of these structures. It is well established that the fre-
quency of appearance of PMC has considerably
increased over the past decades [9], while the tempera-
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ture distribution in the polar mesosphere under summer
conditions has remained virtually the same® [18]. This
trend can be attributed to increasing water vapor con-
centration in the mesosphere due to increasing methane
concentration (whose oxidation is a source of water). It
is well known that the methane concentration in the
lower atmosphere also tends to increase, but the cause-
and-effect relationships responsible for correlations
between these trends have not been established.

One important characteristic of the polar mesos-
phere under summer conditions is its irradiation by
solar radiation. Figure 2 shows the solar radiation spec-
tra versus atitude computed for a zenith angle of 85°.
In addition, we present the spectral power distribution

2The increase in the frequency of appearance of PMC may be
explained by an additional (yet unrevealed) cooling of the mesos-
phere due to man-made emission of carbon dioxide into the lower
atmosphere. According to current views, increase in greenhouse
CO, concentration leads to temperature increase in the lower

atmosphere and its decrease in the mesosphere.
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F" of solar radiation and the corresponding energy
flux

A
D(N) = IFi“tdA.
0

Thelatter can be used to evaluate the role played by the
photoelectric emission from dust-grain surface for
microparticle materials having various optical and pho-
toelectric properties. The solar radiation spectra were
computed by using the PHODI S code [19].

The chosen zenith angle is the most common. In
summer, the Sun hardly ever sets at the altitudes con-
sidered here, and the solar radiation spectrum weakly
depends on the zenith angle a, if ag < 90°. Moreover,
even if a, < 95° then scattered radiation with wave-
lengths A = 300 nm that reaches the mesosphere is
amost unattenuated (only relatively short-wavelength
components of solar radiation are strongly absorbed).
The zenith-angle range of 85-95° amost entirely cov-
ersthe experimental data base on PMCs. Itisclear that
solar radiation with A < 175 nm (photon energy #w =
7.3 eV) is strongly absorbed at atitudes h= 100 km.
The work function W, for ice is about 8.7 €V. There-
fore, there is no photoel ectric emission from ice parti-
cles. In particular, this implies that ice microparticles
are negatively charged. However, if a dust grain con-
tains metal inclusions (which are characterized by a
work function W of afew electronvolts, e.g. [20], W =
2.35eV for sodium, W = 2.22 eV for potassium, W =
2.80 eV for calcium, W= 3.64 eV for magnesium, W=
4.2 eV for duminum, and W = 4.6 €V for iron), then
photoel ectric emission can play a certain role, depend-
ing on the grain size, in the ionization balance in the
middle atmosphere and the grain may be positively
charged. This is possible for microparticles produced
when micrometeorites containing substantial amounts

of these metals are burned. The ionization rate g} *°

corresponding to a single metal microparticle can be
comparable to natural ionization sources, which
include ionizing solar radiation and fast electrons:

photo

Ui = QasP(AW) YA <Ay)
00.1-10 cm™ s Og,.

Here, Q. = Ta? is the effective cross section for
absorption of solar radiation by ametal microparticle of
radius a, ®(A,,) is the integral flux of photons having
energies higher than W, and Y(A) is the photoelectron
yield (normally, Y ~ 10>-10%). Thus, the charge car-
ried by the microparticles contained in the mesosphere
may be of either sign, depending on their composition,
which complicates their effect on the composition of
the ionospheric plasma.
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Despite the fact that the history of sounding rocket
flights in the polar mesosphere under summer condi-
tions spans more than thirty years, the data obtained are
not sufficient to determine the plasma composition in
dust structures. Both electron and ion concentrations
were measured only in eleven experiments. Microparti-
cle size distributions were measured only in two. Since
the ionization conditions in the mesosphere depend on
many factors, including ionization rate, neutral-gas
composition, solar radiation flux, dust-grain composi-
tion, and neutral-gas temperature, the data acquired in
the experiments can hardly be interpreted unambigu-
ously. Nevertheless, a systematic analysis of experi-
mental results concerning the behavior of charged spe-
cies in the polar mesosphere under summer conditions
shows that five trends can be identified [10, 21, 22]:

(i) considerable dips (“bite-outs’) in both electron
and positive-ion concentrations at altitudes between 80
and 85 km;

(ii) considerable decrease in the electron concentra-
tion without any significant change in the concentration
or composition of the positive-ion subsystem;

(iii) a considerable increase in electron concentra-
tion in the region occupied by NLC while no measure-
ments of ion concentrations were performed;

(iv) a considerable increase in the concentration of
positive ions accompanied by adip in el ectron concen-
tration;

(v) no appreciable change in the electron and posi-
tive-ion concentrations while strong radio reflections
were observed in the mesosphere (at altitudes between
80 and 85 km) in radar frequency bands of 50 to
1000 MHz.

It is shown below that these results can be explained
by the presence of microparticles in the middle atmo-
sphere.

3. THEORETICAL MODEL
OF DUST STRUCTURES

The model of dust structures developed here relies
on the data concerning the polar mesosphere under
summer conditions summarized below. The unper-
turbed charged component is described by invoking a
model of the polar ionosphere [23], which provides a
guantitatively accurate description of the diurnal varia-
tion of theionospheric plasmadensity at altitudes of 80
to 100 km. To simplify analysis, we consider two groups

of positive ions: the smpleions N, O;, and NO* are
characterized by o, =107 cmd s?; the proton hydrates

H*(H,0), are characterized by a,,. = 10° cm?® s aver-
aged over n. Both the rate 3. of aggregation of simple
ions into clusters and the ionization rate g, are deter-
mined by using the aforementioned model of the polar
ionosphere under summer conditions. Under the condi-
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tions considered here, the typical values of 3. and g, are
B.~01s'andg,~0.1-10cm3s™.

The transfer of solar radiation in the middle atmo-
sphere is computed by taking into account the actual
value of zenith anglein aparticular season. To describe
the neutral composition, we use the model of the polar
atmosphere under summer conditions developed in
[24]. A model vertical distribution of microparticlesis
used as an initial one, with a peak concentration ny ~
10° cm at an altitude of 90 km. The characteristic
scale of variation of microparticle concentration is
comparable to the altitude scale H of the middle atmo-
sphere (H = 7 km). The typical neutral-gas concentra-
tion n, at altitudes of about 80 km are determined by the
model of the atmosphere: n, = 5 x 10* cm=,

The set of equations describing the effect of dust
grains on the ionization characteristics of the iono-
sphere under summer conditions is written in a local
approximation, since the characteristic charging time
for microparticlesin adusty ionosphereis much shorter
than those characterizing their transport. It includes

balance equations [16] for the concentrations n,, n:,
and nic of electrons, simple ions, and clusters, respec-
tively, and for the charge Z3 of a microparticles of
radius a,

ane s s c c e e
6? = e — ANy — ANy + I-photo_ Ldustv (2)

anis s s s s

—6—t— = (e — UrecNey — Bcni - Ldusta (3)
on’
—Et— = Bcnis_arcecnenic_l-gustv (4)
0735
—5':—(1 = qphoto T Vst V=V, (5)

and a kinetic equation for the microparticle velocity
distribution function f(h, a, v, t) at an atitude h,

0f g, dwmuVuwpdlH00fy  0fy
ot 4 da  oh
2Fy(V +V g0 f ©
_Tpcsa FolV + Viwing)0 Ta _
¥ % My Hav 0.

Here, Lfjust (j = e s, ¢) represents the losses of elec-

trons, simple ions, and clusters in callisions with dust
grans,

Lig = Iv ;dng
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(the microparticle size distribution, ny = J' fqdvda, is

taken into account in dngy); theterm Lghoto representsthe
photoel ectric emission induced by solar radiation,

e —
Lphoto - quhotodnd ’

and thetermsv,, v, and v represent the charging rates
due to collisions of electrons, simpleions, and clusters
with microparticles, respectively. The term Qg repre-
sents the ionization rate due to photoel ectric emission;
., the rate of aggregation of simpleionsinto clusters.

In Eq. (6), the second and fourth terms describe,
respectively, microparticle growth in the ambient
supersaturated water vapor and either sedimentation or
rise of dust grains subject to neutral drag. Here, p and
py denote the densities of the ambient air and grain
material, respectively; my is the grain mass; a,, is the
accommodation coefficient for water molecules collid-
ing with adust grain (normaly, a,, ~ 1); vw isthether-
mal velocity of water molecules; c,isthe local speed of
sound; v,,;,qand v arethevertical wind and grain veloc-

ities, respectively; and the factor F, (on the order of
unity) reflects the effect of grain geometry.

It should be noted that the large-scale circumpolar
vortex that forms in the Earth’s atmosphere under the
conditions considered here, in particular, induces
upward motion of the gas entrained in the vortex
motion. In the mesosphere, this gives rise to an upward
component of the mean neutral-gas velocity, Vg =
1-10 cm/s.

The coagulation of colliding microparticles in the
mesosphere can be neglected, since the corresponding
time scale is much greater than other characteristic
times:

-1
Toong = (NgvT’)~ 210° s,

Equations (2)—(6) describe the evolution of a parti-
clelocated at an altitude h. This approximation is appli-
cable because the vertical PMC size (~1 km) is much
smaller than their horizontal extent (~100 km), while
the horizontal velocity characteristic of microparticle
transport is less than, or comparable to, their vertical
velocity, and the horizontal particle displacement over
times on the order of 24 hoursis negligible.

Microscopic electron and ion currents incident on
the grains are calculated by using the orbit-limited
probe model [25, 26], in which the cross sections for
collisions of electrons and ionswith acharged grain are
determined by angular-momentum and energy conser-
vation laws. For a negatively charged grain, the orbit-
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limited probe approximation leads to the following
expressions for charging rates:

T 1/2
veznazg%—m—g neexp%g?ég,

T. 1/2 eq
viznazth—m"% nigl—ﬁ%.

For a positively charged grain, v, and v; are expressed
as

T 12 e
veznazcﬁ = ngL+ A0

Chmd aT
e 2 B0 0 8A
Vv, = Tia G0 N EXp T

Here, q4 = Zse is the grain charge; —e is the electron
charge; T, and T, are the electron and ion temperatures,
respectively; and m, is the particle mass for the specie
denoted by a. Theionization rate g, associated with
photoelectric emission is determined by the solar radi-
ation flux F(A):

A

Qpnoto = nazIQabs(a’ mA)FA)Y(A)dA,  (7)
0

where Q. is the photon absorption cross section,
m(A) = n(A) +ik(A)

is the complex refractive index of the grain material,
F(A) isthe solar radiation energy flux, A* isthe longest
wavelength of a photon inducing photoelectric emis-
sion, and Y(A) isthe photoel ectric emission probability.
The last quantity is usualy calculated by using the
Fowler—Nordheim relation [27]

21h G T
Y(\) = C%N——]—;\——qa,

where the factor C varies within 102-10* eV—,
depending on the grain size and composition [28]. Note
that photoelectric emission plays a significant role
when the grain sizeis sufficiently large. In the case of a
particle size of a few nanometers, the photoelectric
emission is weak, since the absorption cross section
Q. decreases with a as a® when a < A.

Theintegration limitsin (7) are set by the condition
that only photons with energies such that
2mic_\, €7
A a
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create photoelectrons. In the case under anaysis, the
photon energy is afew electronvolts, while the equilib-
rium potential of a charged grain ison the order of

_T,

e e

where T, = 0.03 eV isthe temperature of neutralsin the
mesosphere. Indeed, sincetheinitia energy of aphoto-
electron is afew € ectronvolts,

E:Z’TTM—WDRV >T,

the charging of dust grains depends on their thermaliza-
tion rate. The photoelectron temperature can be esti-
mated using the equation

o =V (T8u(T(Te=T), @

where v(Ty) is the electron—neutral collison fre-
guency and &4(T,) is the fraction of electron energy
transferred in a collision. When T, ~ 1 eV, electrons
cool down most effectively viainelastic collisions with
molecules of O, or N, (since vibrational states of the
molecules are excited by electron impact), in which
case d,, = 107 The corresponding electron cooling
time at mesospheric altitudesis

T2 0(Veder) 0 107 s,

i.e., much shorter than the dust-grain charging time vi_1
estimated as

viiO(malnvy)  201s.
Therefore,
Te=T,
and, accordingly,

2
ez
——|51| OKT,=0.01 eV < -2-%[\@9

Thus, photoelectric current from a dust grain can be
neglected. Recall also that the effect of negativeionson
microparticle-charging processes in the mesosphere is
neglected here.

The set of Egs. (2)7) provides a self-consistent
description of the spatiotemporal variation of ioniza-
tion characteristics (plasma density, ion composition,
and microparticle charge) and the microparticle size
distribution in the polar mesosphere under summer
conditions. Boundary conditions for the microparticle
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velocity distribution function f(t, a, h) are set as fol-
lows: at the upper boundary (h = 100 km),

fq(a, h,t) = 0,

which corresponds to the absence of microparticles at
high altitudes; at the lower boundary (h = 78 km), we
also set

f(aht) = 0.

In physical terms, this means that microparticles rap-
idly evaporate as they leave the region occupied by
supersaturated water vapor.

log F\°" [photon/cm?/nm]

===

3 A————13)—=33

11.0 Y—1==3

10.5

10.0
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4. NUMERICAL RESULTS

In this section, we discuss the results obtained by
applying the theoretical model presented above to the
polar ionosphere at 80 to 95 km under summer condi-
tions. Our discussion is focused on the possibility of
explaining the most important experimental data con-
cerning behavior of charged species in a dusty iono-
sphere.

Figure 3 shows the mean equilibrium charge of a
dust grain of radius 100 nm located at an altitude of
85 km as a function of the microparticle concentration
and the effective solar radiation flux that induces pho-
toelectric emission. This parametric study facilitates
estimation of the dependence of microparticle charge
on the zenith angle under summer conditions in the

9.5

9.0 | | | | | | | | | | |

logny [em™3]

Fig. 3. Mean charge of adust grain of diameter 100 nm at an altitude of 85 km (shown at curvesin units of electron charge) versus
solar radiation energy flux and dust-grain concentration. The work function for the grain material is about 4 eV.
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polar mesosphere. The work function is assumed to be
about 4 eV; i.e., an ice particle containing metal inclu-
sions is considered. Figure 3 demonstrates that, even
when exposed to a moderate solar radiation flux, a
microparticle carries a relatively large positive charge
Z4= 50, which decreases with increasing grain concen-
tration. For typical dust-grain concentrations in the
mesosphere (ny = 300 cm~3) and moderate solar radia-
tion flux, the mean dust-grain charge is about ten elec-
tron charges. It is clear that the plasma composition in
the region occupied by dust grains changes, because the
total charge carried by the microparticlesis comparable
to that of electrons and ions:

Ng|Zq€f Olene.

Asthe effective solar radiation flux decreases, the mean
dust-grain charge becomes negative and comparable to
the electron charge. This implies that the absolute
charge carried by agrain in the mesosphere can be sub-
stantially reduced by photoel ectric emission. (Note that
the dust-grain charge in the absence of photoelectric
emission is negative, and its mean absolute value is
about ten electron charges.)

Under the conditioned under consideration, charge
fluctuations are relatively large,

|0Z4 0|2,

and Eq. (5) cannot be used to describe the charging of a
dust grain, because it is derived under the implicit
assumption that the charge varies continuously rather
than by discrete portions. When Z; is small, the evolu-
tion of the mean dust-grain charge is described by the
Langevin equation [29]

0Z |
0'?] = qphoto,j+Vi‘,)i+vic,i_vevi+g(t)’

where g(t) is a zero-mean random function:
g(t)g(t + 1) = 215,(5Z4)*8(t ),

with T4, ~ Vi~ denoting the characteristic dust-grain
charging time. The difference between the continuous
and discrete charging equations can be important for
estimating the mean charge of arelatively small grain
(about 10 nm in diameter), which appear to be of minor
importance for the physics of polar mesospheric
clouds. For dust grains of interest here (having diame-
ters greater than 10 nm), the mean charge is relatively
large (|Z4) > 1), and Eq. (5) is applicable.

Figure 4 shows the evolution of vertical grain size
distribution and the mean grain size versus time and
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atitude. Theinitial vertical profile is the Gaussian dis-
tribution of 10-nm grains

ng 0 exp(—=(h—hg)*/H?),

where hy = 90 km and H = 7.5 km. The solution to
Eq. (6) presented here illustrates the formation of a
layer of dust grains of characteristic diameter 2a =
0.5 um at altitudes of about 80 km over a few hours,
with a grain concentration of ny = 10-1000 cm™). It
should be noted that the characteristic diameter
depends both on the accommodation coefficient a,, and
on the density py of a growing particle. The figure
clearly demonstrates the growth of sedimenting parti-
cles. The grain residence time in the mesosphere
increases in the presence of upward air flow, and the
characteristic grain diameter increases accordingly.
Theinset illustrates the effect of upward air flow on the
characteristics of asingle grain of radiusr, =3 nmini-
tially located at hy = 85 km. The vertical location hy and
radiusr of the grain are plotted versustime. The verti-
cal wind speed v,,;, Was set equal to 10 cm/s, whichiis
close in order of magnitude to wind speeds observed in
the polar mesosphere under summer conditions. With
time elapsed, ry — r, = 200 nm and hy — h,, =
80 km. The values of r,, and h,, are independent of h,
and r,, being determined only by v,;.. Therefore,
when the upward velocity of air motion in the mesos-
phereisnot zero, the grainsleaving adust cloud rapidly
evaporate, their size decreases, and upward air motion
brings them back into the mesosphere, where they grow
and settle again. As aresult, a sharp lower boundary of
the dust cloud appears at the altitude h, determined by
the condition

Pro(h) _
Psa(hy)
For a grain of radius r, = 3 nm, the minimal upward

velocity required to bring a grain back into the meso-
sphereisrelatively low,

1.

CDHZO(hb) =

p
Ving = Edcgsro =0.1 cm/s,

and can easily be reached under summer conditionsin
the polar mesosphere by virtue of the existence of the
circumpolar vortex. Thus, the sedimentation and
growth of nanometer-scale particles in the mesosphere
lead to the development of a narrow layer of submi-
cron-sized particles at altitudes of 80 to 85 km, i.e,,
where noctilucent clouds are observed.

The presence of submicron-sized particles in the
mesosphere has a strong effect on plasma characteris-
tics (depending on photoelectric properties of dust-
grain material). This effect is illustrated in Fig. 5 by
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Fig. 4. Mean dust-grain size (shown at curves in centimeters) versus time and altitude as a characteristic of dust sedimentation in
the polar mesosphere under summer conditions. Formation of alayer of particles0.3-0.5 umin diameter at altitudes of about 80 km
over atime period of about 10 h is demonstrated. The inset shows typical atitude (solid curve) and radius (dashed curve) of adust
grain versus time as characteristics of the effect of upward air flow on particle motion. Vertical air velocity is 10 cm/s.

spatiotemporal variations of mesospheric ion and elec-
tron concentrations in the presence of a layer of dust
grains characterized by different values of the work
function. Theright panels correspond to pureice micro-
particles. In this case, since there is no photoelectric
emission, the microparticles are negatively charged and
both ion and electron concentrations are reduced in the
region occupied by the dust layer. Indeed, the presence
of dust grainsin the ionosphere leads to recombination
of the plasma on the grain surface. As aresult, the rates
of electron and ion losses increase according to
Egs. (2)«5), and the corresponding concentrations
decrease. It can be shown that a concentration ny =

102 cm3 of dust grains of diameter 2a = 100 nm is suf-
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ficient to substantially reduce the mesospheric plasma
density. These dust-grain parameters are common for
NL C-type structures. It should be noted that a decrease
in electron concentration reduces the | oss of ions due to
recombination. Therefore, while the presence of micro-
particles reduces the electron concentration, the ion
concentration in the mesosphere may remain
unchanged or even increase. These effects obviously
depend on the relative importance of the ion losses due
to recombination and collisionswith dust grains. Asthe
dust-grain concentration exceeds a certain value, the
equilibrium ion concentration becomes independent of
the electron concentration and is controlled only by the
loss of ions in collisions with microparticles, because
the electron concentration is substantially reduced and
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the role played by ion losses due to recombination is
insignificant.

Theleft panelsin Fig. 5 correspond to a microparti-
cle material characterized by a relatively low work
function (W= 3to 4 eV). Inthiscase, evenif the micro-
particle concentration is low (ny ~ 10-100 cm3), the
present model predicts an increase in €lectron concen-
tration and a decrease in ion concentration, due to
higher recombination losses.

Note that the mesospheric plasma exhibits a more
diverse behavior when photoelectric emission plays a
significant role. Depending on the microparticle size and
concentration, virtualy any effect due to the presence of
microparticles in the mesosphere (see Section 2) can be
observed.

Figure 6 shows the evolution of electron concentra-
tion in the mesosphere associated with sedimentation
and growth of dust grains. The plotted solution to
Egs. (2—7) illustrates the self-consistent behavior of
the electron plasma component under summer condi-
tions in the polar mesosphere (correlated with dust-
grain growth and solar radiation flux). It isclearly dem-
onstrated that the microparticle layer beginsto substan-
tialy modify the state of the ionospheric plasma only
after severa hourshave passed, i.e., whenthegrain size
has substantially increased. The formation of such a
layer is characterized by atime scale of about 24 hours.
This explains the experimental fact that neither NLC
nor PMSE can be observed permanently (while the

water vapor contained in the mesosphere is super-

cooled). Indeed, if the characteristic time Tgt‘;,e

required for nanometer-sized particles to fill the meso-
sphereislong as compared to the time of dust-layer for-
mation (about 24 h in the case considered here), then

the frequency of appearance of mesospheric dust
dust

clouds (NLC and PMSE) is controlled only by Tfiie -

According to observations of noctilucent clouds, this
time scale substantially exceeds the characteristic time
of dust-layer formation.

5. CONCLUSIONS

We have developed a theoretical model that pro-
vides a self-consistent description of spatiotemporal
variations of the plasmacomposition in the polar meso-
sphere under summer conditions and formation of noc-
tilucent clouds and polar mesospheric summer echoes.
The model describes sedimentation of dust grainsinthe
middle atmosphere, their growth in a supersaturated
water vapor, and microparticle charging processes,
allowing for variations of the ion-subsystem composi-
tion in the polar mesosphere and photoelectric emis-
sion. The model can be used to predict the five trends
associated with NLC and PMSE enumerated above:
considerable increase or decrease in the electron con-
centration observed at altitudes between 80 and 85 km,
with or without significant change in the concentration
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or composition of the positive-ion subsystem. The
model provides a unified explanation of these trends
and of the presence of both positively and negatively
charged particles in the upper atmosphere discovered
by means of sounding rocket flights, as well as of the
experimental fact that neither NLC nor PMSE can be
observed permanently.
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Abstract—A detailed independent derivation of the equation of state of aweakly nonideal hydrogen plasmais
presented. The impetus for this work was the demand for high accuracy of the equation of state of the solar
plasmain relation to the problems of modern heliosei smology, accuracy sufficient for reproducing the velocity
of sound on the Sun from optical measurement results with errors not exceeding 107, The existing equations
for the second virial coefficient in the expansion of the Helmholtz thermodynamic potential for a system of
electrons and protons in powers of the activities of these particles involve certain procedures for the removal
of the arising divergences that provoke questions and require independent verification. The suggested equation
of state is used to qualitatively estimate the accuracy of various physical and chemical models. The speed of
sound and adiabatic exponent cal culated along the solar trajectory are presented for amodel hydrogen plasma.
The calculations were performed with the inclusion of relativistic corrections, electron degeneracy effects,
radiation pressure in the plasma, Coulomb interaction in the Debye—-H{ickel approximation with diffraction
and exchange corrections, and converging contributions of bound and scattering states. © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION

Helioseismology opens up the unique possibility of
very accurately checking the equation of state of a
weakly nonideal plasma. It enables us to reproduce the
local velocity of sound on the Sun with an accuracy
higher than 104 from optical measurement results[1-3].
A comparison of varioustheoretical modelswith exper-
iment can be used to check the existing methods for
including the contributions of bound states and
continuum represented within the framework of aphys-
ical model in the equations for the second virial coeffi-
cient [4-6].

It is commonly accepted, at least in the physical lit-
erature, that, starting with works [7-12] (these results
can also be found in monographs [13, 14], which con-
tain a comprehensive bibliography), the problem of the
form of the equation of state of weakly nonideal hydro-
gen has been solved in principle, with an accuracy of

2 where

M = €Kp/T

is the Debye nonideality parameter (e is the charge of
the electron, Kp istheinverse Debyeradius, and T isthe
temperature of the plasmain energy units). It is, in par-
ticular, assumed that the contribution of bound states
(atomic partition functions) to the pressure of a plasma
isgiven by the converging Planck—Brillouin—Larkin or,
simply, Planck—Larkin (P-L) equation [6, 8-14].

At the same time, the atomic partition function is
given in the astrophysical literature in the form sug-
gested in[4], and the Planck—L arkin equation is open to
criticism [15], because convergence in this equation
arises starting with states with the principal quantum
numbers

n =< n,, OJRY/T,

where

4

Ry = ;_e ~ 13.598 eV

ﬁz
istheionization potential of the hydrogen atom. Here,

mem,
me+m,

is the reduced mass (m, and m, are the masses of the
electron and proton, respectively) and # is the Planck
constant. However in reality, radiation from the solar
photosphere contains Balmer series contributions with
n=17>6 = n,, [16] a T = 5800 K. Irrespective of
theoretical justification of various equations for the
contribution of bound states to the equation of state for
ahydrogen plasmain the innards of the Sun, helioseis-
mology enables usto select those that better correspond
to experiment. It turned out that the theory that usesthe

1063-7761/05/10001-0165$26.00 © 2005 Pleiades Publishing, Inc.
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Planck—L arkin equationis closer to experiment [6] than
that described in [4], where the contribution of excited
states is limited by ionization under the action of
plasma microfields (the Unsdld mechanisms[17]).

The contribution of bound states was described
in [18] by an equation different from the Planck—L arkin
formula. More recently, this equation was substantiated
in [19, 20]. In this work, attention is focused on the
internally contradictory method for obtaining converg-
ing equations for the second virial coefficient that can
befoundintheliterature (e.g., see[13, 14]) and that are
based on Beth—Uhlenbeck-type equations [21], the
Levinson theorem [22], and the methods for regulariz-
ing diverging equations[8, 10-12], whose applicability
to long-range Coulomb interaction is not obvious.

Not infrequently, finite results are obtained in theo-
retical physics from initially inapplicable diverging
eguations, but, in certain instances (including the deri-
vation of the egquation of state of a weakly nonideal
plasma), recipes used for this purpose contain elements
of acertain mysticism and, if used uncritically, can lead
to errors and contradictions to experiment.

The divergence of the atomic “partition function” Z,
including the summation over discrete and scattering
states, is“removed” in [8] by subtracting contributions
with one and two wavy linesthat correspond to interac-
tion in first-order (this contribution disappears because
of electroneutrality) and second-order perturbation the-
ory (this contribution has already been taken into
account in the summation of a series of ring diagrams
that yield afinite expression for Coulomb interactionin
the Debye-Hiickel approximation). The result given
in [8] corresponds to regularization of the type

f=Io) = H0-Z0 -1, @
wherel istheionization potential of the hydrogen atom
| =Ry,

=y nzexp%, 2

2py = zn %quﬁm_l___ﬁ] ©)

This regularization method for calculating the second
virial coefficient was extended in [10] even to the sub-
traction of contributions up to the third-order derivative
with respect to € in the Taylor expansion of theintegral
in wavevectors that characterize scattering statesin the
Beth—Uhlenbeck equation.

In[11-13], the removal of diverging termsfrom the
second virial coefficient wasrelated to Debye screening
in a plasma, which allowed the authors to apply the
Beth—Uhlenbeck equation and the L evinson theorem.
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We show in what follows that the divergences that
arise when we calculate the contribution of bound
states are only removed by a fragment of the diagram
with one wavy line that corresponds to the inclusion of
discrete states in the theorem of completeness of Cou-
lomb wavefunctionsthat describe the rel ative motion of
the electron—proton system. The inclusion of contin-
uum states with the use of the theorem of completeness
of Coulomb functions for this diagram together with
the subtraction of the contribution of two crosspieces
(aready taken into account in obtaining the Debye—
Huckel equation) removes divergences in the equation
for the contribution of scattering states to the second
virial coefficient.

The resulting converging eguation for the atomic
partition function is different from the Planck—Larkin
equation. We also calculated the finite contribution of
scattering states from al pair interactions to the second
virial coefficient. These calculations required the
search for correct methods for handling the squares of
the wavefunctions of the continuous spectrum contain-
ing & functions in the momentum representation. The
equations for attractive states in the second viria
coefficients were generalized to degenerate electrons,
which appears to be important in view of astrophysical
applications, for instance, for heliosei smology, because
the solar plasmais weakly nonideal, and the expansion
of the equation of state up to the second viria coeffi-
cient taking into account electron degeneracy is quite
justified.

Interestingly, the contribution of attractive states to
the second virial coefficient summed over discrete and
continuum states coincides with the equation given
in [13] to within certain corrections in the logarithmic
term. We will show that self-consistent calculations of
the contributions of discrete and continuous spectra
admit the use of the Planck—Larkin equation together
with the properly determined contribution of scattering
states. The problem of “correctly” taking into account
the regularized atomic partition function arises within
the framework of the chemica model, in which atoms
(molecules) are declared “good” quasi-particles (found
from cal culations or experiment), whereas the contribu-
tions of interaction in the continuous spectrum are
ignored in calculating the equation of state.

This approximation often becomes inevitable
because of the complexity of describing an equilibrium
multicomponent plasma, when the inclusion of scatter-
ing states requires a description of many-particle inter-
action (starting with Hel, for which we must solve the
guantum scattering problem for three bodies, etc.).

We compare the complete physical model with
chemical models that use various methods for regular-
izing the atomic partition function. For a weakly ion-
ized plasma, the difference between these methods is
inessentia (if I/T > 1). For a hot plasma, such as the
plasma close to the center of the Sun (I/T < 1), taking
into account the discrete spectrum only, ignoring the
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contribution of scattering states, leads to superfluous
accuracy.

Thiswork is organized as follows. In Section 2, we
analyze the perturbation theory series and formulate a
consistent method for taking into account plasma neu-
trality in the expansion in powers of activity. This is
already necessary in calculations of exchange coupling
contributions and the Debye-Huickel approximation
with corrections for diffraction and the screening of
“dressed” particles.

Section 3 analyzes the contribution of ladder dia-
grams to the equation for the second viria coefficient
and formulates the regularization rules for the integra-
tion of expressions contai ning the squares of wavefunc-
tions in the momentum space (p-space).

In Section 4, we describe calculations of the contri-
bution of bound states with the use of the exact Fock
equations for the Coulomb wavefunctions of the dis-
crete spectrum in the p-space. The results are compared
with those abtained using the Planck—Larkin equation.

Section 5 contains calculations of the contribution
to the second viria coefficient of scattering states that
arise in interactions in repulsive and attractive fields.
The results are compared with those reported in [13].

Section 6 contains the general equation of state of a
weakly nonideal hydrogen plasma on the Sun (where
we must, of course, take into account alarge number of
chemical elements). In the central region with the
plasma parameters T ~ 1 keV and p ~ 150 g/cm?, we
must also take into account the pressure of radiation in
the medium. The corresponding equations are given.

In Section 7, we present the results of numerical cal-
culations of the speed of sound and adiabatic compress-
ibility performed for a hydrogen plasma along the solar
trajectory within the framework of the so-called
Smodel [1].

2. THERMODYNAMIC
PERTURBATION THEORY

The thermodynamic functions of aweakly nonideal
hydrogen plasma can be calculated using the Matsub-
aratechnique [23, 24] or the Kadanoff-Baym—Keldysh
formalism of nonequilibrium Green functions [25-27].
We will use the second method in several instances
because it admits generalization to the nonequilibrium
case and allows state broadening effects on the thermo-
dynamic functions of a plasma to be included; these
effects are responsible for the observation of discrete
spectra

Following [25], we cal cul ate corrections to pressure
P, of an ideal gas comprising noninteracting protons
and electrons [28] to determine plasma pressure P,

P = Py+ Pyt Peen + Ppyy + 0P, 4

where P, isthe Hartree correction, P, isthe exchange
correction for electron—electron interaction, and Pp_ is

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

167

the correction of the Debye-Hickel approximation
(these terms are discussed in the present section). For
higher order corrections &P that include the contribu-
tion of ladder diagrams, see Section 3.

We assume that the protons are nondegenerate.
Their ideal-gas concentration (called activity, () is
related to the chemical potential |, and temperature
(B=T7) inagrand canonical ensemble as

Z, = 2K, exp(BH,), (5)

2
X, = ot
m,T
is the thermal de Broglie wavelength. The pressure of
theideal gas of the protonsis

where

Pop = Tp. (6)

The electrons can be degenerate (for instance, in the

center of the Sun, nexﬁ = 0.6), and their activity ¢, will
therefore be written [28] in terms of the ideal-gas con-

centration ng (valid in the general case of degenerate
particles):

22 x2dx
xiﬁ{exr)(x—y) +1

_ 2w K
Re= T Y= T

Accordingly, the pressure of an ideal gas of degen-
erate electronsis given by [28]

Lo = NeKy) =
(7)

00

_ 4 Tg x>2dx
3./ xg.!eXp(X—y)ﬂ'

POe (8)

In this approximation, the el ectroneutrality conditionis
written as

{p = Lo )
The Hartree correction to the ideal-gas approximation
Po = Pop + Poe
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b a

Fig. 1. Feynman diagramsinthe Matsubaratechnique[23, 24]
(solid lines are the Green function and wavy lines are the
Fourier components of theinteraction potential): (a) Hartree
correction, see (10) and (109); (b) Hartree—Fock approxi-
mation (exchange interaction), Eq. (15); (c) Debye—Hiickel
approximation, Eqgs. (16) and (43); (d) ladder diagram,
Egs. (58), (59), and (87); (e) ladder diagram (exchange
interaction), Egs. (79), (166), (167), and (170); and (f) dia-
gram describing medium effects (taking into account
energy corrections proper, ) on Debye-Huckel screening,

Eq. (57).

(see Fig. 1a) hastheform [7, 13, 28]

30,

—H = V(0)(Le-T,)

= (10

for the Helmholtz thermodynamic potential Q = —PV
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(V isthe volume of the system). Here, V(0) isthe Fou-
rier transform of the Coulomb interaction potential at
zero momentum transfer. The regularization of the
integral

. 2 2
V(q) = I!iinqj’—er—exp(iq 0 —kr)dr = qgjeKz’

r= (rl! r2!r3)1 |r| =T, (11)

dr = dr,dr,drs,

with the use of exp(—r), wherek — 0 isthe regular-
ization parameter, yields

~ 4me’
K

(12)
This regularization of the Fourier component of the
potential reduces (10) to zero because of electroneutral -

ity condition (9). In the general case of a multicompo-
nent plasma, condition (9) becomes

Ze = szZk
k

(z. is the charge of a particle of kind k in e units), and
the generalization of (10) is obvious,

(13)

29,

= VO g 14
v = VO3 atg. (14)

In the next, Hartree—Fock, approximation (see Fig. 1b),
we obtain the well-known [25, 28, 29] finite solution
for the exchange correction caused by electron—elec-
tron interaction. For instance, for nondegenerate elec-
trons in the first Born approximation, we have [28]
6Qexch _ 2T[ezﬁ2Z2
\Y m,T ¢

(15

Here, {, should be calculated using the nondegenerate
limit [exp(—=y) > 1] in (7),

e = 2K exp(pe/T).

We give a more general equation containing the sum
over the entire Born seriesin Section 5.

The ring diagrams [30, 31] that follow next along
the interaction potential (see Fig. 1¢) yield the Debye-
Huickel contribution (e.g., see[7-14, 24])

0Qp 4 - Kg

v o (16)
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Here, Ky isthe inverse Debye radius [24, 32],

2 = 4ney 20000 17
b = e’y Al (17)

Equation (17) was rigorously derived by Fradkin [32],
who showed that the right-hand side of (17) contains
derivatives of physical concentrations n, with respect to
chemical potentials. In perturbation theory, the activi-

ties can be approximated as ny(i) = .

Recall that physical concentrations are related to
chemical potentials as[28]

_ QIO
X O opy U,

T

(18)

The physical concentrations obey the traditional elec-
troneutrality relation

Ne = Z Z.N,.
k

Attempts at relating the physical concentrations to
activities according to (18) can give the following
result: if plasma asymmetry, for instance, caused by
electron exchange, is taken into account, the obtained
¢, values do not satisfy the electroneutrality condition
for activities [Eq. (9) or (13)], which leads to unbal-
anced divergence of Hartree contribution (10) to the
thermodynamic potential. This divergence was

removed in [7] in assuming that \7(0) =0.
L et us consider the simplest model of a nhondegener-
ate plasmain which the exchange contribution 8Q,,, 1S

ignored compared with the Debye-Hiickel correction.
This presupposes smallness of the parameter

(19)

(xeFD)Z 1

In this model,
Q= Qu+0Qp 4. (20

Using activitiesinstead of concentrations n,in (17), we
obtain from (18)

-
N = L+ 52 1)

-
ne = Ll + 51 (22)
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If z # 1, Egs. (21) and (22) with
Ne = Zank
k
yield
sznk n
n K
Ze = = = X z Zka -
1+ EZ_D 1400 Z Z 1+ %9 2
(23)

That is, even within the framework of this simplest
model, condition (13) is violated. For a singly charged
hydrogen plasma, (. = {, inthismodel, but this equality
does not hold if exchange is taken into account. The
technique that we use to correlate conditions (13)
and (19), which is necessary for removing the diver-
gence of Hartree term (14) ask — O, is as follows.
Because we assume that conditions (13) and (19)
should be satisfied simultaneously to prevent the diver-
gence of the Hartree term, the concentrations should be
determined according to (18) with differentiating the
thermodynamic potential with respect to chemical
potentials taking into account constraints imposed
by (13). The n, and ¢, values are found from (19) and
(13), respectively,

) Q(ﬁz’k"ﬁzk. (24)

Thedifferentiation and summationin (24) are only over
the activities of theions, and . in Q isreplaced by (13).
For the model described by (20), Eq. (24) yields

Z(Zk +1)n, = Z(Zk +1){y
K K

(25
r
+ EDsz(zk+ 1),
It follows from (25) that [cf. (21)]
4 = ——. (26)
1+ —292k

Using electroneutrality conditions (19) and (13) for
physical concentrations and activities, respectively, and
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taking into account (26), we easily obtain

Ne = sznk = ZZkzk%l-'i'r?DZlg

(27)
= (o + %ZZiZk
It follows from (27) that
sz”k 2 Z
k +——z
2" 28)
— Z Ny
kK 1+ -régzk

That is, as distinct from (23), where independent
definition (18) isused for theions and electrons, defini-
tion (24) leads to correlated fulfillment of electroneu-
trality conditions (13) and (19) and removes the diver-
gence of the Hartree term. To determine ¢, explicitly
through the physical concentrations n,, we use the def-
inition of the inverse Debye radius (17),

z(z,+1) nk

2
2 _ 4me
Ko=) T
k 1+72k

(29)

Here, the summation is over the kinds of ions. Multi-
plying (29) by (€%/T)? yields the equation for

2
Kp€

Mo(CW =
in terms of the physical concentrations n,,

z(z.+ 1) nk

rs = 4m E’ED (30)

k +—-—Z
2 k

After determining I"p(n,) by (30), we can find the activ-
ities ¢, and ¢, by (26) and (28).
In the standard Debye-Hiickel theory for the grand

canonical ensemble [33, 34] with n, and n, given
by (18) and (19), (30) is usually replaced by

r2 = €0

D (31

Here, the summation is over the ions and el ectrons.
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Solutions to (30) and (31) can be compared in the
limit
Mo
> 1, 7(@]2 1, Tp<1l)
(Strictly, the condition of the applicability of the
Debye—Hiickel approximation also requires that the
inequality (Mp/2)z,, < 1 be satisfied.) It then follows
from (30) that

e2
Mo = 2=(my)™ (32)
Index “N” means that the “new” equation [Eqg. (30)] is
used. On the other hand, (31) yields

- E?D
F ZDTD

(index “O" stands for old). The extrapolationto 'y > 1,
which is, of course, unjustified, yields

(nne)” (33)

2
rs = p = 2=(my)" (34

according to both (30) and (31). If MpZ, < 1, (30)
and (31) yield

Note that relations (21), (22), and (26-28) between
concentrations and activities give the same equation of
state for model (20),

0 rpd_, .0
P:TEZZH'Z@D"'T_EZZKU'ZQ- (35)
K u 3 K 0

If the condition of electroneutrality for activities
[Eq. (13)] isignored, Egs. (21) and (22) yield

P = TZ(ZK+ 1)nk—%gzk(zk+ 1)n, (36)

in the limit 'y < 1. Here, the summation is only over
the ions and electroneutrality condition (19) is used.
However, using condition (13) and solutions (26)
and (28) in (35) yields the equation of state exactly in
form (36). Relation (13) for solutions (26) and (28)
means that

NAle = zzknkAuk- (37
K
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The symbol “A” denotes the correction to the ideal-gas
approximation pJ,

Mo = Mo+ AU,

[see [28]; for instance, po = TIn(n,x2/2)]. It follows
from (26) that

r
Ay = —T?Dzk. (38)
Using (38) in (37), we obtain
n AuN = —Tb zn (39)
e e 2 Z k! k-

In the standard Debye—Hiickel theory for the canonical
ensemble (see [28]), we have

-
A = -T2%

: (40)

[compare (40) with solution (21)]. By analogy with (22),
we find that

Mo

Au'(e) =T 2

(41)

for the electrons. Relation (37) does not hold for solu-
tions (40) and (41).

If the relation between concentrations [Eq. (19)] is
taken into account, the relation between the chemica
potentials and free energy F takes the form [cf. (24)]

ZAllknk + A,
“ (42)

_ «  O(OFIV) . 0(AFIV)
_an on, e on,

This equation is satisfied in the Debye-Hiickel theory
for both solutions (38), (39) and (40), (41).

In the region of the applicability of the theory
(2T < 1), the equation of state (36) is insensitive to
the selection of a solution to (24), but the selection in
favor of condition (13) follows from the requirement of
the absence of the divergence of (14) and other (higher
order) terms of thermodynamic perturbation theory,
such as the contribution of ladder diagrams in the
expansion of Q in powers of activity, whose finiteness
is, in particular, provided by the vanishing of (14) (see
Sections 3-5).

The Debye-Huckel approximation represented by
the contribution of ring diagramsin the static limit [24]
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(see Fig. 1c) contains severa corrections that can be
obtained using the technique described in [25, 26] (par-
ticle spins are set equal to /2 for simplicity),

1

dA
Il

ijo

dPdqdk exp(—B(g) —£)) -1
(2m)° £l —¢|

xni%P+c%%L—nEMﬂP+k%
xnj%P—cH%L—njE%P—k%

16T[2642i22j2
(q-k)*[(q-k)*+4me’An"(q -k, V Oq-k))]’

X

where the integration in the A parameter corresponds to
the integration in charge € — €’A; P is the total
momentum of particlesi andj; q and k arethe wavevec-
tors of the relative motion of the center of mass before
and after interaction, respectively; n(q) stands for the
occupation numbers of the particles of kind i; m and z
are the mass and charge (in elementary units) of a par-
ticleof kindi; M =m + m isthe total mass;

8ij:fik2 _ _mm
kK To2u H m; + m,

is the reduced mass of particlesi and j; and
V = PIM, #&|V|qUA|V|Ky<T.

This equation is for the general case that admits the
inclusion of degeneracy and nonstatic corrections. Tak-
ing into account the contribution of two crosspieces to
the sum of ring diagrams, which should be subtracted
from the ladder diagrams (see Figs. 1d, 1le) that
describe the interaction of apair of particlesin the con-
tinuum, corresponds to the replacement of 4me’AMR
in (43) in the denominator of the last multiplier by the
regul arization parameter k2 [cf. (11), (12)]. Here, MRis
the retarded polarization operator [24-27] determined
by the sum of the contributions of all the particles that
participate in the screening of Coulomb interaction.

The static approximation implies the validity of the
condition

max{T, e} > hwy.

Here, € is the Fermi energy of the particles of kind i
and wy; istheir plasma frequency [24, 28].
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For instance, in the nondegenerate case (n; << 1), it
follows from (43) that

AQ eXp(B(u. + 1 ))

i —421 Id)\

. dadk exp(= Be)) — exp(—Bey)
I 2m°  (eq-€&))(a-k)?

5 161°€"7,7,
(q—k)?+4me’An (g -k, 0)

21th?
SO

The replacement of the multiplier

(44)

Here,

exp(= BE) exp(- —Bey)
sq—sk

with
Bexp(-Be,

(with respect tothe T > #ik v parameter, where vl ~

AJ2T/u is the thermal velocity of relative motion)
yields the approximation

41 ©

AQ _ TKD dq
— = AdA 45
v 4T[2-! Iq + 4me’AnR(q) 9

Here,
k5 = 4me’n (o)
isthe square of the inverse Debye radius,

n%(g) =n%(q) =N%a, 0).

In the nondegenerate case,
2 2 2
Kp = 4me B zn;.
2

Usually, the approximation is used in which MR(q)
isreplaced by MR(0). Equations (45) and (17) then
yield (16).
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We must clarify this point. In (45), MX(g) should
be expanded up to the second derivative with respect
to q[39],

o + 4me”AM N(q)
2AR 46
3 aa'_'z + 4TE?AN (0). (46)
Let usintroduce the value
. . aZI_IR
a = [2re’n"0)|, n" = 7
For thisvalue, we obtain [20, 35]
2 2.2~2 0
21e?M"(0) = —Z"ﬁeza N
m - op?
- (47)
n Z sn
?ZW 3

Here, niO is the ideal gas concentration and €n; is the

averaging of the kinetic energy over occupation num-
bers for the particles of kind i,

— _ O p°
= [ iam P (49)

The Debye—-Huckel correction then takes the form [20]

AQpy _ Txp
Here,
f(a) = %ﬂ{ acsinja—Ja(l—a}.  (50)

Estimates for a hydrogen plasma give

2me’n"(0) = -173pT >

for the nondegenerate case (p is the density of matter
in g/cm?® and T is the temperature in €V). In the center
of the Sun, f(a) differsfrom 1in thethird decimal place,
which, together with the smallness of the Debye-
Hickel correction (~102) compared with the ideal gas
approximation, allows us to use approximation (16) in
helioseismology problems [f(a) = 1].
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For the “true” radius of screening of charge fluctua-
tions g, = K, (46) yields

2
K® = K—[; (51
1+ 2me’M"(0)

It follows from the estimates of M1"(0) given above that,
at the plasmatemperature T ~ 1 eV, the condition

1+ 2me’n"(0) = 0

isfulfilled at n, = 3 x 10% cm3. However, under these
conditions, the nonideality parameter

y = ne¥T=2

and Eqg. (47) for N"(0) must be refined. A charge den-
sity wave is formed and Debye screening disappearsin
the region where k? < 0. The parameter with respect to
which we must take into account corrections on the
order of a correspondsto the value (XKp)?, whichisnot
too small in the center of the Sun [the closeness of f(a)
to one is determined by the smallness of the coefficient
of this parameter]. The ratio between the thermal de
Broglie wavelength of the electron and the Debye
radius characterizes quantum effects in Debye screen-
ing, and the corresponding corrections to (16) and (49)
[at f(a) = 1] are known as diffraction corrections [12].
They can easily be found from (44) in the approxima-
tion

4me’AnR(q -k, 0) = Ak

taking into account exponential multipliers and energy
denominators present in (44). In the nondegenerate
case in the first approximation with respect to the Xk
parameter, (44) yields (see [12])
JAYO v - T[E D
Y, 4 " UTd
(52)

1 D
X EV\;J@ + ZZez ZKZE}\ek + z ZijZEZjZ)\kjE-
k K

Here,

fi fi fi
— = —, Ay = —
JmT ST 2T

Note also one more class of corrections to the
Debye-Huickel approximation for the first time
obtained in [8] (also see[9, 12]). Physically, these cor-
rections arise because particles interacting with the
medium (“dressed” particles, see Fig. 1f) participate in
screening. Formally, this corresponds to the inclusion
of energetic corrections proper to the Green functions

}\ee =
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present in polarization loops. The corrections calcu-
lated in [32] and [25, 27] are on the order of X2. Classi-
cal corrections arise when we take into account the

energy diagram proper = [25, 26],
Res! = l(zi“—zi“).
2
For particles of kind i,
5 = (VoVam (@G (-1 (53
' [VaVa ' (2m)*
where
2 2
V, = 4the’ Vg = 24ne 2’
q° +AKp

and q = (q, q,) isthe four vector.
Calculations of operators of the type M taking into
account relations of the type
n-=n%-n"

and the summation in calculating MR(0) over all particle
kinds give

Res® = —Iae?Z2k (M)

5 (54)

in the nondegenerate case (cf. [14]). Here,

KO\ = JAKp, — 4]_[2 &2 2[@ JD

Using the obtained classical equation for the mass oper-
ator, we find the correction to the kinetic Green func-
tion in the form [27]

G =G(p) = -n(w)(GF-(GHY, (55)

where

1

GR=—1
L w—g,—Z((P)

(56)

In (55),

n(w) = {exp(B(w—p) +1

are the occupation numbers of the fermions. Using (54)
in correction (43) and Egs. (55) and (56), we obtain the
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classical correction to the Debye-Hickel term (the
index “cl” means that thisresult is classical in nature)

6Qc| - _3Tgl'% EZZ Z%EZZ,Z%

In (57), the summation is over all particle kinds. The
coefficient T7v2 was used in [8] instead of 1/3. The same
value isaso found in [9]. In [13], this term is written
with either Y3 or 172 in different places. Our indepen-
dent examination shows that the correct coefficient value
is T¢3. Note that this correction is small compared with
the “large’ logarithmic term discussed in Section 5.

(57)

3. THE LADDER APPROXIMATION
IN SECOND VIRIAL COEFFICIENT
CALCULATIONS

Let us consider the contribution of the dP value
present in (4), see Fig. 1d. In the Matsubara technique
[23, 24], dQ/V = —0OP is given by (the integration in A
implies the € — €A replacement)

30, _

v Bz I(dp

Here, the summation is over the frequencies w (or p);
for fermions, w = 1T(2n + 1); the index “L” stands for
ladder; G;(p, w) is the Green function of a particle of
kind i with momentum p and frequency w in the Mat-
subara technique [24]; and the energy part proper
Zi(p, w) can be written via the two-particle vertex I,
found in the ladder approximation [29],

- 25 K o
Zi(b) = BEI(znfG’(f)
<. np-mf mp-mf p+%

Wm+m " m+m,

For instance, for electron—proton interaction, m, = m,
m=m,, p =(p, ps) = (P, w) isthe 4-momentum of the
electron, and f = (k, k,) is the 4-momentum of the pro-
ton. The value [y(q, q'; V) [q and q" are the relative
4-momenta before and after the reaction, respectively,
and 8 = p + f = (P, P,) isthe total 4-momentum] can
be written in the ladder approximation for small occu-
pation numbers (n < 1) intheform [7, 29]

(58)

(59)

' ﬁZPZ ﬁZ 2
(0, 8) = @0°y {Pa~T5 =5k + i uf
T 7°q7 60
wn(q)wn(q)%n—z—qg (60)
X u .
. h p?
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Here, M =m + m; 4= mm/M; |; and |; are the chem-
ical potentials; E, isthe binding energy of the state with
the principal quantum number n; the summation over
nis generally over both discrete states with quantum
numbers{n} = (n, |, m), which are characterized by the

wavefunctions Wn(q) of therelative motion of particles
i and j (bound electron states in the field of protons),
and continuous spectrum states; a tilde over a wave-
function denotes its Fourier component in the momen-
tum space; and P, = 2rnT is the fourth component of
the total momentum. For the scattering states that cor-
respond to the continuum, the sum over discrete states
{n} is replaced by the integration in momenta k that
characterize the wavefunction at infinity (thisisaplane
wave in a short-range action field). Using the
Schrédinger equation in the momentum representation
and the completeness theorem for the wavefunctions

(\7(q) is the Coulomb interaction potential in the
momentum representation),

f-dg
R A

— (V(d -39
IV(q q)LPn(q)(Zn)g,

we can transform the scattering amplitude to
M, 9’ ) = Viga—q) + (2m)°
D (o (o Adig A
Wale) Wh o) = S~ 5

2u U
_E Mi + H;

(61)

(62)

ﬁP

Using (58) and (59), let us write dQ as

1
0Q _ 4 dA
V T 22 af e
1] A4 P40

x Gim%\ + QEG,-BE;’E _q%rij(Qv q's ).

(63)

The summation over the frequencies g, and P, and the
integration in dP in (63) and (60) yield

dg
= 3 W Gy

#? ~ 2
xS exp(-BE,) %n——égglwn(q)l

d)\

(64)

in the nondegenerate case (cf. [20]; we also use (62) for
; in what follows). Here, ¢; stands for activities
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[cf. (5)] and X;; = N 2Thl MT . For an interacting proton
and electron, we have E, = —Ry/r? in the discrete case
and E, = A%k%/2y1 in the continuum. For two particlesi
and j with the short-range interaction potential V =
AV(r), the Beth-Uhlenbeck equation [21, 28] can be
obtained from (64).

Let us use the relation that follows from the
Schrodinger equation,

|2 dq

[(E, —&,)|Pn(q)
2m)° (65)

= J’V(r)|LPn(r)| dr.

By virtue of the well-known quantum-mechanical the-
orem [36] and taking into account that

v(r)
A

= 5 (66)

|2
>|<
(o)
>

where §€ is the Hamiltonian of the relative motion of
particlesi and j, we have

on

for bound states. Taking into account (65)—(67) and
using (64), we obtain the contribution of discrete spec-
trum states in the form

~

0¥

oA

n> (67)

b
O = LT (exp(-BE) 1)

{r

(68)

(theindex “b" denotes bound states). After the summa:
tion over | and m and the substitution E,, = —Ry/r?, (68)
diverges as

S (1) 02(0),
where {(s) is the Riemann {-function,

(69)

s = Z n°.
n=1

Equation (64) can aso be used to obtain an explicit
equation for the contribution of scattering states of par-
ticlesi and j in ashort-range potential.
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The Schrodinger equation for the complex-conju-
gate wavefunction Wi (r),

2
[— ;‘—uA FAV(N) —sk}w’,f(r) -0,

(70)
can be differentiated with respect to A to obtain the
equation conjugate to (70),

72 ow,
[— oA+ AVo- }

oA VOLPk

(71)

Let us multiply (70) by 0W,/oA and (71) by W§ , sub-
tract the latter result from the former, and integrate the
difference over volume. Thisyields

J. = J'Vo(r)|LIJk(r)|2dr
(72)

. « A O¥
IDO)\ AWy —WPPA I Ddr.

The right-hand side of (72) in a short-range potential
can be transformed into an integral over the surface
using the asymptotic behavior of the wavefunction
(r— o)

exp(lkr)

W(r) = exp(ik ) + f,(8)——— (73)

Here,
k [ = krcosb = kz,

and f, is the scattering amplitude.

Representation (73) is inapplicable to the Coulomb
potential because of plane wave distortions at arbi-
trarily large distances. If the scattering amplitude is
written through the scattering phases &, [36], (72) and
(73) dlow usto obtain

z(2| 66'. (74)
Combining (68) and (74) yields
L
B —zizjxﬁ[Tz(exp(—BEn)—l)
’ (75)

+ Z (21 + 1)J’———6(E)exp( BE)}

The Levinson theorem that relates the finite num-
ber of bound states n, to momentum | via scattering
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phases [22],

n = 315(0)-5()], (76)

is valid in a short-range potential. We can use (76) to
transform (75) to the Beth—Uhlenbeck equation [21, 28].

Unfortunately, Egs. (68), (75), and (76) diverge in
the Coulomb case, and the use of the Beth—-Uhlenbeck
equation as a point of departure [10-13] therefore rests
on an insecure (mystic) foundation.

Note that (64) can be generalized to include
exchange of identical particles[29] (see Fig. 1€). Only
a continuous spectrum exists in the repulsive field of
identical particles, and the square of the modulus of the

wavefunction |‘1Jn(q)|2 should be replaced as

Bu)* — B @[ W@ -5%eaD] @

The second term in (77) gives an additional exchange
contribution, which can be represented in the r-space
using the identity

(Ex—gq) Wi (@)W
JEs (2n) (79)

= J’qJ’k*(r)V(r)lPk(—r)dr.

Accordingly, repeating the derivation of (75), we can
use (78) to obtain a generalization of the Beth—Uhlen-
beck equation to the case of identical particles (e.g.,
electrons),

o G
T - __xeeZ(ZI + 1)

79
"5(E) ) (79)
[ [1 }exp( BE)dE.

T 2
0

We must, for scattering states, specify the meaning of
the square of the modulus of a wavefunction in the
p-representation. Indeed, the short-range potential
W.(g) contains the three-dimensional &-function
o(k — q) because of the presence of a plane wave in the
boundary condition.

Let us consider the right-hand side of (65) (this
value will be denoted by J) and use the integral repre-
sentation of the wavefunction [36]

W (r) = exp(ik [T)

+ %—*; [Golr, V)W )ar. (80)
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Here, Gy(r, r') is the Green function that describes the
free particle,

Gr 1) = — 1 exp(iklr =r')

4 r—r|
_ (do_eq(ipdr—r)) (81
I(ZT[) p —K*=i0

Using the definition of the scattering amplitude outside
the mass surface

f(p, k) =

—ip O)V(N)W. (r)dr (82

(here, |p| # k| in the general case) and Egs. (80)
and (81), we obtain the right-hand side of (65) in the
form

21th?

1k +4 I(dp 1@k

2 )sz—k2+i0}' (®3

Applying the optical theorem [36], we can write the
term in sguare brackets also in the form

Ref(l, ) +4r[ B d [fp.RE gy

2) p—k

The symbol P means that the integral is calculated in
the sense of its principal value.

Equations (80)—(82) also give L~I—'k(q) in the form

Wy(q) = [exp(-iq TH)W,r)dr
anf(q, k)
-k —i0

85
= (2m)°3(k —q) + = )

Using (85) in (65) and taking into account that

8k —a)(q°-k*) = 0,
let us consider the left-hand side of (65). We obtain

d Tk T
[ ( 22)3wk(q)[wk(q)(sk—sq>]

_ Id_qf(zn)gé(k— )+ 4 La. k)
(2m)°0O —k + Qj (86)
xE—Z"TﬁZBf(q,k)
_ _Znhz[ 10+ 4 dg_ (. k" }
H (2m) g —k"+i0
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that is, the method for associative multiplication of
wavefunctionsin the p-space specified above brings (86)
in coincidence with (84).

However, if we first multiply Wi (q) by W, (q) tak-

ing into account (85), we encounter problems with the
determination of the sgquare of the three-dimensional
d-function. Even if [d(k —q)]%(c? —k?) is assumed to be
zero, which is generaly not obvious (but inevitable,
because otherwise, the left-hand side of the identity
remains finite while the right-hand side vanishes as the
charge tends to zero), there appears the double product
of the &-function and the second term in (85), which
entails the appearance of the superfluous factor 2 inthe
f(k, k) termin (86) and the violation of identity (65).

Equations of type (80) become invalid in the Cou-
lomb field and, as has been mentioned, the representa
tion of the scattering amplitude in form (60), which
leadsto (64), is accompanied by divergences.

If we use representation (62) for [;(q, q; 38) present
in (63) to determine the contribution of ladder dia-
grams, it becomes clear that the contribution of

Vij(0) ~e/k? [see (11), (12)] vanishes because of neu-
trality relation (13) for activities. After the summation
over g, and P, in (63) with the use of the contribution
of the second term of (62), we obtain (see Fig. 1d)

"\ dg

zzzj .Jj j(2 e o)
xS Ha- Z—ﬂ%l%q)lz(exp(—BEn) — exp(-Bey)).

Here, for the e—p interaction, we must sum over thedis-
crete spectrum (over bound states) and integrate over
scattering states characterized by the index k. For e—e
and p—p interactions, only integration makes sense.

We show in Sections 4 and 5 that (87) yields finite
solutions for the contributions of both bound and scat-
tering states after the subtraction of the contribution of
two crosspieces [~e*B/k, where Kk — 0 isthe regular-
ization parameter, cf. (11), (12)] already taken into
account in the summation of ring diagrams. In ahydro-
gen plasma, the total contribution of the logarithmic
term proportional to (e%/T)3In(m,/m,), which does not
require being cut off at the Debye radius, is also finite.

4. THE CONVERGING CONTRIBUTION
OF BOUND STATES
TO THE SECOND VIRIAL COEFFICIENT

The contribution of bound states to the second virial
coefficient can be calculated using the exact result
obtained by Fock [37] for the wavefunctions of the non-
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relativistic hydrogen atom in the momentum represen-
tation,

8
reagn’(q® + p2)*

2 [@n (@) = (88)

(2)

Here, p, = (ayn)* and a, = A%/ue?A is the Bohr radius
corresponding to the current charge e°A. As
h2 2
£ =l P

2u
the part of (87) that corresponds to bound states can,
taking into account (88), be written as

3 10 «

H xepe Z =

d_
q+p)

_(—da _ 0afita]
ot T
Here, X = BRy. We find from (89) that

J'd—q = i
(P+pd)’  4p

dq
I(2+|o§)
hq 2 fi

= Aep = —.

o » T o

After transformations, the explicit equation for
¢ (X) takes the form

6QBS
T =

—4CLp

(89)

2
J’dM {expg\ 20

(90)

ﬁq

eppaH = ¢,

(91)

Co(X) = 4nf(qq 9 exp(-oPA%)

+p)’

[

J0 ~ dq
= 41—
az_!q2+z

exp(—q°AZ,) (92)

—4TE— p(—qzxip).

After the differentiation with respect to z, we must set
z= p? here.
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Consider the integral [38]

00

Jo = —q°AZ)

= [1- 0Pl 5 (93)

=r %, Aip% [’—ZTexp(AipZ)-

Here, the incomplete gamma function F%% is

e><|0(>\ep p2)

defined as follows:

1. e
r[g’% J’ ﬁdt, (94)
2
1- q)(}\eppn) - %_[ %! }\n_ZD (95)

Using (93) and (94) and performing the differentiation
in (92), we obtain

(96)

u

2,4 2 2

- B o X ) XD}
4n"agh

Inthe limit of X/n? < 1, (96) transforms into

ragn’  3mtagnph’
4 8
8 3/2[[3%253/2

T3 Topl

Ca(X) =

(97)

It is easy to see that the contribution of the first term
in (89) given by (90) and the first term of expansion (97)
cancel each other out at n > 1.

Using (89), (90), (91), and (96), we obtain

BS
A% -1t xepzn expl-F.(8

(98)

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

STAROSTIN, ROERICH

after the integration in A. Here, F,(B) hasthe form

Fo(B) = 1—exp(-Bl.)

6 w, 4 312
x| 4——(Bl)" "+ —=(Bl)
[ Jm Jm } (99)
rL
P — EQB ——[3-4BI, +4BI,)], I, =1In’
/\/— n n "
Asymptotically, at n> 1, (99) yields
Fo(B) O2(B1,)". (100)

Thisisfour times larger than according to the Planck—
Larkin equation,

Fr "(B) = 1—exp(-Bl,)

1 (102)
~Blexp(-Bly) — 5(Bl)"
Expansion (97) can be used to write (89) in the form
3Q°° 3 .
Vs L, TRX z ZIAd)\[ex

AMX 32 A° 3/2+...}.

p A%
0,20
(102)

_1_32 2 _2¢
n> 3 ./m?

Here, one that corresponds to the first term of expan-
sion (97) is subtracted from the exponential function.
Theintegration of (102) in A yields

- eZ -I-Kepzn %axpDXD 1_5
/ (103)
512

64X . O

15 fr 0

We see that the first three terms under the sum sign
in (103) correspond to the Planck—L arkin equation. The
remainder of the expansion of the exponential function
[see (99)] X%2n* plus the fourth term of sum (103)
gives asymptotics (100).

Let us write the contribution of the bound states in
the form

6QBS
v =

L L TREE™. (104)
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Using the expansion in X, we obtain for (99)

7%, = 3 k-2 [kﬁ() (k-2)°

k=4 r —+1D
(105)
© Xk+3/2
+ ) ((2k+1)
kzl FB(+%

At the same time, it follows from the Planck—Larkin
eguation that

k

£ = Y U2
k=2

106)
Xn/2 (
= Y Un-——
n=4,68,... r|:E+1D
Let usintroduce the notation
Shl—Temw = o (107)

for the difference between =55 (106) and =25,, (105).
This difference is given by

k

_ e X
= ZZ(ZK—Z)W
(—D)*X*2 NG

B R

Zak s Ul

k=4

(108)

k+3/2
X

r%+%l

We show in Section 5, where the contribution of scat-
tering statesis considered, that (105) together with (87)
calculated properly for the continuous spectrum coin-
cides with the Xt value for the total e—p interaction
givenin[13].

Using the completeness theorem for the functions
including the discrete and continuous spectra, the sub-
trahend in (87) can, for instance, for e—p interaction, be
written as (see Fig. 1a)

2K epf j( da_

><_[\7(q—q')qJ

2(2k + 1)

k=1

dk U
exp(—Be q)éz e

(109)

;D<q>®m(q')j—q3 = 2L, Ven(0),

Kb @m
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that is, this subtrahend in (87) exactly balances thefirst
term in representation (62) for 'e,(q, a'; %), which, by
virtue of neutrality condition (13) for activities, van-
ishes after the summation over al pair interactions. It
follows that the finite partition function (98), (99)
obtained above corresponds to taking into account the
summation over bound states only in counterterm (109).
Theintegral over scattering statesin (87) also becomes
finite, but only after the subtraction of the contribution
of the ladder section with two crosspieces included in
the summation of the contribution of ring diagrams.

Consider ageneralization of (89)-, (102)-type equa-
tions for the contribution of degenerate electrons to
50 (M, < my),

P 1

5Q%° 32

Y ——anTXZlZJ'Ad}\
n=1 o

X, 2
) exp——(1+t -1
2 PO ( )E

3
J(1+1%)

(110)

X

> :
At A2X/n? < 1andy = uJT >0, (110) gives

5Q°° _ 2n2T Ry

vo T e Toro (D)

Equation (111) was derived on the assumption that the
condition

expy. 52
2y5,Zx <1 (112)

was satisfied. At X > 1 and X >y > 0, which corre-
sponds to the definition | > |, in the degenerate case,
(110) gives

5088
Vv

= =2¢,T expyexp%_. (113)

The condition X >y and contribution (113) of bound
states correspond to anomalously high concentrations
of “atomic” quasi-particles, and, because of strong
interaction between them, both are inapplicable. In
addition, the scattering amplitude I' was obtained
ignoring effects of the Pauli-blocking type [29].
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Note that equations of type (87) are obtained in the
Keldysh technique (see [25-27]),

"\ dp
(2m)’

oP = Z(ZSa+ 1)I
(114)
dwdw Z:(p, @) Ga(p. D) (1 - exp(—p(02— o))).

I(ZT[) w-o

Symbolically expressing the 2> value through theimag-
inary part of the scattering amplitude ', [25],

22 0[Imr e+ ©) (G, Q)dde,
(2m*

(115)

we obtain I, in the form [cf. (62)]

Imrep DZ|quT(q)|2(En_£q)2 (116)

XEVB*H Q-E _szE’

where 0,(X) isthe Lorentz contour, which becomesthe
o-function in the limit of zero width y — 0. Equa-
tions (114)—<(116) give (87) and (110). At the same
time, this approach alows us to take into account
atomic state broadening effects with the same accuracy
as can be attained in cal culating spontaneous radiation
of a system of charged particles with discrete—discrete
transitions. If Stark microfields that cause level shifts
and statistical line broadening are taken into account,
this approach also contains the effects of microfield-
induced state decay [5, 17, 20].

Note that the atomic partition function in the lowest
order in interaction (up to the second viria coefficient)
converges starting with principal quantum number val-

ues N ~ ~/BRY . This means that the contribution of
bound states to pressure is given by an equation of the
type Zgy (0r Zp). In contrast, discrete states can make
an observabl e contribution to other physical effects, for
instance, spontaneous radiation of an equilibrium
plasma (the corresponding partition function con-
verges) a n > N, Up to states at which their Stark
width is comparable to the energy of their ionization.

5. THE CONVERGING CONTRIBUTION
OF SCATTERING STATES
TO THE SECOND VIRIAL COEFFICIENT

The contribution of continuous spectrum states to
equations of type (87) can be calculated by determining
the Fourier components of the wavefunctions that
describe scattering of charged particles by each other.
The system of Coulomb wavefunctions represented by
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the summation over orbital momenta [36] can conve-
niently be used. For instance, for the attractive field,

W) = ——zexp(mE2)r(1-ig)

(117)
x exp(ik [r)F(iE, 1,i(kr + K [T)).

Here,

and F(a, B, 2) is the degenerate hypergeometric func-
tion. The Fourier transform of (117) can be found using
the linear regularization procedure,

Y(q) = J'dr exp(—iq If —k,NW(r).  (118)

The Kk, parameter must turn to zero at the end of calcu-
lations. Equations (117) and (118) give [39]

W) = ——oexp(My2)r(1—-i€)d,. (119)
Here, J,, has the form
O ~
3 = O 2rm(1-ig)K,
1 a:(q—k)z_FK_iir
2 2
- _ 0
N 2T[E(k +iK,) E (120)
2 2 _
[(Q—Zk) +K§1}[q k2 —|k }E
- Y2 2
xexp%EIn > (q2 k)2+K_1 D.
O q —k"+kj—2ikk,J

The first term in (120) is similar to the regularized
three-dimensional o-function [cf. (85)], and the second
term, to the contribution of the scattering amplitude
with the energy denominator in (85). Because of regu-
larization and the special features of Coulomb interac-
tion, we must clarify the meaning of (119) and (120)
in (87). For this purpose, let us turn to (65), which is
valid for exact wavefunctionsin ashort-range potential .
The point is that the integral of the Coulomb potential
with functions of type (117) in the right-hand side
of (65) also requires regularization. For instance, for a
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repulsive field of p—p interactions, we have the exact
equation [36, Appendix f]

exp(—Kr),, 4 ATIEN
)\eZILqu(r)LPk(r)dr - )3 .
(121)
x exp(-Az,) NF g, 4 Y [
P( E y+n /4D
Here,
= A, mye’ Mo
E=—2 a,= |2, z = %o arctan 2]
20y T NRT Py b A
y m,T’ o m,T’

and F(a, B; v; 2) is the hypergeometric function.

Similar equations can be obtained for e—e interac-
tion with the replacement m, — m..

Theleft-hand side of (65) should be calculated using

the LT—'k(q) functions regularized according to (118).
Substituting (118) into

~ d ~* ~
Jq = j( zg)mm)(sk—sq)wk(q) (122)

(for instance, the first multiplier quf(q) with the k;

parameter and the second one, LTJk(q) , with the regular-
ization parameter K,), using the Schrodinger equation,
and integrating in dq yields

Jq = Idr exp(—(Ky + K)M)V(r) Wi (r) Wi(r)

2.2

hoK3 *
+2—EJ'dreXp(—(K1+Kz)r)wk(r)wk(r)
g (123)
—(K, +
-2 2P DD
hZ —
—2-§-:—1Idr(mp :(r)D)exp( (Kr1+Kz)r)ka(r).

A comparison of (122) and (123) with (121) leads usto
assume [taking into account that (122) isreadl] that K, =
K, = K/2. It could be shown that the last three terms
(counterterms) remove the square of the modulus of the
first term in (120), like the square of the three-dimen-
sional &-function was removed in (85) and (86) to
obtain the coefficient 1 in place of the doubled real part
of the product of two terms in braces in (120). Taking
into account the subtraction in the multiplier
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(exp(—Bg) — exp(-P¢,)) in (87), which removes the
contribution of the f(k, k)-type term in (86), we find
that Eq. (87) for the continuous spectrum (the spectrum
of the scattering states, denoted by SS) should be writ-
tenin the form (for instance, for e—p interaction)

AQY dook &y
(2m)°sinhTt&p
(124)

1
= —16T[Ze4§i—L;Z pzexipj.d)\)\.”'
0

x exp(Ttp) (exp(-Be,) — exp(-Bey))

exp(=2&eplmin(g — k2))
[(q—Kk)?+K*/4][q° =K’ —ig]

Here, k.= k —ik/2. We can calculate the integral with
respect to the angles between the vectors q and k
in (124) and, after passage to the variables

B
nep - ?pv

obtain

SS
AQEP - _&Z Z TD?D
Y ep-lrt

—X

X=-y

IdMIIdxdysm -y pexp(T[Eep)

x[ l L ~2} (125)
('\/;(_'\/gl) +r]ep («/;(+«/§/) +nep

x exp{ —2EeplmIn(x—y + N2, +i2./yA%)} |

~ A _ Ry
Eep_Typv aep_/\/;'

Let us also write the equation for the counterterm
to (125) (the contribution of two crosspiecesin the lad-
der taken into account in the summation of the series of
ring diagrams). The isolation of the contribution of e
interaction in (44) and the replacement of the last mul-
tiplier in the denominator, 4re’AMR, by k?, where K is
the regularization parameter [see (11), (118), (121)],
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which should be turned to zero at the end of cacula-
tions, yields

AQ(Z) = —Sﬁzezp Zﬁj’e arctan%ﬁdy

(126)
= —Sﬁﬂezpe—zﬁu.
K
Here, Jistheintegral iny,
r1ep Med ]
J= 2[1 explee [1 ol Dﬂ (127)
where ®(X) is the probability integral [38],
o(x) = 2 ety (128)
!
Asymptotically ask — 0, (126) and (127) give
AQY Jm
v T T %l——K)\eq],
(129)
A = L

In order to debug the procedure for the three-dimen-
siona integration of (125) and test the results, itissim-
plest to begin with cal culations of the contributions of
p—p and e—e interactions, because the completeness
theorem for Coulomb wavefunctions in a repulsive
field only includes scattering states and, taking into
account (121), we obtain the identity, for instance, for
p—p interaction [also see (125)],

AQS X 22
pp — _Mppr2[E[]
N TR IdM
0
00 00 ~ N _y_ X
dedy TE&0D e (—TTEpp) 0
sinhTtpp X=-y

x[ - 1 ~2} (130)
(’\/;(_’\/g/) +npp («/;(4'«/9) +npp

x exp{ 2& ol MIN(X—y + N3 + 124/ yN o)}
(H) (1)
_B8Qy  AQp
V AV
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In this equation,
Xy = 4nﬁ2, i = ﬁ,,
m,T 2«/9
mpe4 72K ﬁzqz
ap = o y = —, X = —=,
AT ol mp
2 w2k -~ _ r]__p_P.

For AQYY from (121) [the index “(H)” denotes the
hypergeometric function present in (121)], we obtain

AQ(H) e21 ’ Az
= 4JﬁZpK—ZIdAIdyJ§/e‘ye "d. (131)
0 0
Here,
_4a N pp
z, = parctanEb (132)
Ny
¢=FHEpp,—iEpp; 1, — E "Ep" . (133
y+ r]pp/4 smhnEpp

The AQY) value, which corresponds to the subtrac-
tion of the diagram with one crosspiece [of the type of

the subtraction of the ~exp(—3¢,) term in parentheses
in (87)], in the ladder diagram is given by

(1) 2,2

AQyy _ 21e Zp'

\Y, K2

When summation is performed, all contributions of
p—p, e-e, and e interactions vanish by virtue of (9)
and (13). To remove the divergence of AQﬁﬁ and

AQS) — AQY), we must subtract the contribution of
two crosspieces from (130)—134) [aswith (126)—(129)],

(134)

AQY) 26 z
= = 4./l [yexp(-y) Ld
N prKZ{W p(=y)Zdy

(135)

) X ppkK
H_nzéTeTK%L_pTng as K — 0.

Numerical integration was performed using library
subroutines for calculating integrals over afinite one-
dimensional interval based on the Gauss—Kronrod
guadrature formulas (the number of nodes was 10
and 21). The number of points was selected automati-
cally, and an adaptive procedure was used for mesh
refinement close to sharp peaks of the integrand to
attain the required accuracy. We aso developed a
nested procedurefor cal culating multidimensional inte-
grals by recursion with respect to integral dimension.
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At each nesting level, the integrand was represented as
a nested integral and calculated by a similar recursion
using a separate copy of thelibrary subroutinesfor one-
dimensional integration.

One-dimensional integration was performed with
setting the required relative accuracy. In multidimen-
sional integration, the relative accuracy of calculating
theintegrand (that is, each integral “inner” with respect
to the embedment rank) at each given point was set at a
value inversely proportional to the magnitude of its
contribution to the integral “external” initsrank.

The three-dimensional integrals in (125) and (130)
were calculated in the variables

U= Jx+4y, v = Jx=dy A

in the following order:

o0 u 1
du [dv [dA.
!
Theintegrationin v required theinterval to be addition-
ally partitioned into subintervals whose ends coincided
with local maxima. The first and second crosspieces
(which increased as kK — 0 proportionally to k2 and
K, respectively) were calculated using analytic equa-
tions similar to (134), (126), and (127).
Note that the use of library subroutines for integra-
tion over semi-infinite intervals to calculate the second
crosspiece led to errors random in k at small kK values,

which were outside the required relative accuracy.
When constants asymptotic in Kk were calculated for

differences of the type AQY) — AQS;, the error was

comparable to the result. For thls reason, integrals over
semi-infiniteintervalswere cal culated iteratively, asthe
limiting values of the integrals over segments when the
upper integration limit was successively doubled. This
variant always gave small stable errors in approxima
tions to the second crosspiece at all Kk values and was
used for integration with infinite limits.

At the first stage, we obtained satisfactory accuracy
in reproducing the asymptotic behavior, linear in Inn;
(ns = k/Kp, N — 0), for the equations

$oa = €TV
x (AQL -804 -AQ0),
a=enp,
9ep = €°TVILGHAQE - 10T,
The rlght-hand side of (136) turned asymptotically to

(136)

Tt
_A_kabélnnh

where
Kee = Kpp = 1, Kgp =2
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(see[20] for e-e and p—p interactions). Subsequent cal cu-
lations of A = A(p, T) with the highest accuracy possible
for obtaining a suitable analytic approximation requires

the accuracy of calculating AQ(H)N and AQ, N to be
increased as required by adecreaseinn; — O

Next, the construction of equations similar to [13,
(6.1)—(6.4)] and calculations at several (p, T) points
along the Sun radius gave the asymptatic equation

P ap(K, T) & —Aaw(T)

ab[B (l—C)E,
ab = ep, ee, pp.

In(K)\ ab) — (137)

Thevaue
Aas(T, K)

= o Fulk, 1) + koG IN(KA ) ~ 5(1-CH|

converges with respect to K to the limiting value

(138)

Aa(T) = [im Aai(T, k),
and the rate of convergence (absolute error)

&(T, K) = |Aa(T, K) = Ag(T)| (139)

is proportional to k2 for e-e and p—p interactions and

~Kk114 for e—p interaction. The smallest 12, value at
which we were ableto calculate integral (125) and esti-
mate A, was on the order of 10210713,

The limiting A, values (ab = ep, ee, and pp) are
shownin Fig. 2 versusthe |a,,| parameter (0, = —0/2,
Ap, = —0,/2). It turned out that these vaues fairly
closely (indistinguishably on a linear scale) coincide
with the analytic equations

By = AT (258, - 1),

ot (140)
2= Zo(ag),
_ 1. 3.3 6css
Bee - éxeeT € zee!
o (141
eEl — e
S ZQD S0 e = e
1.3
Bop = 5%opT € Zpp,
o o (142
Ss _ 0 2d] _
2 pp ZQD_—Z—D’ ap = hgT’
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Aah

10

0.1

100

0.01 0.1 1 10
|aab|

Fig. 2. Calculated Ay, values versus the |a,| parameter; ab:
(1) ep, (2) e, and (3) p—p interactions. The correspond-
ing analytic By, values calculated at several points are
marked by “+.”

where the Z4(a) function is represented by the series
[see Section 6, Eq. (184)]

s(a) = %z (143)

1m

At large —a > 1, the asymptotic behavior of (143) is
described by the equation

r@B

3
53(a) = —Hnf2al M

The largest deviation

m‘E‘X'Aab - Bab|

along the solar curveiscloseto 2.5 x 10 for e—e, 103
for p—p, and 102 for e-p interaction. The larger error in
the e—p asymptotic is explained by the lower rate of
convergence and the necessity of calculating three-
dimensional integrals. For e-e and p—p interactions, we
used two-dimensional integration of (131)—(133) after
verifying the validity of (130). Note that the limiting
relative accuracy of calculations was 2 x 10714 for two-
dimensional and 102 for three-dimensional integrals.

The conclusion can be drawn that numerical integra-
tion with an accuracy to the excessive term with In3
in [13] substantiates the analytic representation of the
Born seriesgiven in [13].
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Note that (131) can be integrated analytically for
comparison with and verification of the equations
obtained in [13]. First, let us write an equation for the
hypergeometric function [40] whose argument y
equals 1,

(kE/2)°
K +K’/4

sinhﬁzgl N
nié¢ O

F(iE, & 1, 2) =
(1495)

%14 ~70
X[InkziK2/4+2C—1+2Rew(l+|2)} E+ oK.

Here, C=0.5772... isthe Euler—Maclaurin constant [ 38]
and Y(x) = dInl" (x)/dx isthe y-function. The P(1 +i&)

value can be expanded into a seriesin powers of E [38],

2ReW(1+iE) = —2C—2 Z T2k + 1),

(146)
Ad

2fy

Substituting (146) into (131) immediately shows
that series (146) terms give divergent resultswhen inte-
grated in y. We can ignore the term k%4 compared with
k? because of the passage to the limit kK — 0 in the
coefficient of the sum in square brackets and under the
logarithm sign.

£ =

Let us use the following procedure for the summa-
tion of aseries of diverging integrals, which turnsout to
be rigorous athough dightly unusual. Consider a
model example, for which all procedures are similar to
those that arise when (131) is handled with the use
of (145) and (146). We use the integral representation
of the Y-function [38]

+ e dy
Jimode Rej.ll—'%l- I— «/_))j N

=
= _C.Jm+ ﬁrfdt—?-—_t (147)
J"1-e

Here, aisareal number. Let usintroduce the denotation
= |a|t and passto the new variable x = y“2in theinner

No.1 2005



A CONVERGING EQUATION OF STATE OF A WEAKLY NONIDEAL HYDROGEN PLASMA

integration in the last term in (147). This yields [41,
p. 454, (2.5.38.1-3)]

ReIexpDHA/_))]A/_dy = ZIcosbxexp( 1/x)
w 148
o (o) -
k:ok!r%‘—zﬂa
Using the relation [38]
J’d (149)
and (148) in (147), we obtain
© Ky A1k
Jooss = ~Cf-my %akﬂ). (150)

k=1|'D 50

This is a rigorous result. On the other hand, we can
expand Y(1 + ia/./y) in powers of a asin (146),

Rey ETJ’L ti %E
(152)

2m

=-C-§ (-)"Zm+ 1L,
2 y

and integrate this series term by term using the defini-
tion of J,4q [EQ- (147)],

Inoga = —CA/TI
ma "l (2m+ 1)

er%H

The diverging integrals in the right-hand side of (152)
were regularized using analytic continuations (relations
for the gamma function [38]),

—n i (-1) (152)

m=1

00

1/2

J‘)r/n+1 ydy_rD m+]£
oY

_ - _ ()"n (153)
cosnml'BTH%% I'B‘n+%%
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A comparison of (150) and (152) shows that (150) con-
tains al integer powers of a, whereas (152), even pow-
ers only. Passing to the new summation variable

2m = k (m=k/2) (154)
and performing the summation over al k from 1 rather

than over even k from 2 only, as we ought to (this is
what appears unusual), we obtain from (152)—154)

© k
J., - —C/\/_— -1 klal Z(k+1)’
odel Tt T[kzl( ) Ty
20

which exactly coincides with the rigorous solution
[Eq. (150)].

After the subtraction of (134) and (135) from (131),
we can apply regularization procedure (153) and parti-
tion the summation variable (154) to obtain from (147)

3QL, _ 3Q5,  dQ%
vV VvV TV (155)

[as in the derivation of (150)]. The first term on the
right-hand side of (155) corresponds to the “classical”
limit represented by the logarithmic contribution to the
second virial coefficient (here, Kk —= 0),

5Qp, _ e’ On It O
v - - o1 B D—InKAp—6(1—C)D,
D (156)
A = I
* o ImT

In [13], the corresponding equation contains an unnec-
essary term with In3 in parentheses, (-C — 2In3 + 1).
This term arises when the classical representation for
the second virial coefficient (By) isused “literally” with
the expansion in powersof U/T up to thethird order and
the replacement of

u(r) = €r
by the screened interaction potential value
u(r) = (e*/r)exp(—Kpr).
In[13], K in (156) is understood to be Kk, [28]. We have

o, - Jffbotdl-
0

Tiei
26 DTD S exp(=3Kpr)4mr “dr (157)
e
— _TDTD élnSKD(rmm).
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The lower limit is set at max(e/T, A,). The regular-
ization procedure [Eq. (121)] contains alinear exponent,
and In3 does not appear. Notethat (156) isobtained using
analytic continuations and the equations [ 38]

o0 _1__1
Iy 2 &’InAdy = InA D’E 12% = —2./minA. (158)
0
Here, A = (kA /2)? and

P 10,010

2 Ty - L 0
e’lnydy = r
P e ZIMIpT (159)

0

= 2./m(-C+2-2In2).

We will show that the sum of the contributions 3Q,,

6Qee, and 6er leads to the disappearance of the reg-

ularization parameter K — 0 in thefinal solution for a
hydrogen plasma.

The second, quantum, term in (155) is given by a
seriesin powers of the Born parameter (whichisonthe
order of e’/hvy), that is, the a/2 parameter in our
problem. This series exactly coincides with that given
in[13],

dQ!

_ - Un-2)
2 = -2nA T

n= 4r|:n+1E|

O‘__d]

SH. (160)

We stress that this result is also substantiated by a
detailed comparison with numerical integration in both
representations (130) and (131) after the subtraction of

50! from (131) and 5Q2 from both (130) and (131).
Sol utlons (156) and (160) Wlth the replacement m, —»
m, are also valid for e—e interaction.

Identity (130) does not hold for attractive e—p inter-
action because the use of the completeness theorem for
Coulomb functions that leads to (134) requires the
inclusion of discrete and continuous states, whereas
continuous states are only present in (130).

The numerical integration results show that the
three-dimensional integral is approximated by an ana-
lytic equation whose meaning isdiscussed in Section 6,
namely,

5Q%  3Q¢

L
6 Q ep + Vep . (161)

ep —
\ V
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Here, 6Q§'p is the logarithmic contribution [cf. (156)]

cl
5%‘*’ = zeszE”}g 2g-3lnx>\ep-g(1-cﬁ,
(162)
A= I
ep m

Summing the equations of type (156) for p—p and
e-einteractions and (162) yields

5Q

N ZTFD"m

LTl 6

(163)

(it is taken into account that {, =
not contain the Kk parameter.

(p)- This result does

The solution for mgp can be written in the form

[cf. (105), (108)]

508
7 = Ll TRGE™ (164)
5SS Z(n 2) [ﬂ- —(=1)"(n- 2)@
n= 4r AL JD
(165)

Z(2k+ 1) 2k+3

., Og = ~/BRYy.
k= 1FB( 5] "

The eguation for exchange interaction (mainly, e—€)
can be obtained by analogy with (121) using (81)
and (82).

Equations of type (117) can be used to obtain Jg
for arepulsive field in the form

1 nEee

Joxen = [ArWE (V)W (1) = —E_\é'm,
n = [Ar9R ‘ (21m)° SinhTt&ee
166
) me' 1% (166)
T J2yN2n®T mT’

exch

Eventually, the exchange contribution 8Q..~ is
written as

pD LN
Jolegt S0 m, 10 TD
= Ad)\ 167
n 2
2h°k
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The integrals in (167) are calculated numerically. We
can also obtain an explicit analytic result using a tech-
nique similar to that applied to derive Egs. (147)—(150)
for J,oqe @nd the expansion

X Z

With Bernoulli numbers given by [38]

2(22k 1
(2K)!

-1) -1
3 nhx B, X<t (168)

Byy = (-1)" 1?(2‘)‘) 2(2K), Byi =0, (169)

(167) yields the initially converging result

3QZ" %7
% - _xeeE( e)

=

where E(a,) is given by

“/ﬁan

4Tth?

X =
ee m,T

,  (170)

P nag’
Eag) = - T 72020
ZJﬁ(l 2"
n=a r%+1D

2

m,€
BT

)Z(n 1)5 20 (172)

Ue

Equation (171) exactly coincideswith that givenin[13]
for the exchange contribution and is substantiated by
numerical integration. The first Born series (171) term
gives the contribution described above by (15). Note
that, even for the conditions close to the center of the
Sun, the Born seriesfor p—p interaction [EQ. (160)] con-
verges poorly because a, > 1.

In thislimit, expansion (146) can be replaced by the
asymptotic equation for the Y-function [38] (¢ > 1),

ReW(1+iZ) = Ink.
Substituting (172) into (131) and using (145) and the

method for summing diverging integrals [similar
to (147)—(150)], we obtain

(272)

éQpp D?D i 110
= Z T =nl + 2C -=7],
V Pl OTO 30 6 (173)
r=ex/T, K— 0

inthelimitap> 1.
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Inthislimit, it followsfrom (173) (a,> 1) and equa-
tions of types (163) (for e—e interaction at a, < 1) and
(162) (g < 1) that (L= )

5& e TD‘EDg
O AepT g (174
xDIn E +2In—=2--3C+
0 2Hep e %

Equation (174) also does not contain K (A, T/e? > 1
according to the condition a,, < 1). Note in addition
that, inthe limit a, > 1, a, > 1, and 0, > 1, the con-
tribution of al logarithmic corrections, including the
constants outside the logarithm sign, is cancelled for a
hydrogen plasma. For a plasma comprising electrons
and nuclei with charge z> 1 and atomic weight A, the
derivation of the equation for the second virial coeffi-
cient performed ignoring the contribution of the con-
stants outside the logarithm sign (Inz > 1) yields the
following results:

(D Inthelimit

z

z
a ep

p

4
7 meA ,
ab = 7| fSZT , az, = zJBRy

(this limit presupposes anomalously high temperatures
T = 502°A keV), we obtain

<1, 0,<1, ag<l1,

where

6Q

T
v ZT

ortl 3
175
i (175)

/m,T

Here, the condition (. = z(, is used. Equation (175)
explicitly contains the Kk parameter (at z# 1); it isrea-
sonable to set this parameter equal to Kp, K = Kp.

(2) In the limit

Z—4In
2

><[(z ~1)%In

[]
1+ ZIn2.
O

M

z

> 1, -

0.,>1, 0, >1,

we obtain

5Q° EED[[
V = e T 03

x {(Z=1)°Inp + 227 -1)In7 .

(176)
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Here, it is assumed that

F =T, =kpe/T<1, IpZ<1.

Atz> 1, (176) can be written in the form

r2z

cl
6Q —TZe D InFDz

Vv

(a77)

6. THE EQUATION OF STATE
OF A WEAKLY NONIDEAL HYDROGEN
PLASMA

Consider the summed contribution of Egs. (6), (8),
(16), (52), (57), (98), (104), (155), (156), (163), (160),
(164), (165), (170), and (171) obtained above as
applied to describe the equation of state of a weakly
nonideal hydrogen plasma in relation to helioseismol-
ogy problems.

The meaning of these equations is as follows. (6)
describesthe pressure of theideal gas of protons; (8), the
pressure of the ideal gas of degenerate electrons; (16),
the contribution of Coulomb interaction to the pressure
(OPp_y = -0Qp_/V) in the Debye-Huickel approxima-
tionin agrand canonical ensemble; (52), the diffraction
(quantum) corrections to the Debye—Hiickel approxi-
mation; (57), corrections taking into account that parti-
clesinteracting with the medium, rather than free par-
ticles, are responsible for Debye screening; (98) and
(104), the converging contribution of bound states
to the pressure (the contribution of “atoms’); (155)
and (156), thelogarithmic contribution on the order of
(€%T)3 of proton—proton interaction to the second vir-
ial coefficient; (163), the total logarithmic contri-
bution of all interactions on the order of
(e?/T)3In(m,/my) in a plasma of protons and electrons;
(160), (164), and (165), the contribution of scattering
states to the thermodynamic characteristics of a
plasma; and (170) and (171), the contribution of elec-
tron—electron exchange.

It is necessary to take into account relativistic cor-
rections to the contribution of the free electron gas to
thermodynamic functions and radiation pressure in a
“transparent” plasmain the center of the Sun. Treating
relativistic contributions asacorrection (T/mc? < 107°),
let us write the relation between the momentum and
kinetic energy of the electron as

p = ./2m E%L+ (178)

4mc
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Equation (178) can be used to determine the activity of
electrons [cf. (7)]

n‘;(ue)szer
X2+ 2 179
_2 2" %L 4mc o (179)
JTKC I exp(x-y) +1
and the electron gas pressure [cf. (8)]
3’2%[+
A2
AT 2 mc” (180)

oer 3ﬁTxIeXD(X y)+1°

(the index “r” means that relativistic corrections are
included). As previoudly,

X=¢€lT, y=uJT

in (179) and (180).

Corrections to the energy and other functions of
electrons can be found in a similar way. To obtain the
equation of state of a weakly nonideal hydrogen
plasma, we must find a relation between activities (or
chemical potentials) and concentration [cf. (24)] taking
into account the degeneracy of electrons,

T

ey ns 3 ron, = -y PERH.

The thermodynamic potential Q is represented by the
sum of al the contributions specified above. Here, the
primed sum denotes that the differentiation in (181)
should be performed taking into account (13) and equa-
tions similar to (179) and (180) for the activity and
pressure of the electrons. For instance, within the
framework of the simplest model of type (20), for
which, in addition to the ideal gas contribution, the
Debye—Huickel contribution is taken into account with
the use of general equations (16) and (17) and neutrality
condition (19), we obtain for the simplest case of z, =

0 azn%
2n, = Lo+, + %Z zapzm' (182)

_D
2
In (182), ng should be differentiated with respect to the
chemical potential taking into account (179). Next,
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we must put

Ze,r = Zp = Za ne = NApv

where N, is Avogadro’'s number and p is the plasma
density.

Note that, because a hydrogen plasma is only
weakly nonideal (I'p < 1) and corrections for degener-
acy and relativistic contributions are comparatively
small for it under Sun conditions, the contributions to
the second viria coefficient other than those included
in model (20) can be described by Egs. (52), (57), (98),
(104), (155), (156), (163), (160), (164), (165), (170),
and (171) obtained for a plasma with nondegenerate
electrons.

Note that the analytic equations for the converging
contribution of bound states [Eq. (104)] together with
the final equation for the contribution of scattering
states [EQgs.(164) and (165)] [strictly speaking, this
eguation was a guess substantiated by a comparison
with the results of numerical integration according
to (125) from which (126) was subtracted] and with the
use of expansion (105) give

508 _ 30%, 305
vV oV Vv

= L L TRG(ZP+2%) = L, TRSZ

(183)

Here, X is the sum of the series in powers of o, =

~JBRy, which exactly coincides with the equations
given in [13, 14] and obtained from Beth—Uhlenbeck-
type equations written for the total contribution of
attractive states without partitioning them into bound
and scattering states,

stot _ 1< {(n-2) q"

2L m. .0
n_AI_EE+1D

(184)

Interestingly, Eq. (184) wasobtained in[13, 14] by dis-
carding the divergent terms of order €, €*, and €° on
account of Coulomb screening. Our approach allows
the exact correspondence to be obtained between (184)
and the sum of converging contributions of bound states
(which do not a al require taking screening into
account) and scattering states calculated using three-
dimensional integrals (125), from which the contribu-
tion of two crosspieces [Eq. (126)] should be sub-
tracted; thelatter were already included in obtaining the
ring approximation corresponding to the Debye-
Hickel approximation. At large parameter values
O > 1, thesumin (184) can be estimated by replacing
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summation with integration in n and applying the sad-
dle-point method,

5% - exp(1/T),

which corresponds to taking into account the ground
state only in the atomic partition function, as was ini-
tially done in the Saha equation. Using this formulato
estimate the fraction of bound states (“atoms’) in the
center of the Sun gives avalue on the order of 30% (an
absurd result), whereas, according to the Planck—Lar-
kin equation, thisfractionis 10~ in order of magnitude.
If the contribution of bound states represented by the

Planck—-Larkin equation [with =55 given by (3)
and (106)] is subtracted from (184), we can obtain an

analogue of the contribution of scattering states
[cf. (164), (165)],

(Z%) = 2%-52

e (=1)'¢Un=-2)

2n:4 r%+]g

0(2,). (185)

Equation (185) was not written in explicit form. How-
ever, comparing it with the equation for the contribu-
tion of scattering states of type (160) for p—p interaction
shows that this contribution has a similar structure.
[Also compare (148), wherethe result isindependent of
thesign of a.

Equations (107), (108), and (185) therefore allow us
to write the relations

5% = =% +2,, (186)

Som = Ty —Ze (187)

The total contribution of bound and scattering states
[Eg. (184)] can be written in two ways,

s = 5538, +5% = 585 +(2%). (188)
In the sense of (188), the Plank—Larkin equation is
“correct.” It, however, contains contributions of bound
states and the continuous spectrum, provided the con-
tribution of scattering states is determined properly.
Unlike the Planck—Larkin equation, the equation for

so=, describes the contribution of bound states only.

Taking into account that 3Q/V = —T{{,X 3, Z, let us
write the first several terms of (105), (106), (165),
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L ; 10—3
107k
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104§ 10—7
Lt 1 1 1 1 ] 10—9
1.0 0.8 0.6 0.4 0.2 0

"/Rg
Fig. 3. Solar trgjectory: (1) temperature (K) and (2) density
(g/em®) as functions of the relative radius rRg.

and (185), which are expansionsin powers of the Born
parameter [~€/(7iv1)],

3¢BS _ E en 1
XepZSRM 3 0T0 Kep 159)
_64_“2((3)53255 1. _T[Z(4)KEZ ei
15 o ep xgp
4 2 4
3¢Bs _ TM[EN 1
xesz—L - 12 |:| xep
s (190)
T e 1 +
ep
x3 5SS = _7_"4EEZDAL
) 24T R (191)
S8y e’ L Sy el L
15 Lrh x2 12 L xip '
4 2 4 25
3 . Treng 1l A, e 1
X (ZF) = 240 &, EZ(S)DTD 2
® (192)
3 2 6
_EZ( ) en 1l
12 urt 3
ep

A comparison of (189) and (191) shows that the princi-
pal nonvanishing contribution of bound states is com-
mensurate in magnitude to the contribution of scatter-
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Fig. 4. (1) Total pressure and (2) fraction of radiation pres-
sure in the total pressure as functions of temperature along
the solar trgjectory.

ing states, whereas the first term in (190) is two times
larger in magnitude than the corresponding term
in (192). Note that Eq. (192) was obtained in [10].

The chemical picture that includes the ideal gas,
Debye-Huckel, and bound state contributions to the
equation of state is often used in the literature. All cor-
rections, including those for diffraction, screening by
“dressed” particles, and interactions in the continuum
(arising from scattering states containing “classical”
logarithmic contributions and quantum sums in the
Born parameter €%/%v+), are then ignored. Thisis justi-
fied inthelimit I/T > 1, because the main contribution
to the equation of stateisthen made by bound states and
is proportional to exp(I/T). In the center of the Sun, we
have I/T < 1. For this reason, the neglect of scattering
states while the contribution of bound states is retained
isillegal. However, as both contributions (Z values) are
then small (~10) and the contribution of bound states
predominates at the periphery, the chemical picture
may be fairly “correct.”

The complete physical model for determining the
equation of state of a hydrogen plasma along the solar
trajectory is compared with the chemical models repre-

sented by Sos, or =55 in Section 7.

The equation of state of a plasma that describes
pressure P(p, T) and other thermodynamic functions
should be augmented by the contribution of equilibrium
thermal radiation in the plasma. Equationsfor radiation
intensity in an absorbing medium were obtained
in[42]. It follows from these equations that, with
respect to the g"/e' < 1 parameter, we can use equations
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Fig. 5. Absolute values of relative contributions &P/Py; to the total pressure versus temperature along the solar tragjectory

(8P = —3Q/V). Components: (1) P, i, (2) Po, er» (3) 8Pp_p» (4) AQqigi/V, (5) 3QVNV, (6) 5 Qo

exch

q
(9) -8Q3 IV, (10) =505 )V, and (11) Pg.

for radiation in a transparent medium. For instance, we
have k,C/@ ~ 107 in the center of the Sun according
to the Smodel [1]; here, k., is the mean absorption

coefficient (opacity), cisthe velocity of light, and @ is
the mean frequency of thermal radiation.

Let us write an equation for energy in atransparent
dense plasma [43] taking into account the relation k =

nw'c (n = J1-wi/w’ is the refractive index of the
plasma),

i dk

B = 2V [ oo thm —1(my

- " (193)
AV (-0 W

e’
Wp

exp(ioiT) 10

Here,

2 _ 2
w, = 4me’n/m,
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o Vi (7) BQE IV, (8) -3

pp/V,

is the electronic plasma frequency and V is the volume
of the system (V — ). It is taken into account
in (193) that radiation with frequencies w < wy, does not
propagate in the system as free radiation. The expan-
sion of the denominator in (193) in powers of the expo-
nential function exp(-Aw/T) yields

Er _

Vv

hw, T°

TSR
(194)

0

3 nl3[zKo(z) +27K(2) + (2 + Z)K,(2)],

n=1

where K, (2) stands for the Macdonald functions [38]
and z=nhw,/T. Inthelimit 2w, < T (2w,/T ~ /4 inthe
center of the Sun), (194) yields (cf. [28])

Er _ T [ 5 W
=R - 12 % } (195)
V. o1s5clT 4T U
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Fig. 6. Absolute values of relative contributions dP/Pyy to the total pressure versus relative radius r/Rg, at the periphery of the Sun
(8P = -3Q/V). Components: (1) Py i, (2) Pg, ¢ (3) 8Pp_n, (4) AQgise/V, (5) 3Q%NV, (6) 6QSRM IV, (7) 6Q N (8) 6Qq v,

©) - 3%V, (10) —5Q%" v, and (11) Pr.

In asimilar way, we obtain free radiation energy in the
form

TVIwA/oo wln%[ expDﬁ(*DD

3/2
(w wp)

- 3T[20 _[exp(hw/T) 1 (196)

dw

5
- ézth Z 202

n:1

As
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we can use (196) to determine radiation pressure,

G)FFD = wﬁTzi L K2(2)

Pr = DGVD ﬁr[z -

(297)
+— ~Ky(2
3 1
21tC nZln
Inthe limit 2wy, < T, (197) yields [28]

T
PY = ———. (198)

" asnc

To determine the velocity of sound along the solar tra-

jectory, we must know the cs value (the heat capacity
of radiation),

n  OEV
“ = T
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Fig. 7. Velocity of sound ((1) hydrogen physical model and (2) S'model [1]) and relative deviations from (1) for various chemical

models taking into account radiation [(3) ZE_SL and (4) ZESM models and (5) ZEF‘?M model ignoring degeneracy] as functions of

temperature along the solar trgjectory.

and the derivatives (0Pr/0T),, and (0Px/dp)r. The corre-
sponding equations are easily obtained from (194) and
(197). We omit the resulting fairly cumbersome for-
mulas.

Note that equilibrium between radiation and matter

presupposes that the condition k, R > 1isfulfilled. At
the periphery, in the photosphere, this condition is vio-
lated [1]. For instance,

p 04x107° glem?,

k=kp =8x10°x4x10° = 3.2x10" cm?,

R, =7x10" cm, kR, O2.

Solving direct helioseismology problems requires
the determination of various thermodynamic values
along the solar trgjectory. We restrict our consideration
to a hydrogen plasma (whereas the Sun contains other
elements too, largely He and aso Li, Be, B, C, N, O,
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Ne, ..., Fe) because the generalization of equations of
type (104) with ZBSin one or another form (even within
the framework of the chemical model) to multielectron
bound states requires solving the problem of three and
more bodies. Strict results have not been obtained thus
far even for Hel, and the problem requires further
inquiries. Several comments will be made in Conclu-
sions.

The velocity of sound in a hydrogen plasma can be

calculated by the equation [44]
2
2 _ O |4 P 199
CS @d]_r + . p@_H:l ( )
"Lopt

Here, pressure P and heat capacity ¢, are represented
by the sums of the contributions of matter P, (c\“,’I ) and

radiation Py (05) and p is the density of the plasma.
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Fig. 8. Relative deviations of the adiabatic compressibility index from the ideal gas value [(I"; — 5/3) x 103] depending on temper-
ature along the solar trgjectory: (1) hydrogen physical model, (2) S'model [1], and chemical models taking radiation into account

(3 255 . (4) Zoay . and (5) Zaw, with ignoring degeneracy].

Another important parameter used in helioseismology
isthe adiabatic exponent I ,,

2

r, = I%cs. (200)

7. NUMERICAL CALCULATIONS
OF THE EQUATION OF STATE
OF A WEAKLY NONIDEAL HYDROGEN
PLASMA ALONG THE SOLAR TRAJECTORY

Equations (5), (6), (9), (179), (180), (182), (16),
(52), (57), (98), (104), (156), (163), (160), (164), (165),
(170), (171), (194), and (197) were used to cal culate the
equation of state of a weakly nonideal hydrogen
plasma, that is, the dependence of the total pressure
P(r) or P(T) along the solar trajectory within the frame-
work of the Smodel [1].

Density and temperature distributions as functions
of the current radius counted from the center of the
Sun[1] are shown in Fig. 3. Calculations taking into
account all the contributions specified above character-
ize the physical picture, which, according to thermody-
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namic perturbation theory, is represented with accuracy
to the second virial coefficient (up to ¢?) for the hydro-
gen plasma.

Thetota pressure of the plasmaand radiation along
the solar tragjectory is shown in Fig. 4, where we aso
see the fraction of radiation pressure with respect to the
total pressure (approximately 4 x 10 in the center of
the Sun).

The absolute values of relative contributions oP/Py;,
where 6P = -0Q/V, to the total pressure are shown in
Figs. 5 (versus temperature) and 6 (at the periphery,
versus relative radii 1.0008 = r/R; = 0.9992). We see
that the contribution of the pressure of the electrons and
protons, which approximately equals 1 in the tempera
ture coordinates, sharply drops at the periphery approx-
imately to 107°. At the periphery, bound states (atoms)
predominate. Their contribution in the center of the
Sun, like that of e—p scattering states, is approximately
10, The contribution of Coulomb interaction (on the
order of 102 in the center of the Sun) reaches a maxi-
mum (about 107) at T~ 5 x 10* K and decreasesto 10™°
at the periphery. Diffraction corrections (on the order of
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Fig. 9. Relative deviations of the adiabatic compressibility index from the ideal gas value (I'; — 5/3); see Fig. 8 for notation.

1078 in the center of the Sun) pass a maximum (about
4x107°) at T=5x 10* K and then, like all interactions
involving charged particles (the contributions of the
summed logarithm, scattering states arising from e,
p—p, and e—e interactions, and e—e exchange interac-
tion) sharply drop at the periphery.

The relative contribution of the total logarithmic
term isabout 2 x 10~ in the center of the Sun (accord-
ingly, the correction for screening by “dressed” parti-
clesisan order of magnitude smaller).

Exchange interaction in the center of the Sun, next
in significance to Coulomb contribution, is approxi-
mately 4 x 10=3. The radiation pressure is about 4 x
1074, and the contribution of p—p scattering statesis on
the order of 10~ in the center of the Sun. The smallest
contribution of e—e scattering states is approximately
4 x 1075,

We also see that many of the corrections to the sec-
ond viria coefficient are quite substantial, taking into
account the high accuracy of theinversion procedurein
helioseismology problems.

We must again mention that we only consider the
contribution of a hydrogen plasma on the assumption
(obvioudly incorrect, especially close to the center of
the Sun, because of the presence of He and other ele-
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ments) that this is hydrogen that is responsible for the
total density of matter. In spite of the exceedingly con-
ventional character of this model, the purpose of our
calculations was to qualitatively estimate the relative
contributions of various total plasma pressure compo-
nents. At the same time, the accuracy of this model in
the usual sense (leaving precision helioseismology
aside) is quite reasonable in comparison with the data
of the complete S'model, including He and other ele-
ments distributed aong the solar tragjectory. For
instance, the distributions of the vel ocity of sound cgon
the temperature scale calculated within the framework
of the hydrogen physical model [see (199)] and the
S-model are shown in Fig. 7. The same figure contains
the relative deviations of the velocity of sound calcu-
lated using various chemical models. The chemical
modelsignore all corrections except the contribution of
free particles, the Debye—Hickel Coulomb interaction,
the contribution of bound states according to the

Planck—Larkin equation (=5 ) or represented by
% oo » and the contribution of radiation. The difference
between the results obtained using two methods for the

inclusion of bound states is approximately 7 x 1073 at
T ~ 10° K, when degeneracy effects are inessential. In
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the center of the Sun, the role played by degeneracy is

noticeable, and the two models, 55 and Zga,, one
taking degeneracy into account and the other ignoring
it, are very close to each other, but the relative devia-
tions of the models including degeneracy from those
that ignore it are larger than 1072,

The deviations of the adiabatic exponent from its
ideal gas value (I, — 5/3) x 10° [see (200)] along the
solar trajectory are shownin Fig. 8. We can comparethe
data calculated according to the complete physica
model and chemical models based on equations for
525 and Too, (with and without taking degeneracy
into account). The same figure contains the results of
calculations by the S'model for the “real” Sun contain-
ing al elements [1]. Even though the hydrogen model
is obviously incomplete, the difference between the
(T, —5/3) x 10° value calculated with its use and the
value obtained according to the S'modédl is not very
large, especially close to the center of the Sun, where

the physical model and the ZgFfM variant of the chemi-

cal model are closer to experiment than the g5 che-

mical model (which even gives deviations opposite
insign).

The 'y — 5/3 value is plotted in the entire range
along the coordinate axes in Fig. 9, which gives an
additional idea of the quality of the hydrogen model.
We see that the adiabatic exponent decreases in the
region of hydrogen ionization. The second, smaller,
peak present in S'model calculations is caused by the
ionization of helium, which isabsent in our model. The
difference between the chemical models specified
above is unnoticeable on the scale of the figure.

8. CONCLUSIONS

The development of helioseismology requires
knowledge of the equation of state with high accuracy.
We therefore performed an independent and detailed
derivation of a converging equation of state taking into

account relativistic (~T/(mc?)) and degeneracy (~nex§)
effects and consistently including the neutrality condi-

tion for activities {, = {,, Coulomb interaction in the
Debye-Huckel apprOX|maI|on (~T"p) with various cor-
rections on the order of I'pxK, and contributions to the
second virial coefficient from the converging logarith-
mic term [p In(my/my)], bound states (~LX3Zamu ),
scattering states arising from interactions of all types
(~LX[Z), exchange interaction (~Z.XxZe°/T), and
radiation pressure taking into account plasmaeffectson
radiation dispersion properties. Numerical calculations
of the equation of state, the velocity of sound, and the

adiabatic exponent were performed for a hydrogen
plasma along the solar trgjectory with the use of the
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compl ete physical model and various chemical models.
Note that, at the level of the current accuracy of mea
surementsin helioseismol ogy, qualitative sorting out of
certain approximations is possible in principle (for
instance, the results obtained in [6] are closer to exper-
iment than those reported in [4]).

Note several problems that require solution to pro-
mote further developments in this field of study. First
and foremost, we must consistently go beyond the
scope of the approximation that describes the equation
of state up to the second virial coefficient. Even taking

into account the contributions of the H-, HZ, and H,

hydrogen statesto pressurefalls outside the approxima:
tion limited by the second virial coefficient. We already
mentioned the problem of describing the contribution
of many-electron states of neutral and charged species
(Hel, Hell, etc. over al the elements) and many-body
scattering states. Heroic efforts made in this direction
[45, 46] cannot be considered conclusive. Indeed, the
method [45] for taking into account connected dia-
grams (Pcp) when simple irreducible diagrams

Pso = TSCW

(also see [13]) are known, which is based on the equa-
tion

kDaSDZ
2oz

itself leads to inaccuracies because it involves the inte-
gration in charge in quantum thermodynamic perturba-
tion theory [24]. For instance, with §{,) in the Debye—
Huickel approximation,

Pep = Z (201)

k

3
_ Kb
= n (202)
we abtain from (201)
-TD‘ED EZL‘E Ezjz,% (203)

which differs from the “correct” result [EQ. (57)] inthe
coefficient. Because of the integration in charge, we
here have 172 instead of 173 ([8] containsasimilar glip).

At the sametime, the approach suggested in [45, 46]
allowsusto at least qualitatively predict the structure of
the converging partition function of a multielectron
atom. Note that equations of the type of the Planck—
Larkin equation or the equation for Zgy divergeif lit-
erdly generalized, for instance, to a two-€electron
(helium-like) atom (ion) because of the presence of
doubly excited states. Let us consider the limit of a
large nuclear charge (z > 1), when electron—electron
interaction can be ignored in the principal approxima:
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tion compared with e ectron—nucleus interaction. Tak-
ing into account that [cf. (104)]

Sep = Ll TREE®

we obtain from (201)

T 2
Peo = 58pleken(Zep) - (204)

This result appears to be reasonable, at least qualita-
tively. To substantiate equations of this type, we must
use the Faddeev equationsfor the problem of three bod-
ies [47].

Also note that the Sun is a unique scientific labora-
tory. Indeed, first-principle calculations of many pro-
cesses in it are possible because its plasma is weakly
nonideal. For instance, in the center of the Sun, the con-
dition

T > max(e’kp, fiwy, Ry, Eqd) (205)

is satisfied (here, Eg = ene23 is the Stark microfield in
the plasma and d ~ ea,). For this reason, the principal
cut-off factor for the partition function of an atom is
temperature, because the contribution of bound statesis
on the order of (Ry/T)? [see (100), (101)]. In (205), Egd
is the interaction energy between the Stark microfield
and the atomic dipoled ~ ea,. The presence of the large
parameter given by (205) alows us to calculate the
equation of state starting with the ideal gas approxima-
tion and sequentially introduce the other effects,
including the influence of the discrete spectrum on the
pressure of a plasma, where unperturbed atomic states
arise at the first step. A qualitative consideration based
on the decay of “atoms” caused by screening, broaden-
ing, ionization under the action of microfields (the
Unsold mechanism [4]), etc. leadsto a picture different
from that obtained using perturbation theory with the
expansion in powers of activities, which is even not
substantiated by experiments. (Cf. [1], where it was
noted that the results of [6] are closer to the inversion
data than those obtained in [4].) Such a litera taking
into account of Debye screening in calculations of
atomic states (e.g., see [13, 14]) causes large shifts of
atomic levels and, accordingly, the centers of spectra
lines, which are not observed in weakly nonideal plas-
mas of arc discharges[48, 49].

In our view, taking into account broadening effects
(see(116) and theresultsreported in [20]) in describing
both spectral lines and the thermodynamic properties of
a weakly nonideal dense plasma is a more promising
approach. In principle, it binds up the problems of radi-
ation gas dynamics with those of radiation-collisional
kinetics, in which “atoms’ are represented differently
in pressure and radiation calculations [20].
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Abstract—We present experimental evidence and theoretical justification for the phenomenon of bistable elec-
trooptical switching in nematic liquid crystals doped with chiral compounds so that the ground state corre-
spondsto a360° helical twist of the director. The system exhibits switching between the ground and a metasta-
ble unwound states. The observed effect differs from the well-known Berreman—Heffner bistable switching by
the absence of a topologically nonequivalent ground state of the liquid crystal layer with a 180° twist of the

director. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The physics of formation of stable and metastable
statesin liquid crystals (L Cs) and the effects of switch-
ing between these states constantly attract the attention
of researchers. This research activity is related both to
the interest in elucidating special features in the inter-
action of LC moleculeswith the alignment surfaces and
to the new prospects of using the bistable switching
effects in electrooptical devices and display technolo-
gies[1-4].

One of thefirst effects of bistable switching in nem-
atic liquid crystals (NLCs) was demonstrated in the
early 1980s by Berreman and Heffner [5, 6]. It was
shown that NL Cs doped to a certain extent with achiral
additive are capable of featuring transitions to metasta-
ble states under the action of an applied electric field.
Because of some features of theinteraction between the
LC director and hydrodynamic back-flows arising in
the course of LC reorientation in the applied field, it
was also possible to provide for reversible switching
between these optically distinguishable states with dif-
ferent director twist angles. A distinctive feature of the
Berreman—Heffner effect is that, for the typical bound-
ary conditions with a small director pretilt angle at the
NLC layer boundaries, the ground stateis characterized
by a helix with a 180° twist of the director, while the
switching takes place between the 0° and 360° twist
states. Thus, the system in fact features three states,
which leadsto problemsin practical applications of this
phenomenon.

The Berreman—Heffner effect had been extensively
studied until quite recently [7—10]. Theseinvestigations
were aimed, in particular, at finding conditions for
effectively eliminating the ground 180° twist state. This
isrelated to the fact that the 180° state is topologically
nonequivalent to the switched (0° and 360°) states. If
the driving field is absent for a sufficiently long time,

the director exhibits relaxation to the ground state via
defects. Elimination of the defects requires using spe-
cial field configurations and/or specia boundary condi-
tions[7, 10]. For symmetric boundary conditions, non-
defect transitions are possible only between topologi-
cally equivalent states even in the material with aweak
anchoring energy [11]. A special caseisrealized under
asymmetric boundary conditions with a weak anchor-
ing at one of the boundaries, whereby transitions are
possible between the 0° and 180° twist states[4]. How-
ever, the creation of controlled asymmetric anchoring
conditionsis arather difficult technological problem.

This paper demonstrates the possibility of bistable
switching under the conditions where the minimum
free energy of an NLC layer corresponds to a helical
state of the director with a 360° twist. In the case under
consideration, thisis the ground state and it is topolog-
icaly equivalent to the second switched (unwound)
state, so that the problem of the third (topologically
nonegquivalent) state is eliminated.

The paper consists of theoretical and experimental
parts. The theoretical part reports on the results of
numerical simulation of the LC director dynamics and
describes the requirements to parameters that the LC
materials have to obey in order to provide bistable
switching between the 360° twist ground state and a
metastable homogeneous unwound state. The experi-
mental part presents evidence of the actua bistable
switching in NLCs of two types. The results of detailed
experimental investigation of the process of electroop-
tical switching illustrate limitations posed on the
parameters of LC layers and switching fields.

2. NUMERICAL SIMULATION

The laboratory coordinate system x, vy, zis oriented
so that the xy plane coincides with one surface of a

1063-7761/05/10001-0199$26.00 © 2005 Pleiades Publishing, Inc.
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plane-parallel LC layer and the z axis points toward the
other surface of the layer. The LC layer is assumed to
be homogeneousin the x and y directions. An important
rolein the simulation of bistable switching is played by
the hydrodynamics. Based on the Frank—Oseen contin-
uum theory of elasticity [12, 13], the Ericksen-Ledie
hydrodynamic theory [14, 15], and the Euler—Lagrange
formalism, it is possible to write the following system
of dynamic equations for the LC layer with an electric
field applied aong the normal (coinciding with the z
axis of the laboratory coordinate system), in which the
local molecular orientation field is determined by the
director n = (n, ny,, n,) = (&, n, ):

v,
p 6‘{[ [ 2Z E 3€0Z 1 3EnV

#5208~ g’ o+ ast’ + gV, |

ov, 9 on g, 1
P = 55 Gelgt + N+ 5UsEN V]
1
+§(2G1n212—0222+0(3n2
(1)
+0(4+0(512+0(6n2)v'y]
9% OF doF 0% .
at2 - )\E az +dZ@E _yat - ZZan
°n _ oF , d 9F _ on
'S2 =M "an T azar Yo T94Vy
0°T _ OF doF az . ,
Iatz - )\Z az +dzaz _yat - 3EVX_a3nVy'

Here, p isthe LC density, | isthe moment of inertia per
unit LC volume, v = (v, vy, V,) isthe velocity vector
of the hydrodynamic flow, a;,—ag are the hydrodynamic
Ledie coefficients, y = a3 — 0, is the rotational viscos-
ity, 0g = 05—V, A isthe Lagrange multiplier related to
the unit normal vector n, F isthe free energy density of
the LC layer given by the formula

F= %{ Knl'z +Kyp(ng' —€én' + %)2

+Kg[ZP(n2+ &%) + (8 + ")} )
D2

SD%[ + 8” 85

Ki; are the elastic moduli, and €, & are the principal
components of the low-frequency permittivity tensor;

+ 1
T2
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primed symbols denote the derivatives of the compo-
nents of director n = (ny, n,, n,):

on, ., on,_  0n,__
az_z’ az 1 3z ¢ 3

In expression (2) for the free energy density F, the
contribution due to the electric field is written in terms
of the z-component of the electric displacement vector
D. In other words, we adopt a model in which a charge
(rather than a potential difference) is set on the LC
boundaries (electrodes). For this reason, the term
describing the electric field contribution entersinto the
free energy with the plussign. Alternatively, the electric
contribution isfrequently included with the minus sign,
which indicatesthat the work is performed by avoltage
source and implies that a potential difference is set on
the boundaries. Both models eventually lead to identi-
cal results. However, description in terms of the electric
displacement is more convenient because L Cs are good
dielectrics and the electric displacement (in contrast to
the electric field strength E) isindependent of zeven for
an inhomogeneous distribution of the director. The
voltage drop across the LC layer and the z-component
of the electric displacement are related as

d

d
D € —€n, a7t
= = Z I d
v {Edz SDJO'%H = Hda @

whered isthe LC layer thickness.

It was experimentally established that the inertial
contributions written in the left-hand sides of Egs. (1)
are negligibly small. These terms were ignored in the
simulation. In solving Egs. (1), we used the boundary
conditions determined by a anchoring energy and an
L C director pretilt angle at the alignment surfaces. The
boundary-value problem was solved by a method anal-
ogous to that described in [16], using experimentally
determined values of the director pretilt angle (4°) on
both boundaries of the L C layer and aanchoring energy
of W= 0.2 mJm?. It isimportant to note, however, that
the finiteness of the anchoring energy of LC molecules
at the boundaries is not substantial for the effect under
consideration. For this reason, Egs. (1) can be aso
solved with rigid boundary conditions (infinitely high
anchoring energy).

The simulation was performed for thefollowing vis-
coelastic and dielectric parameters of the model LC:

Ky = 6pN, Ky = 3pN,

o, =0, a,=-008Pas, a; =0,
o, = 0075Pas, a;=01Pas,
g =19, &5 =6
No.1 2005
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These values are close to the parameters of the well-
known, widely used LC material 4-n-pentyl-4'-cyano-
biphenyl (5CB) [17]. The system of equations (1) was
numerically solved by the well-known relaxation
method using the NLCL program package developed
by one of the authors (S.PP) for the simulation of elec-
trooptical effectsin LCs. In addition, it was necessary
to solve the corresponding optical problem for inhomo-
geneous anisotropic media. This solution was obtained
using an algorithm described in detail elsewhere[18].

In expression (2), theterm q, characterizesthe chiral
properties of the LC materia. In the course of simula
tion, g, and the elastic modulus K;; were the variable
parameters. In bulk materials, where the contribution of
the anchoring energy to the total free energy of the sys-
temisnegligibly small, the equilibrium L C texture with
aminimum free energy corresponds to a helical direc-
tor distribution with a natural pitch of P, = 217/q, of the
cholesteric helix. In the case of thin LC films, the situ-
ation dramatically changes. Owing to the surface
anchoring, multiple local minima of the free energy
appear that correspond to the states with various num-
bers of half-turns of the cholesteric helix accommo-
dated within the layer thickness. The energy barrier
between the adjacent states increases with the anchor-
ing energy. Thus, in the rigid anchoring limit, the
ground state with the pitch P, is accompanied by an
infinite number of metastable states of the director dif-
fering by an integer number of half-turns of the helix
over the LC layer thickness. Here, asubstantial point is
that a continuous transition between two states differ-
ing by an odd number of half-turnsisimpossible for a
continuous deformation of the director in the entire vol-
ume. Therefore, such states are topologically nonequiv-
alent and transitions between such states without defect
formation are impossible. It is interesting to note that,
in the case of symmetric boundary conditions (even for
asmall anchoring energy making possible a change in
the state of director orientation at the boundaries), anal-
ogous nondefect transitions are also forbidden: such a
transition would require the director to rotate by 90° in
the middle of the LC layer, which contradicts the sym-
metry of the system [11].

The situation is different for the states differing by
an even number of half-turns of the helix. In this case,
there are no prohibitions and nondefect switching is
possible. For example, let us consider the states sche-
matically depicted in Fig. 1. Here, nondefect transitions
from the state with one half-turn of the cholesteric helix
over the layer thickness (180° twist state, Fig. 1a) to a
unwound state (Fig. 1b) or to the state with one com-
plete turn (Fig. 1c) are forbidden. For the sake of brev-
ity, the states depicted in Figs. 1a-1c will be referred to
below as 1%, 0- and 21t-states, respectively. At the same
time, transitions between the 21t and O-states are possi-
ble viaahomeotropic state of the director in the middle
of thelayer (Fig. 1d). Aswas noted above, the possibil-
ity of such switching was demonstrated by Berreman
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and Heffner [5]. Animportant feature of the Berreman—
Heffner system is that the ratio of the LC layer thick-
ness (d) to the natural helix pitch (Py) is d/Py = 0.5,
which accountsfor approximately equal energies of the
0- and 2re-states. However, this circumstance also
implies that, for the planar boundary conditions, the
minimum free energy corresponds to the Ttestate.
Therefore, the realization of switching between the 21+
and O-states requires an intermediate processto convert
the ground TE-state to the topologically noneguivalent
2re-state, which essentially involves the defect for-
mation.

The results of our numerica calculations showed
that the application of a driving voltage waveform
(Fig. 2b) comprising a sequence of two-part and single
pulses (similar to that used in [7]) makes it possible to
switch the system between the 21t and O-states even if
the 2r-gtate is the ground state. Figure 2a shows the
simulated electrooptical response of an LC layer sand-
wiched between crossed polarizers. Here, the director
passes from atwist state to the homeotropic state upon
application of the first two-part voltage pulseto the LC
layer, and exhibits relaxation to the homogeneous state
when the field is switched off. The transition is accom-
panied by the characteristic bounce of the optical trans-
mission. The final homogeneous O-state is dark in the
crossed polarizers because the axis of one polarizer and
the LC director occur in the same plane. Arrival of the
following single pulse switches the homogeneous
O-state back to the 2restate which (for the given orien-
tation of polarizers and optical anisotropy of the LC
layer) renders the optical system transparent. Similarly
to the case of the Berreman—Heffner effect, the transi-
tions proceed via the homeotropic state of the director
(aligned in the z axis) in the middle of the layer
(Fig. 1d) owing to different development of the hydro-
dynamic flows dependent on the shape of the driving
voltage.

The results of our simulations are summarized in
Fig. 3. It was established that an important condition for
bistable switching in the system studied isalarge ratio
of the elastic moduli: Ks5/K,, > 3. Curves 1 and 2 in
Fig. 3 separate regions representing various states of
the director after thefield is switched off, depending on
the variable parameters K44/K,, and d/P,. In the region
of K;3/K,, and d/P, ratiosto the left of curve 1, thefield
induces a homogeneous state which cannot be switched
back to the 2re-state. To the right of curve 2, the given
driving voltage waveform induces a 2restate without
the possibility of switching to the homogeneous O-state.
Anditisonly in the region between curves 1 and 2 that
the situation admits switching between the O- and
21t-states. For 0.5 < d/P, < 0.75, the system exhibits the
Berreman—Heffner switching in spite of the thermody-
namically favorable t-state. The system will relax into
this third state via defect formation if the field is
switched off for a prolonged time.
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Fig. 1. Schematic diagram of the LC director distribution in depth of an LC layer: (a) helical 180° twist state (Testate); (b) homo-
geneous unwound state (O-state); (c) helical 360° twist state (2re-state); (d) the process of switching from the (1) 2% to (4) O-state
and (5-7) the reverse process (states 2 and 5 are induced by an applied electric field).

Another important result revealed by the simulation
isthat, as can be seen from Fig. 3, the switching isaso
possible for 0.75 < d/P, < 1.25, where the 2rr-state
becomes the ground state under strong anchoring con-

ditions. Although the energy of the metastable O-state
increases so that the Trstate becomes energetically
more favorable than the O-state, the system switchesto
the O-state because it is topologically equivalent to the
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2restate. Thus, thethird (1) statein thisregimeiselim-
inated.

3. EXPERIMENT

In searching for the system featuring the predicted
bistable switching, we selected LCs of the two types.
Thefirst LC is the aforementioned 5CB. This material
is frequently used as the model LC medium, although
the elastic moduli of 5CB-based LCs have been
reported only in afew papers[17, 19]. According to the
published data, the room-temperature ratio of the elas-
tic moduli Ks3/K,, (elastic ratio) for 5CB is close to
three, which allowed us to expect bistable switching to
take place even in this classical material. The second
LC, referred to below as BCO, was prepared from a
mixture of three bicyclooctane homologs with a com-
mon structural formula,

Whefe R = C3H7, C5Hll1 and C7H15. The Obtal ned le'
ture contained the three homologs in a weight ratio of
30 : 40 : 30. The physical properties of an analogous
mixture have been thoroughly studied by Bradshaw
et al. [20] and are presented in the table. It should be
noted that the measurements reported in [20] were per-
formed at relatively high temperatures; nevertheless,
the material is characterized by an extremely high elas-
ticratio, Ks3/K,, = 3.3, which must still increase (taking
into account the temperature derivatives) on the pas-
sage to room temperature. The BCO-based L C mixture
fully justified our expectations with respect to bistable
switching in a system with the ground 2re-state accord-
ing to the state diagram in Fig. 3.

Thechiral additivewasan KhDN-1 compound (syn-
thesized at the State Research Institute of Organic
Intermediates and Dyes (NIOPIK), Moscow), which
was introduced into both LC matrices in a concentra-
tion of 0.4 wt %. This amount of additive ensured the
natural helical pitch of Py = 10.6 um for 5CB and P, =
6.9 um for BCO.

The experiments were performed on samplesin the
form of a Cano wedge with the layer thickness varying
from 2 to 10 pm over a distance of about 10 cm. The
wedge was obtained between polyimide-coated 10 x
15 x 100 mm optical glass plates with a pattern of
4-mm-wide transparent SnO, electrodes perpendicu-
lar to the long side, formed by chemical etching. The
high rigidity of glass plates and high quality of their
surfaces ensured smooth variation of the LC layer
thickness. The LC layers were aligned by rubbing the
polyimide films, which ensured the required planar
boundary conditions with strong anchoring and a
director pretilt angle of about 4°. Because of the strong
anchoring of LC molecules at the alignment surfaces,
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Fig. 2. Bistable switching in an LC layer: (a) numerically
simulated electrooptical response showing transitions
between 0- and 2re-states; (b) control pulsed voltage wave-
form. The LC layer is sandwiched between crossed polariz-
ers; the transmission axis of one polarizer is paralel to the
xz plane containing the LC director in the homogeneous
O-state. The numerical simulation was performed for
d/Pg =1, K33/Kyy = 4, and An = 0.19 (other parameters of
thevirtual LC are closeto the corresponding values for 5CB
(seethetext).

K33, pN K33/K5,
14 T T T ; T T T
L Ground 180° twist state | Ground 360° twist
| state
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Fig. 3. The results of numerical simulations showing the
regions of parameters of the virtual LC featuring non-swit-
chable O-state (to the left of curve 1), bistable switching
between the 21+ and O-states (region between curves 1
and 2), and non-switchabl e 2r-state (to the right of curve 2)
in response to a driving voltage waveform anal ogous to that
depicted in Fig. 2b.

the pitch cannot vary smoothly along the wedge. This
results in the formation of the Grandjean zones in
which the number of half-turns of the helix is fixed
within acertain interval of the layer thickness, as deter-
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Fig. 4. Schematic diagram of the experimental setup for the
investigation of LC orientation and electrooptical switch-
ing: (1) polarization microscope (Polam P-113); (2) photo-
detector or video camera; (3) digital oscillograph (Tektronix
TDS 3012); (4, 6) microscope polarizers; (5) sample (LC
layer in Cano wedge); (7) microscope light source (incan-
descent lamp); (8) voltage source; (9) personal computer
(with Creative PCI-128 sound board and PhysLab 5.0 pro-
gram package).

mined by the d/P, ratio varying in the intervals 0-1/4,
1/4-3/4, 3/4-5/4 and so on. The numbers of half-turns
of the cholesteric helix in the adjacent zones differ by
one, so that the states of the LC director in the adjacent
zones are topologically nonequivalent. The neighbor-
ing zones are separated by disclination lines.

The sample design described above makes it possi-
bleto study the electrooptical effects simultaneously in
three Grandjean zones corresponding to adirector twist
angle of 0° (unwound or O-state), 180° (T-state), and
360° (2restate). Each of these zones consists of many
local eectrically independent cells of variable thick-
ness. The loca thickness of each cell was measured

Parameters of a BCO-based L C mixture [20]

Elastic moduli K44, K5y, K3z, pN (T=74°C) | 11.2, 10.0,
33.0
dK4/dT, pN/K (T = 74-80°C) -0.3
dK/dT, pN/K (T = 74-80°C) -13
d(Kx/K1,)/dT, K= (T = 74-80°C) -0.2
Principal components of the low-frequency 17,85
permittivity tensor g, £ (T = 74°C)
Refractive indices ny, ny (T = 74°C) 1.64, 1.50
Bulk viscosity n, Pas (T = 20°C) 0.1
NL C-isotropic phase transition temperature, °C 92
Crystal-nematic phase transition temperature, °C 20
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Fig. 5. Bistable switchingin 5CB at T = 21°C: experimental
curves bounding the region of values of the layer thickness
d, the ratio d/Pg, and the selection pulse amplitude (Uyg)

ensuring bistable switching between the 21+ and O-statesfor
U1g =20V, 119 = 50 ms, and various selection pulse dura-
tionst,p=20(1), 50 (2), 100 (3), and 200 ms (4); horizontal
line 5 corresponds to the LC layer thickness at which the
disclination line separating the second (180° twist) and third
(360° twist) Grandjean zones in the Cano wedge is
observed.

using a capacitive technique before filling the wedge
with the LC medium.

Themainideain the search for and study of the pre-
dicted bistable switching consisted in monitoring the
LC layer switching in the third (360° twist) Grandjean
zone between the ground 2rt-state and the homoge-
neous O-state and vice versa. For a definite orientation
of the axes of crossed polarizers, the 21 and O-states
are readily distinguished by the naked eye due to the
structure of differently colored bands separated by dis-
clination lines. Indeed, if the axis of one of the crossed
polarizersis oriented along the direction of rubbing of
the alignment layers, the homogeneous state corre-
sponds to the dark region irrespective of the LC layer
thickness. Therefore, switching into the homogeneous
state renders the interval of thicknesses corresponding
to the third Grandjean zone optically equivalent to that
of the first Grandjean zone. However, the third and first
Grandjean zones are separated by a well-distinguished
second Grandjean zone in which the director hasa 180°
twist.

The dectrooptical response was studied using the
setup schematically depicted in Fig. 4. The setup com-
prised a polarization microscope (equipped with a pho-
todetector and a video camera), a digital oscillograph,
and an original system of virtual devices PhysLab 5.0
used in this case for the formation of the control pulsed
voltage waveform of adesired shapefilled withal-kHz
sinusoidal signal. Switching into the homogeneous
O-state was provided by a two-part pulse with the
amplitudes U, (reset phase) and U, (selection phase)
and the respective durations T, and T,,. The reverse
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switching to the 2restate was induced by asingle pulse
with an amplitude of U,,, = U,, (see Fig. 8b).

Figure 5 shows a family of closed curves bounding
the region of values of thelayer thickness (d/Py) and the
selection pulse amplitude (U,g) for bistable switching
between the 2r- and O-states in a 5CB-based LC for
various selection phase durations 1,,. For example, at
Uy, = 25V and 15 = 200 ms, bistable switching is
observed in the maximum range of LC thicknesses
(from 6.5 to 8.5 um). At a given content of the chiral
additive, this corresponds to the interval of d/P, values
from 0.61to0 0.8. For d/P, < 0.75, the switching islocal-
ized in the second Grandjean zone and corresponds to
the Berreman—Heffner type bistability. Observation of
the bistable switching effect in this region required
multiply repeated application of the pulsed voltage
waveform with a high amplitude (about 20 V), which
was necessary to eliminate the ground Testate. In this
case, we have initially observed in the Cano wedge a
slow (over several seconds) transition from the Tt to
21t-state via the formation of numerous defects. It was
not until complete disappearance of the LC regions in
the trstate that homogeneous bistable switching
between the 21 and O-states could be observed. Asfor
a very narrow interval within 0.75 < d/P, < 0.8, this
region falls into the third Grandjean zone. Here, the
2re-state is (by definition) the ground state and, hence,
we observe the anticipated bistability without the third
Testate. It should be emphasized that this thickness
region of switchable statesisvery small with respect to
the LC layer thickness and is localized at the very
boundary of the second Grandjean zone. A comparison
of the experimental data to the results of simulation
showed that the elastic ratio Ki/K,, = 3 for the
5CB-based LC is somewhat overstated; nevertheless,
to within the experimental uncertainty, thisvalueisin
good agreement with the observed behavior. Indeed,
according to the results of simulation (Fig. 3), the
upper boundary of the region of switchable states with
respect to the L C layer thickness corresponds to d/P, =
0.82, while the experiment (for the optimum para-
meters of switching pulses) gives upper vaue of
d/P, =0.8.

The experimental situation for the BCO-based LC
was sharply different from that for 5CB. As expected
based on the simulation results for alarge elastic ratio
(Kaa/Ky, > 3.3), the switching was observed only in the
third Grandjean zone. The observed behavior is illus-
trated in Fig. 6, which shows (like Fig. 5 for 5CB) a
family of closed curves bounding the region of param-
eters ensuring bistable switching for various values of
Ty- At Uyy= 5V, an increase in the selection pulse
duration T,, from 20 to 200 ms results in that an
increased (from 30 to 70%) part of the third zone is
involved in the switching process. Figure 7 illustrates
the role of the reset pulse amplitude U, at afixed reset
time 1, = 50 ms. As can be seen, the maximum range
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Fig. 6. Bistable switching in BCO at T = 24°C: experimen-
tal curves bounding the region of values of the layer thick-
ness d, the ratio d/Pg, and the selection pulse amplitude
(Uyg) ensuring bistable switching between the 21+ and 0-
states for Ujg = 20 V, 119 = 50 ms, and various selection
pulse durations T, = 20 (1), 50 (2), and 200 ms (3); hori-
zontal lines corresponds to the LC layer thicknesses at
which the disclination lines separating (4) the second (180°
twist) and third (360° twist) Grandjean zones and (5) the
third and fourth (540° twist) Grandjean zones are observed.

J. pm d/P,
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Fig. 7. Bistable switching in BCO at T = 24°C: experimen-
tal curves bounding the region of values of the layer thick-
nessd, theratio d/Pg, and the selection phase duration (T5)

ensuring bistable switching between the 21+ and O-statesfor
Uog=5.2V, 119 =50 ms, and various reset pulse amplitudes
U190 =10 (1), 15 (2), and 30 V (3); dashed horizontal lines
corresponds to the L C layer thicknesses at which the discli-
nation lines separating the second (180° twist) and third
(360° twist) Grandjean zones (for d/Py = 0.75) and the third

and fourth (540° twist) Grandjean zones (for d/Py = 1.25)
are observed.

of layer thicknesses for bistable switching is achieved
a relatively high U,y values on a level of 20-30 V.
In the case of relatively low control fields correspond-
ingtoU,;; =10V and Uy, =5V, it is necessary to use
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Fig. 8. Oscillograms of the (a) optical transmission T and
(b) control pulsed voltage waveform for bistable switching
between the 21 and O-states in the third Grandjean zone
(d/Pg=0.94) at T = 25°C. The LC layer is sandwiched
between crossed polarizers; the dark state (e.g., att=19)
corresponds to the O-state; the bright state (e.g., att = 1.8 5)
corresponds to a helical distribution of the director in the
2r-state.

relatively large durations of the selection phase:
T, > 150 ms. In this case, bistable switching is local-
ized at the center of the third Grandjean zone where

Figure 8 presents oscillograms illustrating the elec-
trooptical switching between the 0- and 2r-states. As
can be seen, the observed electrooptical response coin-
cidesin detail with the predicted behavior (see Fig. 2).
The difference in the time scale between Figs. 2 and 8
isrelated only to the difference in viscoelastic parame-
ters between the model and real LC materials. It should
be noted that a transition to the homogeneous O-state
after termination of the two-part voltage pulse is
accompanied by the characteristic bounce of the optical
transmission. The duration of thisbounceis determined
by viscoelastic properties of the LC medium. From the
standpoint of practical applications, this optical bounce
isundesired. The problem of optical compensation for
this effect is a subject for separate investigation.

Finally, it should be noted that, since the unwound
homogeneous state is metastable, prolonged absence
of the control field leads to unavoidable relaxation to
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the ground 2restate. The rate of this relaxation
decreases with increasing L C layer thickness and with
decreasing number of defects on the alignment sur-
face. At alayer thickness of about 7 um, the character-
istic time of the complete transition to the ground state
amounts to tens of seconds. In this context, it would be
more correct to speak of aquasi-bistable switching. We
use the term bistable switching because it is histori-
cally attributed to the Berreman—Heffner effect (which
would be also more correctly classified as quasi-
bistable switching).

4. CONCLUSIONS

We have theoretically predicted, based on the
results of numerical simulation, and experimentally
observed and studied the phenomenon of bistable
switching in the third Grandjean zone of achiral nem-
atic layer. In this case, the ground (thermodynamically
equilibrium) state correspondsto a helical director dis-
tribution deep in the layer with the resulting 360° twist,
and the switching takes place between the ground state
and ametastable unwound state of the director. In con-
trast to the well-known Berreman—Heffner bistable
switching, the process under consideration does not
involve a third state corresponding to the 180° twist.
The results provide a deeper insight into the role of
topologicaly equivalent states in the electrooptics of
LCs. The absence of the topologically nonequivalent
180° twist state leading to undesired defect formation
simplifies the use of the proposed effect in electroopti-
cal devices.
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Abstract—The complex dynamics of intracavity three-wave mixing are discussed. Detailed results obtained
by numerical simulation of routesto chaos are presented for awide range of parameters. Asthe pump intensity
increases, a complex sequence of alternating regular and chaotic self-modulation regimesis observed. Therela-
tionship between these regimes and soliton formation and propagation is analyzed. © 2005 Pleiades Publishing,

Inc.

1. INTRODUCTION AND STATEMENT
OF THE PROBLEM

Spatiotemporal chaos in nonequilibrium systemsis
one of the most challenging problems in modern non-
linear physics [1-4]. One important example of wave
interaction leading to the onset of chaos is three-wave
mixing, which manifests itself in fluid dynamics,
plasma physics, radio engineering, electronics, nonlin-
ear optics, and other areas [2—7].

In this paper, we analyze the nonlinear dynamics of
intracavity three-wave mixing in aquadratic nonlinear
medium. This system can be considered as a model of
an optical parametric oscillator (OPO), as well as of
other electromagnetic oscillators [8, 9]. Another
example is acousto-optic interaction in a system with
reflecting boundaries [10]. Currently, generation of
chaotic signals is considered a promising field of
research in view of possible applications in communi-
cation systems, radar technology, etc. [11-13]. In
these applications, distributed systems offer certain
advantages as sources of high-dimensional chaotic
signals characterized by a high complexity (in a cer-
tain sense).

We consider threeinteracting waves whose frequen-
cies and wavenumbers satisfy the following phase
matching conditions:

0.+ 0 = 0, )
k. +k = k.

A pump photon with frequency w, is down-converted
into a signal—idler photon pair with frequencies w, and
w,, respectively [2—7]. We use the model of this system
developed in [14] by applying the slowly varying enve-

lope approximation [2-6]:

dA,  OA,
+

W SW = o-sAi* Api (2)
0A  OA
5t Vigx OiAS A, ©)
0A 0A
2+ Vpa2 = —G,AA, (4)

where A ,, Vs i p, and gy ; , denote the corresponding
amplitudes, group velocities, and nonlinear coupling
constants, respectively. The nonlinear medium is con-
fined in a cavity tuned to the signal frequency. The cav-
ity is supposed to be transparent for the idler and pump
beams. (This system is known as singly resonant opti-
cal parametric oscillator in the OPO theory [9].)
Boundary conditions are set as follows (see [14]):

AL0,1) = RA(,t—At), (5)
A(0,1) =0, A0 1) = A, (6)

where R = pexp(iy) is a (complex-valued) feedback
parameter, | is the cavity length, At is the feedback
delay time, and A, is a constant input pump amplitude
(controlled by an external pump source). While theini-
tial condition for the pump is Ay(x, 0) = Ay, both signal
and idler are seeded by noise.

The parameters p, Y, and At depend on the cavity

type, which is not specified here. For example, the for-
ward- and reflected-wave amplitudes at the boundaries

1063-7761/05/10001-0208$26.00 © 2005 Pleiades Publishing, Inc.
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of alinear Fabry—Perot cavity, A; and A, satisfy the
relations

As(0) = RoAS(0),
A(l) = RAS(1) exp(=2ikd),

(7)

where R, and R, denote the (complex-valued) left and
right boundary reflection coefficients, respectively.
Since the reflected wave is not involved in the wave

mixing, A, obeys the equation
OA;_, A
ot ® 0x

=0 8)

for a wave propagating backwards with the signal
group velocity. Representing the solution to Eq. (8) as

AZ(0, 1) = A(l, t=I/vy),

we eliminate the refl ected-wave amplitude from (7) and

obtain Eq. (5) with p = |RyR|, ¥ = arg(RyR;) — 2k,
and At =1/v,

In the case of atraveling-wavering cavity, the delay
At is an independent parameter, but boundary condi-
tions (5) and (6) still hold. Moreover, they apply to the
system considered in [10], where no cavity was
employed and feedback was implemented by means of
acoustic wave reflection from the boundaries.

Changing to the dimensionless variables (see [14])

v _ [OpVsAs N N A
A= lowa AT oA T A
_ X _vgVvi(t=x/vy)
S A I

and dropping the primes, we rewrite Egs. (2)—<4) as

0A 6AS .
s OE = aA"A,, 9
oA .
-55— = 0A; Ap, (10)
0A, 0A,
(1+ )_T+¥ —aAA;, (11)

where a = Ajl(coi/vv;)Y? is the normalized input
pump amplitude and the parameter u = v(vs —
vl V(Vi — V) characterizes the group-velocity mis-
match. To be specific, we assume that v; > v, other-
wise, similar equations can easily be obtained by
changing the normalization conditions. In either case,

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

209

the difference of the signal and pump group velocities
is supposed to be sufficiently large, because their rela
tive values determine the parametric-gain bandwidth.
When v, = v,, the bandwidth tends to infinity, i.e., the
corresponding signal spectrum is too wide to treat the
parameters in the starting equations as constants, and
even the equations for slowly varying amplitudes are
not valid anymore.

Boundary conditions (5) and (6) rewritten in terms
of the dimensionless variables are

A0, 1) = RA(1, T-9),
A,(0,T) =1,

A0, 1) =0, (12)

where

5 = vi(At+1/v,)

I(vi—vy)
is the normalized delay. For the Fabry—Perot cavity,
At = /v (see above) and, therefore,

VitV
0= ——>1.
Vi—Vg

However, & can have any value in the present analysis,
since it is not restricted to any specific type of cavity.
Under the present assumptions, the spectrum of the sys-
tem is given by the expression (see[14])

2mn+ Y
1+d

Q, = (13)

where Q is a dimensionless offset relative to the
frequency w satisfying exact phase matching condi-
tions (1).

It was shown in [14] that the pump amplitude cor-
responding to the generation threshold is a periodic
function of the feedback-parameter phase (. This
behavior is common to delayed feedback systems
(e.g., see[15-18]). Whenpy=-2m (n=0, 1, 2, ...), the
offset given by (13) iszero (i.e., one of the dimensional
eigenfrequencies corresponds to the exact phase match-
ing conditions) and generation isinitiated by a pump of
minimal intensity. In this case, the generation condition
has a simple form:

pcosha = 1. (14)
Conversely, when | = —21mn + 11, the nearest eigenfre-
guencies are equally separated from the phase-match-
ing frequency, the threshold pump intensity is at its
highest, and there is a periodic array of generation
zonesin the (a, P) plane.

As the pump intensity increases, the steady-state
generation regime (with time-independent envelopes)
becomes unstable. In the ensuing self-mode-locked
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regime, a parametric soliton periodicaly propagates
along the axis [14, 15]. The onset of the self-mode-
locked regime aways occurs viaa“hard” change from
steady-state generation to strong envelope oscillation.
This can be interpreted as simultaneous generation of
many phase-locked cavity modes leading to periodic
formation of soliton-like pulses. This self-mode-lock-
ing mechanismisassociated with adip inthe gain curve
[14, 17-21].

According to [14, 15], atransition to chaos through
intermittency is observed at the center of a generation
zone as the phase locking characteristic of the steady-
state and self-mode-locked periodic regimes breaks
down. In the latter regime, the phases of the generated
modes (each depending separately on coordinate and
time) satisfy the relation

SN[¢p(E, T) —05(E, T) - 0:(&,T)] =0, (19

which ensures optimal conditions for energy exchange
between the modes. As the modulation depth increases
with a, the system passes through states with fast-vary-
ing phases. At certain instants, the phase locking breaks
down. Accordingly, both coupling efficiency and enve-
lope oscillation weaken, the phase locking is restored,
and the process repeats. The output waveform is a
sequence of almost regular intervals of phase-locked
oscillation with growing modulation depth interrupted
by intervals of irregular oscillation.

However, the description given in [14, 15] does not
embrace all scenarios. Nonlinear oscillationsin distrib-
uted systems are characterized by complex behavior in
the corresponding parameter spacesinvolving alternate
regular and chaotic regimes and different scenarios of
transition to chaos [15-18, 22, 23]. The system consid-
ered here should be expected to exhibit behavior of this
kind aswell. Note al so that only the transition to chaos
at the center of a generation zone has been analyzed,
whereas essentidly different dynamics may be
observed when the system is detuned from the zone
center frequency [15, 16].

In this paper, we present the results of a detailed
study of chaotic dynamics. In Section 2, we assumethat
phase-locking condition (15) is satisfied, in which case
the envelope amplitudesin Egs. (9)—(12) can be treated
as rea variables. We demonstrate a variety of self-
mode-locked regimes differing by the number and
polarity of the generated solitons. As the pump inten-
sity increases, a transition to chaos occurs via break-
down of quasiperiodic dynamics. It was shown in [14]
that the scenario described above cannot be imple-
mented when the pump intensity substantially exceeds
the generation threshold, because the phase-locked
regime becomes unstable. However, an analysis of this
simplified route provides a correct physical interpreta-
tion of the complex dynamics observed in the genera
case of complex amplitudes (see Section 3). In Section 4,
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we discuss a scenario of transition to chaos near the
boundaries of a generation zone, where bistability is
possible; i.e., the regimes developing from two neigh-
boring modes coexist. The coalescence of these
regimes (disappearance of bistability) dueto increasing
supercriticality is analyzed in detail.

It should be mentioned here that various issues aris-
ing in the OPO theory have been addressed in numer-
ous studies (e.g., see [24-34]). However, the complex
dynamics and scenarios of transition to chaos discussed
in this paper have almost never been considered. The
analyses were focused on stability of the steady-state
regime, formation of soliton-like localized structures,
and related phenomena. For the most part, the case
when al of the three waves are phase-matched with
high-Q cavity modes was considered (three-wave para-
metric oscillator). Under this condition, one can set
periodic boundary conditions and seek solutionsfor the
slowly varying envelope fields of appropriate eigen-
modes (i.e., consider the so-called mean-field limit
[24-26, 28, 29, 31, 34]). In this approximation, the
starting equations can be reduced to models analogous
to the Ginzburg-Landau or Swift-Hohenberg equation
[25, 26, 28, 31]. However, the three-wave coupling
model based on Egs. (9)—<(11) is better suited for ana-
lyzing the essentially multimode regimes of complex
dynamics. According to the terminology of the OPO
theory, this model describes a singly resonant nonde-
generate OPO with an arbitrary-Q cavity. However, we
emphasize that the modél is universal in the sense that
it describesthe dynamics of intracavity parametric mix-
ing of waves of any nature.

We also note that our analysisis restricted to a one-
dimensional problem formulation. This approach is
applicable when the transverse field distribution can be
treated as invariant. Thus, we ignore the instabilities of
transverse field profile, which play an important rolein
the dynamics of broad-area cavities[24-26, 28, 29, 32].
The complex dynamics due to two-dimensional effects
should be analyzed in a separate study.

2. TRANSITION TO CHAOS AT THE CENTER
OF A GENERATION ZONE: PHASE LOCKING

Consider the dynamics of three-wave mixing at the
center of a generation zone (Y = 0). In this case, it can
be shown that there exist solutions describing phase-
locked modes, i.e., satisfying condition (15) (see[14]),
and the envelope in Egs. (9)—(12) can be treated as rea
variables.

To be specific, we set p = 0.2 (i.e., consider arela
tively low-Q cavity), u=-1, and & = 1.0. We consider
the sequence of bifurcations observed as the input
pump amplitude is increased. When a is relatively
small, we are dealing with single-mode generation at
the fundamental frequency (see [14]). Since Q = 0in
our model, the generation frequency is ws. When a
exceeds a certain threshold ag,,, the instability of the
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Fig. 1. Spatiotemporal dynamics, phase portraits, and spectra of output signal in different self-mode-locked regimes. ¢ = 0; u= -1,

0=1.0;p=0.2; a =4.75(a), 5.0 (b), and 5.8 (¢).

singlemode regime leads to a self-mode-locked
regime. The output waveform a,,(t) = |A( = 1, 1)],
phase portrait, and spectrum shown in Fig. laillustrate
the spatiotemporal dynamics of periodic soliton-like
pulse propagation. The hard onset of self-mode-locking
is characterized by generation of numerous side modes
at frequencies close to Q,, defined by (13). The particu-
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lar combination of the side modesis determined by the
value of & (see[14] for details). In the case considered
here, even modes are generated (=2, 4, 6, ...) and the
offset Qg between the fundamental mode and the near-
est side modes is approximately 21t Note that the self-
mode-locking mechanism described here is character-
istic of broadband delayed-feedback oscillators, such
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Fig. 2. Phase portraits and spectraillustrating a quasiperi-
odic route to chaos at a = 8.2 (a), 8.5 (b), and 8.75 (c). The
remaining parameters are asin Fig. 1.

as traveling-wave tube oscillators [18-21], ring-cavity
lasers [35-37], and free electron lasers [38].

New sdf-mode-locked regimes emerge as a
increases, differing by the number and polarity of gen-
erated parametric solitons. Figure 1illustrates the three
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regimes of this kind obtained for the parameter values
specified above. In the regime corresponding to Fig. 1a,
periodic propagation of a single soliton with positive
polarity isobserved. Notethat the obviousinvariance of
Egs. (9)«11) under the change A;; — —Ay; implies
that there exists either a solution that is symmetric
under this change or apair of asymmetric solutionsthat
are mutually symmetric. Figure laillustrates one of the
admissible asymmetric regimes.

Figure 1b illustrates an asymmetric two-hump soli-
ton regime with opposite polarities. The corresponding
modulation frequency is half that in the case of Fig. 1a;
i.e, odd side modes are generated. (Recall that the
onset of a self-mode-locked regime observed when o =
1.0 isdueto generation of the modeswithn=+2.) The
section of the corresponding phase diagram shows a
limit cycle of complex geometry. Note that the modes
with n = £1 have the largest amplitudesin this, whereas
thelargest amplitudein theregimeillustrated by Fig. 1a
corresponds to the fundamental mode (n = 0). The dip
at the fundamental frequency manifests a changein the
gain curve [14].

Figure 1c illustrates a symmetric regime in which
single-hump solitons having similar shapes and oppo-
site polarities (sometimes called solitons and antisoli-
tons) are generated. In this case, the modulation fre-
guency Qg iscloseto 2 (asin Fig. 1a), but the funda-
mental mode is completely suppressed. The spectrum
consists of the Q,,-mode and its odd harmonics; i.e.,
only the +2(n +1)th modes survive (n=0, 1, 2, ...).

Anaogous transitions between asymmetric and
symmetric self-mode-locked regimes have also been
found in various models of optical lasers [35, 36, 39]
(this phenomenon was called mode splitting in [39]).
These results were indirectly confirmed in a recent
study [40] of parametric spin-wave generation in an
“activering” consisting of an yttrium—ron—garnet film
and a feedback loop containing a microwave amplifier
and a variable attenuator. Both nonlinearity and disper-
sion were completely determined by the film’s proper-
ties, while the amplifier was used to compensate for
coupling losses in the input and output antennas. The
film was pumped by a square-pulse train at the doubled
signa frequency. When the signal frequency was close
to one of the ring eigenfrequencies, aperiodic sequence
of identical solitons analogous to that shown in Fig. 1a
was generated. When the signal frequency was approx-
imately at the midpoint between eigenfrequencies, soli-
tons with alternating polarity were generated in a
sequence anal ogousto that presented in Fig. 1c. Similar
behavior was exhibited by different active rings con-
taining ferromagnetic films[41, 42]. However, the tran-
sitions between regimes predicted by the present model
are due to variation of pump intensity rather than fre-
guency and are associated with the nonlinear transfor-
mation of the gain curve described in [14].

With further increase in a, quasiperiodic self-mod-
ulation is observed, and then a transition to chaos
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occurs via breakdown of quasiperiodic dynamics (the
Ruelle-Takens scenario). Figure 2 shows phase
portraits and spectraillustrating quasiperiodic and cha:

otic self-modulation regimes.

Qualitatively similar behavior is observed at differ-
ent values of p and d. The influence of the feedback
parameter is clear from the diagram of regimes in the
(p, a) plane shown in Fig. 3. The curves shown here
represent the generation threshold (predicted by (14))
and successive transitions from single-mode generation
via self-mode-locked periodic regimes with a different
number of solitons to quasiperiodic and chaotic self-
modulation. The illustrated behavior deviates from the
scenario described above only when p is close to unity
(i.e., for high-Q cavities), in which case a hard transi-
tion to chaos is observed instead of quasiperiodic self-
modulation. Note that the regions of quasiperiodic
dynamics contain multiple synchronization tongues
representing phase-locked regimes characterized by
rational quotients of mode frequencies. They are not
shown in the figure because they are too small.

Variation of the normalized delay & does not lead to
any qualitative change either. However, the overal
dynamics becomesincreasingly complex asthis param-
eter increases. In particular, the number of multisoliton
regimes observed prior to the onset of quasiperiodic
self-modulation increases. This is easy to explain,
because transitions between different regimes are due
to competition between modes (see above), and the
parameter & controls the number of “active” modes
(whose freguencies lie within the parametric-gain
bandwidth). In any event, the typically observed phe-
nomenainclude mode splitting and quasi periodic route
to chaos.

3. TRANSITION TO CHAOS AT THE CENTER
OF A GENERATION ZONE: GENERAL CASE

Even though phase-locked modes always exist at the
center of ageneration zone, they may be unstable. Cal-
culations performed in the general case of complex
amplitudes show that the scenario described in the pre-
ceding section holds only for steady-state generation
and self-mode-locked periodic regimes, when a single
soliton forms over the cavity length (regions SF and S1
in Fig. 3) [14, 15]. When the formation of two-hump
solitons with opposite polarities becomes possible,
there exist points where the signal amplitude vanishes.
Under this conditions, the system passes through states
with fast-varying phases, phase-locking condition (15)
is violated, and therefore both coupling efficiency and
envel ope oscillation weaken. Then, the modelocking is
restored. Overadl, the signal exhibits transition via
intermittency to a chaotic regime characterized by a
continuous spectrum. In the (p, a) plane shown in

1 Only the spectral domain of Q > 0 is shown in Fig. 2, since the
spectra corresponding to real variables are symmetric about the
zero offset frequency.
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0 0.2 0.4 0.6 0.8 1.0

Fig. 3. Map of dynamic regimes in the (p, ) plane: ag =
generation threshold; SF = steady-state oscillation at the
fundamental frequency; S1-S3 = self-mode-locked regimes
with different number of generated solitons; Q = quasiperi-
odic self-modulation; Ch = chaotic self-modul ation.

Fig. 3, the intermittency threshold corresponds to the
boundary separating regions S1 and S2. Since condition
(15) does not hold in chaotic regimes, the coupled wave
amplitudes cannot be treated as real quantities and the
multisoliton regimes described in the preceding section
are, strictly speaking, unstable. However, sincethetime
scales of transient processes are relatively long, the
regimes should rather be considered as metastable.
Therefore, they can beimplemented in experiments, for
example, by pumping with a pulse train (as was done
in[40]).

However, intermittent chaotic regimes correspond
to a very narrow interval of a. At higher a, a periodic
self-modulation largely analogous to that illustrated by
Fig. 1b is observed, but the corresponding spectrum is
asymmetric (mode frequencies are shifted relative to
the their “zero-point” values given by (13)). Further
increase in pump amplitude leads to a transition to
chaos that has much in common with that described in
Section 2. As a typical example, consider the case of
p=0.7and Y =0.1m(Fig. 4). When a = 3.9, quasiperi-
odic self-modulation is observed (see Fig. 4a), the spec-
trum is dominated by modes with n = -2 and +1, while
the central modes (with n = =1 and 0) are suppressed.
The corresponding spatiotemporal dynamics resemble
the two-soliton regime depicted in Fig. 1b. At a higher
pump amplitude, atransition to chaos occurs via break-
down of quasi periodic dynamics (see phase portrait and
spectrum in Fig. 4b). When a = 5.0 (Fig. 4c), periodic
mode locking isrestored, and regular oscillation similar
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Fig. 4. Phase portraits and spectra illustrating different types of behavior observed after transition to chaos via intermittency: p =

0.7;5=1.0; Y = 0.17 & = 3.9 (a), 4.3 (b), 5.0 (), and 5.2 (d).

to the single-soliton generation depicted in Fig. lais
observed. Further increase in pump amplitude again
leads to a transition to chaos via breakdown of quasip-
eriodic dynamics. Thus, a sequence of alternating regu-
lar and chaotic regimes is observed, in agreement with
results obtained for different distributed systems char-
acterized by complex dynamics [15-18, 22, 23]. The
bifurcation sequence ultimately leads to a“fully devel-
oped” chaotic regime, whose phase portraits do not con-
tain any identifiable large-scale pattern (see Fig. 4d).
However, even the spectra of such regimes contain dis-
tinct components corresponding to the eigenmodes of
the original system.

Overall, the complex dynamics at the center of a
generation zone described above is observed for other
values of the feedback parameter. The only exceptions
arethe casesof p < 1 and p ~ 1, where somewhat sim-
pler behavior is observed (“islands’ of regular dynam-
icsin the chaotic seadisappear). However, severa tran-
sitions can still be identified between chaotic attractors
that have developed from various modes. The corre-
sponding spectradiffer by the locations and amplitudes
of discrete peaks standing out against a noisy back-
ground.
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It should aso be noted that the overall dynamics
becomes increasingly complex as & increases, i.e., the
frequency difference between modes decreases. Tran-
sient processes tend to take longer times, whereas the
intervals of regular behavior become shorter. The
regimes discussed above are increasingly difficult to
identify, obviously because of competition between
many closely spaced modes.

4. TRANSITION TO CHAOS
NEAR THE BOUNDARIES
OF A GENERATION ZONE

Finally, we discuss the complex dynamics observed
near the boundaries of a generation zone, where stable
(but not necessarily single-frequency) generation
regimes devel oping from two neighboring eigenmodes
coexist. The particular regime that survives after the
transition is determined by the initial conditions. This
behavior is typically exhibited by delayed-feedback
oscillators [15-18]. The key question concerns the
regime that develops from two coexisting attractors as
supercriticality increases: do they merge into a single
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-4 0 41
AT — AT) Q

Fig. 5. Phase portraits and spectra of output signal for the
bistableregimewithp=0.2,  =0.91, 6=1.0, and a =5.37.
The coexistent self-modulation regimes develop from the
modes with n=0 (a) and -1 (b).

attractor, or are they superseded by an essentialy dif-
ferent regime?

To be specific, we consider the case of p =0.2, 0 =
1.0, and Y = 0.911, when the regimes corresponding to
the modes with n = 0 or —1 are observed, depending on
initial conditions. The dynamics in question were sim-
ulated by increasing a and retaining the initial condi-
tions. The dynamics observed under relatively weak
pumping are qualitatively ssmilar to those described
above. In particular, atransition to chaos via intermit-
tency occurs in the fundamental mode when a = 5.2,
superseded by quasiperiodic self-modulation at a =
5.28. Figure 5illustrates the coexistence of two quasip-
eriodic regimes corresponding to the same parameter
values.

Asa increases further, anew attractor appears, with
a spectrum dominated by modeswith n=-2 and 1 (see
Fig. 6a). The spectrum, being almost symmetric about
the fundamental frequency, contains distinct compo-
nents at the frequencies corresponding to n = -5 and 4,
which are ailmost equal to the tripled frequencies of the
dominant modes. The frequencies of the remaining
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Fig. 6. Phase portraits and spectra for regimes with sup-
pressed central modes: (a) multiple-frequency regime with
o = 5.4; (b) fully developed chaotic regime with a = 6.0.
The remaining parameters are asin Fig. 5.

components are different from any eigenmode fre-
guency. Thus, the central modes withn=-1 and 0 are
suppressed. Thisregime is analogous to the mode split-
ting and “symmetric” cycles described in [35, 36, 39].
The output waveform isasequence of envelope solitons
having different polarities. The carrier-wave phases
corresponding _to neighboring solitons differ appro-
ximately by 102 In this respect, the regime is analogous
to those discussed in Section 2 (see Fig. 1c).

The three regimes coexist within a narrow range of
parameter values. Outside it, the attractors that develop
from the central modes become unstable, and a single
“symmetric” attractor survives. The corresponding
self-modulation regime is quasiperiodic, except for a
resonance observed in anarrow parameter interval due
to self-mode-locking. At a = 5.65, atransition to chaos
occurs via breakdown of quasiperiodic dynamics. With

2|t isclear that the phase is a function of both coordinate and time.
However, it varies insignificantly within each pulse, and the dif-
ference in phase between neighboring solitons is almost equal
toT
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increasing supercriticality, a transition to “fully devel-
oped”’ chaos analogous to that discussed above is
observed (see Fig. 6b).

5. CONCLUSIONS

We have presented a detailed description of chaotic
dynamics of intracavity three-wave mixing that gener-
alized the results reported in [14, 15]. As the pump
amplitude is increased, the first transition to chaos via
intermittency (due to breakdown of phase locking)
described in [14, 15] is followed by a complex
sequence of aternating regular and chaotic self-modu-
lation regimes in which breakdown of quasiperiodic
dynamics plays a dominant role. Transitions between
distinct regimes are associated with changes in spa-
tiotemporal dynamics caused by formation of coherent
structures (envelope solitons) and their interactions.

We have analyzed the complex dynamics near the
boundaries of ageneration zone (which was not studied
in [14, 15]), where the system’s behavior is further
complicated by effects due to bistability, i.e., coexist-
ence of oscillatory regimes devel oping from neighbor-
ing modes. With increasing supercriticality, the corre-
sponding attractors become unstable and a new regime
emerges that is symmetric about the phase-matching
frequency (i.e., the gain-bandwidth center). This
regimeisdominated by distant side modes, whereasthe
central modes are suppressed. The bifurcation sequence
leads to the so-called fully developed chaos, i.e, a
highly irregular oscillatory regime in which no large-
scale pattern can be identified in the section of the
phase portrait. This behavior is characteristic of
delayed-feedback distributed systems, in agreement
with results reported in [15-18].

The results obtained in this study can be used to
explain the complex dynamics exhibited by certain
devices, particularly optical parametric oscillators. We
have al so observed some phenomenathat occur in other
systems, such as delayed-feedback traveling-wave tube
oscillators [18-21], ring-cavity lasers [35-37], and
“active rings’ based on ferromagnetic films [40-42].
These findings suggest that the behavior demonstrated
here is common to broadband delayed-feedback oscil-
lators.
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Abstract—We propose a model of a Brownian motor that performs a useful work against aload force F in an
asymmetric periodic potential V(x) = V(x + 2L) that undergoes random shifts by ahalf period L with afrequency
y. An arbitrarily shaped potentia profile is repeated with an energy shift AV in both half-periods L, while the
periodicity of the function V(x) is ensured by its jumps at X = 0 and x = L. The boundary condition at x = O for
the distribution function of a Brownian particle allows us to introduce a high and narrow potential barrier Vg
that blocks the reverse current and leads to high efficiency of the motor (the ratio of the useful work done
against the load force F to the energy imparted to the particle through the potential shifts). Based on this
model, we derived exact analytical expressions for the current J and the efficiency n. In the special case of
piecewise-linear potentials, J and n were plotted against F and y for various values of the parameters AV
and V. We discuss the influence of the potential shape and fluctuation frequency on the main characteristics

of the motor. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

At present, the nonequilibrium fluctuationsin asym-
metric environments that lead to a directed motion of
Brownian particles even in the absence of an external
field are being intensively investigated [1-3]. These
issues are of methodological and practical interest in
studying and constructing the so-called Brownian
motors—nanomachines converting various forms of
energy into mechanical energy, systems segregating
nanoparticles, molecular pumps operating on the split-
ting energy of adenosine triphosphate, etc. In modeling
such systems, an asymmetry isintroduced by consider-
ing asymmetric potentials, while fluctuations are pro-
duced by time-varying deterministic or random exter-
nal forces (rocking ratchets) [4-6] or by the corre-
sponding changesin the potential sthemsel ves (flashing
ratchets) [7—9]. Considering fluctuating potentialsis par-
ticularly important for biological applications [10]. Fast
chemical reactions or sharply changing electric fields,
which cause abrupt changes in the rate constants of
chemical reactions related to directed particle transport,
could beresponsiblefor thesefluctuations[11-15]. Fluc-
tuating potentials in these models arise when the phase
space of reaction coordinates can be introduced [16-18].

Asymmetric potentials that fluctuate (switch)
between two states, U*(x), with afrequency y are com-
monly considered. Through these fluctuations, a
Brownian particle acquires a certain energy part of
which dissipates when equilibrium is established in
each of the potential profiles U*(x), while the other part
transforms into the energy of directed motion. The
main characteristics of such a Brownian motor include

the current J, which determines the mean velocity of
the directed motion, and the efficiency n, which charac-
terizes the ratio of the useful work done against the
external load force F to the energy spent on the poten-
tial fluctuations. A monotonic decrease in the current J
with increasing load force F and a nonmonotonic
behavior of the function n(F) with amaximumn,, a a
certain value of F,,, are typica of a Brownian motor in a
certain y range, just as for any motor. Naturally, models
with large n,, are of particular interest, especialy since
biologica motors generally demonstrate high efficiency.

Simple potentials with a minimum number of
parameters being varied, for example, sawtooth poten-
tials characterized only by the amplitude and the asym-
metry parameter, are commonly used to facilitate the
computational work. Owing to the linear shape of this
type of potentias, the differential eguations that
describe the diffusion and drift of a Brownian particle
have analytical solutions, because their coefficients are
constant. Astumian and Bier [7] considered the fluctua-
tions of such potentials between two states in which
only their amplitudes differed. If the potential in one of
the switching states is equal to zero (see [2] for a
detailed description of this case), then the particle
motion in this state is purely diffusive, and, accord-
ingly, the function n(F) reaches a maximum at low
Nm= 0.05[19]. Chauwin et al. [9] showed that, if the
potential switches between two states with identical
gpatial periods and if the extrema are shifted from one
another in a certain way, then the Brownian motion is
not involved in the generation of directed particle
motion at all. In the simplest case, an asymmetric peri-

1063-7761/05/10001-0218$26.00 © 2005 Pleiades Publishing, Inc.
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odic potential that undergoes random shifts by half a
period L with afrequency y ensures that this condition
is satisfied. Clearly, one might expect anincreaseinn,,
in this case (see model B of fluctuating sawtooth poten-
tialsin [20]). However, the efficiency increases signifi-
cantly only in those modelsin which each of the poten-
tials shifting by L contains a high barrier V, that blocks
(under certain conditions) the reverse current [21]. An
additional condition isthat the flat part of the potential
profile must be repeated with an energy shift AV in both
half-periods of the potential [22]. For a periodic poten-
tia profile, these two conditions can be satisfied simul-
taneously if the potentia is allowed to change abruptly
at least at one point belonging to theinterval (O, 2L).

In this paper, we present the exact analytical expres-
sions for J and n that were derived by using the above
model and that were analyzed for various types of
potential profiles and various parameters to elucidate
the prerequisites for the high efficiency of a Brownian
motor. In Section 2, we describe our model and intro-
duce the equations that define the main characteristics
of the motor. The general solution of these equations
and its specific redlization for high blocking barriers,
for low and high potential switching frequencies, and
for the specia case of linear potentials are presented in
Section 3. Theinfluence of the potential shape and fluc-
tuation frequency on the main characteristics of the
motor is discussed in Section 4.

2. DESCRIPTION OF THE MODEL

The dynamics of a Brownian particle in the poten-
tias

U*(x) = V*(X) + Fx

(the subscripts + and — denote the potentials with the
components V(x) shifted by half aperiod and therelated
quantities) is determined by two distribution functions,
pE(x, 1), that satisfy the Smoluchowski equation [23]
with an additional term that describes random transi-
tions of the particle between the potentials U* with a

frequency v.

0 (X 1) = _ 04 ) iy gy oF
ot % V[P (x-p (x1]. (1)

Here, the currents j%(x, t) are defined by
(% t) = -Dexp[-BU*(X)]

0 A 2
X S LeXp[BU (1P~ (x, )},
where D is the diffusion coefficient, B = (kgT)? is the

inverse temperature, kg is the Boltzmann constant, and
T isthe absolute temperature. In asteady state, the total
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current J =j*(X) + j7(X) is a constant that may be repre-
sented as [22]

J = 2j7(0) +YR(L),

I 3
R(x) = [Tp"(x) " (x)]dx.
0

Expression (3) was derived by integrating Eq. (1) over
x using the conditions p*(x + L) = p* (X) and j*(x + L) =

j* (X) that follow from the equality V*(x + L) = V™ (X).
These conditions also determine the expression for the
energy spent on the potential switching U* — U~ —
U* per unit time:

L

Win = 2\/J'[V+(X)—V_(><)] [P"(x)—p"(N]dx. (4)
0

Since the useful work done by the motor per unit time
against theload force F isW,,; = 2FLJ, relations (3) and
(4) define the efficiency of the motor n =W, /W,,.

In asteady state, the system of equations (1) and (2)
is equivalent to fourth-order differential equations for
p*(X) with x-dependent coefficients that are expressed
interms of the derivatives of the functions U*(x). These
equations reduce to third-order equations, because the
total current J is conserved as x changes. A simplifica-
tion arises when piecewise-linear potentials U*(x) are
used, which leads to third-order differential equations
with constant coefficients. Their general solution is
defined by the roots of a cubic equation, while the arbi-
trary constants and the sought-for current J can be
determined by anumerical procedure from the continu-
ity conditions for the functions p*(x) and their deriva-
tives at the points of contact of the linear segments of
the potentials[7]. The problem can be analytically con-
Sidered if an arbitrarily shaped potentia profile is
repeated with an energy shift AV in both half-periods L
and if the periodicity of the function V(X) is ensured by
itsjumps at x = 0 and x = L. The differential equations
for p*(X) £ p7(X) then become second-order equations;
one of themis solved in quadraturesfor U*(x), whilethe
particular solutions of the other appear explicitly in the
expressions for the motor characteristics derived in the
next section. In addition, this potentia profileis a nec-
essary condition for ahigh efficiency of the motor [22].

L et us define the function V*(x) in the two half-peri-
ods by the relations

N 0 0 x<ly,
Vi(x) =[O
v (x), losx<L, (5)
Vi(x+L) = v(x)-AV, 0<x<lL,
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7

Fig. 1. The potentials U*(x) = V¥(x) + Fx that include the
asymmetric periodic components VE(x) = VE(x + 2L) =
i (x +L) shifting by half a period L with afrequency y and
the externa field of the load force F. Each potential has a
high barrier Vg in anarrow g region. Theflat profile v(x) is
repeated in both half-periods L with a shift AV. The period-
icity of the functions V(x) is ensured by their jumps. (The
positions of the potential curves and the boundary pointson
them are indicated relative to the straight line Fx).

so it undergoesthe jumpsV,, Vo—v(lp), and v(ly) — 28V
(v(L) = AV, in accordance with the choice of the coor-
dinate originin Fig. 1) at x =0, |y, and L, respectively.
In the limit |, — 0, the boundary conditionsat x =0
and x = L can be easily derived from Eq. (2). These are
the continuity conditionsfor the currents at these points
and the relations that include the equality p*(x + L) =

P (X):
AjT(0) = D{p (L) —exp[Bv(Io)lp (o)},  (6)

p'(L) = exp{ B[V (lo) —2AaV]}p (o), (7)

where A = 1exp(BVy). Inthislimit, V|, — O, but arbi-

trary values of the parameter A are admissible; in par-

ticular, we may assume that A/L > 1. Therefore, rela

tion (4) takes the form W,, = 2yAVR(L), and the effi-
ciency of the motor is given by the formula

_ FL1,,2i°(0)

N = L SR ®)
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The efficiency n tendsto unity as FL — AV if the
negative current j*(x) at x = 0 is negligible. This condi-
tion is satisfied in the case where the barrier Vi, at x =0
is high enough. Thus, the Brownian motor is highly
efficient if the following two conditions [22] are satis-
fied simultaneoudly: (i) the presence of a high and nar-
row barrier V, that blocks the reverse current; and (ii)
the repetition of an arbitrarily shaped flat potential
profile v(x) in both half-periods of the function V*(x)
with an energy shift AV.

3. ANALYTICAL TREATMENT
OF THE MAIN CHARACTERISTICS
OF THE MOTOR

Let usintroduce the new variables &; ,(x) = p*(X) ¥
p(X) that, given Egs. (1) and (2), satisfy the following
differential equationsintheinterval I, <x < L:

{8200 +BIV'(x) + FIE1(x)} ' = 2y&y(x),  (9)

€2(X) + B[V'(X) + FI& o(x) = -J/D, (10)
where y = y/D. The general solution of Eq. (9) can be
expressed in terms of two particular solutions, ¢;(x), of
the same equation,

€00 = % Citi(x), (11)

and contains two arbitrary constants, C; and C,. Two
more arbitrary constants, C, and J, appear inthe general
solution of Eq. (10):

£,(x) = exp{—Blv(x) + Fxl}

* 12

x [cg—é [eo{BLv () + Fx) dx}. 12
IO

Equation (3) relates only the constants C, and C,. To
show this, it is convenient to introduce two functions
expressed in terms of the particular solutions ¢;(X):

Xi(x) = ¢i(x) +B[v'(x) + F1¢:(x),

. . (13)
®;(x) = J'q)i(x')dx', i=12.
lo
Then, the expression for j*(X)
2
2j"(x) = J-D% Cixi(x), (14)
i=1
No.1 2005
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follows from Eq. (2), and Eq. (3) takes the form where (see Z, below)
2 OO ya L) =0 o Z.= [exp{+Blv(x) + Fx]} dx,
lo

Given the equality x; (X) = 2y ¢;(x) that follows from
Egs. (9) and (13), Eg. (15) may be rewritten in an equiv- L
alent form: Z_.= [axexp{~B[v(x) + Fx]} (18)

2 lo

> Cilxi(0) +xi(L)] = 0. (16)

Thus, equalities (15) or (16) give the first equation for
the constants C; and C,. The second equation is deter-

mined by the normalization condition that relates the _
constants C; and J: Two more equations for the four constants C,, C,, C;,
and J follow from the boundary conditions (6) and (7).

XJ'dx'exp{ B[v(X)+Fx7}.
|0

L

_ J _1 Having solved the system of equations (6), (7), (15)
I‘EZ(X)dX =Gl -2+ =5 (A7) (or (16)), and (17), we may write the main characteris-
To tics of the motor as

oy D ~ .
i'(0) = ;5[A-4yZ.exp(-BFL)sinh(BAV]],

R(L) = %{/\[exp(BAV—BFL)—l] +2Z,exp(—BFL)sinh(BAV)} ,
D, .- (19)
J = 55{2yA[exp(BAV -BFL) -1] + A},
N = FL exp(BAV —BFL) —1 + (2VA) A
AV exp(BAV —BFL) — 1+ 2A™Z, exp(—BFL) sinh(BAV)’

where )
X1(0) + X1(L) ¢4(j)

Y, = X2(0) + X2(L) ¢2()) Ci=olL.

X1(0) ®4(L)
X2(0) ®,(L)

The analytical representation (19) allows us to cal-

T = 2yN{Z.Z_exp(BAV —BFL)

—Z_.[exp(BAV -BFL) -1]}

+AZ {Woexp[Bv (lo)] + ¥ exp(2BAV)}

+72,ZB-Z_.A, culate the characteristics of the motor for an arbitrarily
shaped potential v(x) and the parameter A that specifies
A = 2w exp[BV (Io)] the degree of blocking of the reverse current.

(20)
x [exp(=BFL)cosn(BAV) —1] 3.1. The Limit of a High Efficiency (A/L > 1)

+ _ _ The main result that follows from representation (19)
2P exp(BAV)[exp(-BFL) —cosn(BAV)], is that, if A islarge enough, then the efficiency of the

motor tends to unity as FL — AV, irrespective of the
shape of the potential v(x). This condition is realized
when the high blocking barrier V, of small width |, is

+ W exp(BAV)}, the steepest segment of the potential profile V*(X). The

B = 2exp(—BFL){ Woexp[BVv(lo)] cosh(BAV)
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efficiency in the limit FL — AV may then be approx-
imately represented as

_FLF—F

N=AVETE Fob = AV(L+3),

F.L = AV(1-3,),

_ Z:1—exp(=2BAV) _ (21)

% = A BAV <L

A
= <€
o 2YABAV L
and its maximum is reached for

= (J1+3y— /5, + ),

n («/ 0 «/ 0 ) 22)

Fol = AV[1+8,—/(1+8,)( + 5,)] -

The presence of a high blocking barrier allows the
high efficiency of the model of aBrownian motor under
consideration to be explained in terms of a strong cou-
pling between two processes, one of which supplies
energy to the motor, while the other ensures the gener-
ation of useful energy by the motor. The generalized
thermodynamic driving forces of these processes are
X, = BAV and X; = —3FL. The corresponding general-
ized currentsare J, = yR(L) and J; = J, which are spec-
ified by relations (19). The entropy production in these
two processes and its relationship to the efficiency of
the motor may be written as [24]

ds
Tt = I X1+ 3,X; = J,X(1-n),
2
X (23)
N

The thermodynamic equilibrium is determined by the
conditions X, = X; = 0 under which J, = J; = 0. There-
fore, the generalized currents near equilibrium can be
expanded in terms of small generalized forces. Assum-
ing that these expansions are linear, we obtain

2
J=YLX, i=12 (24)
2

where the expansion coefficients L;; satisfy the Onsager
symmetry relation L, = L,, and theinequalitiesL,; > 0,

Ly, >0, and L3, < LyL,,, which ensure that the qua-
dratic form dS/dt = 0. Kedem and Caplan [24] intro-
duced the parameter g = L,/ ,/L;;L, ((K1<g< 1) asa
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measure of coupling between the two processes in
terms of which the maximum efficiency is expressed as

2

- q

(1+J1-g)’
When g — %1, n,, tends to unity as n,, — 1 —
2J1-¢".

Expanding relations (19) and (20) in terms of X, and
X, yields

N (25)

q = A{IA +V (Woexp[ BV (I)] +W0)]

(26)
X (A+22)) 7 5 1= 380+ 8.
The small parameters d, and d in this expression are
defined by formulas (21), which inthelimit X; , — 0
take the form

S = 2/% <1,
27)
5, = YooPIBY (o] +W, _
YA

Thus, the presence of a high barrier blocking the
reverse current ensures the coupling between the two
processes whose energy is transformed by the motor
near equilibrium. Relations (21) and (22) are also valid
far from equilibrium where the generalized thermody-
namic forces X; and X, are not small. Comparing the
parameters §, and &, defined by formulas (21) and (27),
we can easily verify that they are at a minimum near
equilibrium. Therefore, the highest efficiency of the
motor in the presence of a blocking barrier is achieved
precisely near equilibrium.

3.2. Low and High Potential Switching Frequencies

The smallness of din (21) suggeststhat yislimited
below. The physical meaning of thislimitation isthat a
particle cannot pass through a high and narrow barrier
V, over the mean lifetime y* of the potentials U*; i.e.,
the barrier blocks the reverse motion of the particle.
The characteristic relaxation time 1 in a flat potential
profile v(X) + Fx is given by

T =2Z,Z/2D>L%2D.

Therefore, the characteristic time in which the barrier
V, can be overcome is estimated as 1/9,, and the ine-
quality 8, < 1isequivalent to the condition y* < 1/5,.
The behavior of solution (19) changes significantly
with dimensionless parameter yt. In the limiting case of
low frequencies, yt << 1, the particular solutions ¢;(X)
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tend to the particular solutions of (12). Thisleadsto the
following asymptotics of the functions W, |

Wy 5= 2Z_ exp[-Bv (Io)],

(28)
W o= 227 exp(- BAV - BFL),

which can be used to determine yR(L). To calculate
j*(0) with the same accuracy also requires the linear
(iny) corrections to (28) that depend on the particular
solutions ¢;(x). Nevertheless, the total current calcu-
lated using Eq. (3) without applying these corrections
yields a qualitatively proper behavior of the solutions
for yt < 1 considered in [22].

In the opposite limiting case of high frequencies,

VT2 VL2251, §(X) = exp(+ +/2yx) and the functions
Wy, L become independent of the parameters of the flat
potentia profile:

qJO,Lﬁ’\/Z_?-

The parameter A in (20) can then be easily expressedin
terms of the dopef, =[v(ly) —AV]/L of the flat poten-
tia profile:

(29)

A = 2./2y
x {exp(BAV —BFL)[exp(Bf,. L) cosh(BAV)+1] (30)
—exp(BAV)[exp(Bfo L) + cosh(BAV)] },

and the maximum efficiency for & < 8, < 1 may be
written as

=1- 2fo mexp(BfOLL)cosh(BAV)
"o (31)
[exp(Bfo L) + p(BAV)] sinh(BAV) U
+1—
J3oBAV .

Since the parameter &, defined in (21) is small, the
expression in the braces is generally negative and the

parameter 1, increases with y, tending to the limiting

value of 1 —2,/3,. The exception is the case of f L ~

AV in which the expression in the braces is positive for
N/L < BAVexp(2BAV). In this case, the parameter n,,
shows a nonmonotonic behavior: it first reaches a max-

imum at some y and then decreases to 1 — 2,/5, with

increasing ¥ . In the limit J/y A —» oo, expression (31)
reduces to the asymptotics presented in [22].
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3.3. Linear Potential v(x)

Solution (19) contains important information about
the behavior of the main characteristics of a Brownian
motor as a function of the peculiarities of the potential
profile v(x). To continue our analytical treatment of
these characteristics, we choose the following linear
function as the potential v(x):

Blv(x) +Fx] = Bv(lo) + f(x=lo),

BLv(L)- V('o)]
L—1,

f=BF+ (32

For I, — 0, the particular solutions of Eq. (9) and the
functions of the parameters of v(x) appearing in (19)
and (20) then take the form

b1.(x) = exp[(—f£A)x/2], A=.f+8Y,

Z, = xexp[+Bv(lo)][exp(xfL) - 1]/f,

S S
Z_+ - f f2[1 eXp( ﬂ—)]! (33)
-1 0, L0
Yo 25inh(LA/2)§eXpD' 20
A0 kA0
+costhD}Ai fsthzD%

To reduce the number of parameters of the potential, let
us consider two special cases: a stepwise potential with
v(lg) = v(L) and a highly asymmetric sawtooth poten-
tia with v(lp) = 2v(L) = 2AV.

3.3.1. A stepwise potential. This specia case is of
interest in that the current J at F = 0 can be represented
in asimple analytical form that characterizes the main
trends in the behavior of the current as a function of
several model parameters:

_D A
CLAA+[A+ exp(EAA\\//) + 1] "cothl” (39)
X tanhT,
where
A=AIL, T =LA

Since the potential V(X) is symmetric in the absence of
an additional barrier (A = 0) or in the absence of an
energy shift between the two half-periods (AV = 0), the
current vanishes under these conditions. It aso
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JL*D n

1.0 . . . . . 1.0

0.8 10.8
0.6
0.4
0.2
0

Fig. 2. Current J (solid lines) and efficiency n (dashed
lines) versus load force F calculated for a stepwise poten-
tial using relations (19), (20) and (32), (33) at various \N/L2
(indicated near the curves) and fixed parameters BAV = 3
and A\/L = 1000.

approaches zero for exp(BAV) > A whenT < 1 or for

exp(BAV) > T A when T > 1. In the limit § —» oo,
the current approaches a nonzero value of
(D/L?) tanh(BAV/2).

Figure 2 shows the characteristic dependences of J
and n on the load force F calculated using Egs. (19),

(20) and (32), (33) at various \~/L2 and fixed parameters
BAV and A/L. Asy increases, the current and the effi-
ciency rise, with the latter showing a nonmonotonic
behavior with amaximum n,,, that also increaseswithyy.
The larger the parameter A, the closer the monotonic
dependences n(y) to theidea limit n =1 (Fig. 3).

3.3.2. A highly asymmetric sawtooth potential. In
this case, the parameter AV simultaneously governs the

JL/D n
1.0 . . . 0.10
0.8 H0.08
0.6 40.06
0.4 H0.04
0.2 H0.02

0

0 2.0

ROZENBAUM, KOROCHKOVA

N

log(yL?*/D)

Fig. 3. N, = maxn(F) versus potential switching frequency
y for a stepwise potential at various A/L (indicated near the
curves) and fixed parameter BAV = 3.

asymmetry of the potential and the height of the barrier
that blocks the reverse current. Therefore, the behavior
of the main characteristics of the motor is nontrivial
even in the absence of an additional barrier V;, (A = 0).
For example, in contrast to the case of astepwise poten-
tia (see Fig. 2) or ahighly asymmetric sawtooth poten-
tial with a high additional barrier (Fig. 4b), the maxi-
mum n,, of the function n(F) changes nonmonotoni-
cally asyincreases (Fig. 44). Thisdependenceisclearly
illustrated by Fig. 5, which shows the nonmonotonic
behavior of n,(y) in a certain range of small A (in
agreement with the limit of large y represented by rela-
tion (31)). Theinfluence of an additional barrier on the
efficiency of the motor is clearly seen from the depen-
dence of the maximum of the function of two variables
n(F, y) on the parameter AV (Fig. 6). In the range of

JL*/D n
1.0

0.8

0.4

0.2

0

Fig. 4. Current J (solid lines) and efficiency n (dashed lines) versusload force F for a highly asymmetric sawtooth potential at var-
ious \N/L2 (indicated near the curves) and fixed parameters BAV = 3 and A/L = 0 (a) and A/L = 1000 (b).
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log(YL*/D)

Fig. 5. n,, = maxn(F) versus potential switching frequency
y for ahighly asymmetric sawtooth potential at various A/L
(indicated near the curves) and fixed parameter BAV = 3.

small AV, high efficiency is ensured solely by the pres-
ence of an additional barrier V,, while the role of an
additional barrier for large AV isinsignificant compared
to AV and the high efficiency is attributable to the
blocking of the reverse current by the sawtooth poten-
tial itself. In these two limiting cases, the laws accord-
ing to which n,, tends to unity are completely different.
In the first case, the deviation of n, from unity
decreases exponentialy rapidly with increasing V,
(see(21) and (22)), while in the second case, it is
described by the asymptotic n,, — 1— In(BAV)/BAV
(thevalues of F,,and y,, at which thefunctionn(F, y) is
a a maximum are determined by the asymptotics
B(AV —F, L) — IN(BAV) and Y, L2 —= IN(BAV)/2BAV).
For astepwise potential, the parameter AV isnot related
to the presence of ablocking barrier. Therefore, the effi-
ciency n,, monotonically decreases with increasing AV
(Fig. 6).

Expanding functions (33) in terms of the parameter
8y /f2< 1, wecan easily represent Jand n at A =0 and
FL<AVas

_ Y[sinh(BAV) —BAV] -1~ smh(BFL)
2[1+ cosh(BAV)]
_ FL BAV 1 snh(BFL)
n= A_\/[l }
where

(35)

sinh(BAV) ytsinh(BAV)

_ [sinh(BAV/2)7% L2
T= [ BAV/2 } 2D

Note that expanding J in terms of small generalized
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0.4
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0.2+ \ .
NL=0
1 1 h = L - 1
0 2 4 6 8 10 12 14
BAV

Fig. 6. ny, = maxn(F, y) versus potential shift in the two
half-periods at various A/L for a highly asymmetric saw-
tooth potentia (solid lines) and a stepwise potential (dashed
line).

forces X, = BAV and X; = —-3FL near equilibrium yields

BDF

J= —y( BAV)® — (36)

Since the current is proportional to the cube of AV, we
conclude that the two processes responsible for the con-
version of energy by the motor are coupled very weakly
and that the maximum efficiency is very low,

N 55 (BAV)GL”

Only far from equilibrium does the efficiency tend to
unity as BAV — oo (see Fig. 6). Expression (35) that
definesn reduces to that in [22] for the case of low fre-
guenciesonly if BAV > 1 (because the current was cal-
culated in [22] using formula (3) in which j*(0) was cal-
culated in the zeroth approximation in y). Introducing
an additional high, narrow barrier ensures a high effi-
ciency of a motor with a highly asymmetric sawtooth
potential not only far from equilibrium, but also near it.

3.4. Continuous Potentials

An accurate analytical description of the main char-
acteristics of aBrownian motor is possible, because the
fluctuating potential undergoes abrupt changes. In
addition, boundary condition (6) suggests the introduc-
tion of an additional high and narrow barrier that plays
akey rolein ensuring high efficiency of the motor. On
the other hand, the abrupt changes in the potential may
be treated as a limiting behavior of real continuous
potentials. Therefore, our study would be incomplete
without an analysis of the stability of the solutions
obtained against the small changes in the potentia
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shape through which the continuous behavior becomes
discontinuous.
For a Brownian particle with a diffusion coefficient

D, the potential switching with a frequency y deter-

mines the characteristic size of the region \7_1’2 =

~/Dly in which the distribution functions and the cur-
rents undergo significant changes due to the potential
fluctuations. For the boundary conditions (6) and (7) to
be satisfied, these distances must be much larger than
the distances | at which the same quantities change sig-
nificantly due to an abrupt change in the potentials.
Estimating the slope of the potential profile on the seg-
ments | that shrink to a point when passing to the limit
of adiscontinuous potential as Vy/I, we obtain the con-
dition

y < D(BV,/1)°, (37)
which is satisfied over a wide range of frequencies y.
Given that the currents cannot change significantly over

the width |, of the barrier V, (I, << \7_1’2), amore strin-
gent condition arises,
y < D/I3. (38)
When calculating the efficiency of a motor, we
should also bear in mind that the nonzero width of the
barrier V; makes a contribution proportional to Vyl, to
the energy W, spent on the switching of the potentials
U*. As aresult, when the potentials switch between V,,
and v, and when condition (38) are taken into account,
the small parameter d,, which was represented by rela-
tion (21) inthe limit [ — O, can be estimated as

PYoep(-pvo).

5, LI exp(-BV,) + (39)
0

Therefore, as the barrier V, increases at small fixed |,
the parameter J, first decreases (approximately to
(IyL)exp(-Bvy) a B(Vy — Vo) = 2In(L/ly)) and then
begins to increase. Thus, the efficiency of the motor
increases with A (see Fig. 5) only at moderately large
A\. The energy losses due to the nonzero width of the
high barrier V, can be reduced significantly if
exp(—Bvy) < 1, i.e, if the transitions in the |, region
occur between two barriers. This mechanism of the
increase in the efficiency of a motor was considered
in [21] for afluctuating double-well potential.

4. DISCUSSION AND CONCLUSIONS

The main characteristics of a Brownian motor
depend significantly on the shape of the fluctuating
periodic potential. For a directed motion of Brownian
particlesto arise, this potential must introduce an asym-
metry of directions, and the presence of several more
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factors that prevent the reverse particle motion and
reduce the energy |osses caused by the potentia fluctu-
ations is required for the motor to operate efficiently.
Studying these factors through numerical calculations
of the currents and the efficiencies for variously shaped
potentials and various forms of fluctuations is very
unrewarding work, becauseit isnot only very time-con-
suming, but also aways leaves the optimality of the
results obtained open to question. We need a general
approach that, on the one hand, would define the main
requirements for the potential shape and, on the other
hand, would admit an analytical solution of the problem
and, thus, would allow an optimal mode of operation of
the motor to be easily chosen. The approach proposed
in this paper completely satisfies these criteria.

Indeed, the repetition of the shape of the potential
V(X) in both half-periodswith an energy shift AV allows
us to obtain an exact analytical solution of the problem
for the fluctuations represented by random potential
shifts by the same half-period by assuming that the
periodicity of the function V(X) is ensured by its jumps
at x=0and x = L and that a high and narrow barrier V,
isintroduced by the boundary condition at x = 0. At the
same time, prerequisites for a high efficiency of the
motor are created: the barrier V, prevents the reverse
motion of a Brownian particle, while theidentity of the
potential shape in both half-periods at FL = AV allows
the energy losses related to the relaxation after the
potential switching to be avoided. Thus, only two struc-
tural elements of the potential profile are important for
an optimal operation of the motor: the parameter AV
that characterizes the potential asymmetry and is
responsible for the generation of directed motion and
the parameter A = l,exp(BV,) that characterizes the
degree of blocking of the reverse current. The orders of
magnitude of the current (for y L2 < 1) and the maxi-
mum possible efficiency can be estimated as follows:

J DYtanhE(—é—\iz—_—'—:—L—),

2
L . 0oBVq
anl_ﬁapﬂ_Tﬂ'

Here, we assume that |, — 0 and V, — oo, but
[oVo — 0 and the parameter A can take on arbitrary
values (which must be large enough for the efficiency
of the motor to be high). Clearly, these conditions
reflect the idealized situation of a highly efficient
motor. In reality, for barriers V, of nonzero width |, the
condition for the shape identity in both half-periods is
violated and energy |osses deteriorating the motor char-
acteristics arise. For the same reasons, the efficiency of
the motor also decreases when abrupt changes in the
potential are replaced by continuous ones. The deterio-
ration of the characteristics can be minimized by using
a double-well periodic potential considered in [21].
Indeed, if the curvature of the potential at the extreme

(40)
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points is much larger than the ratio F/L, then the posi-
tions of these points may be assumed to be independent
of F. Since the wells are spaced a half-period L apart, a
Brownian particle makes transitions between the close
neighborhoods of the minima of these wells as the
potentials switch. The identity of the shapes of the
remaining potential segments is no longer necessary;
therefore, we can easily ensure the presence of a high
barrier at x = 0 and satisfy the periodic boundary condi-
tions.

The parameters AV and FL may be treated as the
generalized forces that disturb the system from the
equilibrium characterized by azero current J. The pres-
ence of a high barrier V, ensures a strong coupling
between the two processes whose energy are trans-
formed by the motor. In this case, the efficiency ishigh-
est precisely near equilibrium. In contrast, a high effi-
ciency of a Brownian maotor with a highly asymmetric
sawtooth potential (without an additional barrier V)
arises from a completely different mechanism. In this
case, the same parameter AV governs the asymmetry of
the potential and the height of the barrier that blocksthe
reverse current. As a result, the highest possible effi-
ciency slowly tends to unity with increasing AV as
Nm — 1= In(BAV)/BAV, i.e., reaches a maximum far
from equilibrium.
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Abstract—We use the saddl e-point method to derive anal ytical expressionsfor the spectral—angular probability
distributions of the ionization by a strong linearly polarized laser field in Keldysh’s model that are valid for an
arbitrary electron energy and adiabaticity parameter. We obtain asymptotic expansions of the general formulas
in the multiphoton and tunneling regimes, analyze their accuracy, and formulate the validity conditions.
We provideliteral estimates of the parametersthat characterize the properties and evol ution of the distributions.
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1. INTRODUCTION

During the ionization of atoms by intense laser
fields, electrons absorb more photons than the mini-
mum number required for atransition to the continuum.
This effect, called above-threshold ionization, was the-
oretically predicted by Keldysh in 1964 [1]. The first
observation of above-threshold ionization in an experi-
ment [2] fifteen years later gave rise to an enormous
number of experimental and theoretical works. Both
the above-threshold ionization proper and the accom-
panying generation of high-order harmonics and corre-
lated double ionization were studied. The results of
these studies were described in detail in reviews and
monographs [3-6].

Inthelast decade, the experimental capabilitieshave
been significantly extended in connection with the pro-
duction of laser sourcesthat generate intense femtosec-
ond pulses with a kilohertz repetition frequency. This
made it possible to accumulate reliable statistics of rare
events and to study the spectral—angular probability
distributions of above-threshold atomic ionization over
awide electron energy range where the recorded signal
changes by 10 to 12 orders of magnitude [7]. In alin-
early polarized field, the spectrum of the electrons
emitted in the direction of polarization was found to
have a universal shape whose basic features are deter-
mined by thefield parameters and the atomic ionization
potential. In the initial portion, the spectrum rapidly
decreases up to energy € = (2-3)U,,, where U, = F¥/4uw?
is the mean vibrational electron energy in alaser field
of strength F and frequency w or the ponderomotive
potentia (in what follows, we use the atomic units# =
m = —e = 1). What follows next is the so-caled high-
energy plateau, an extended portion in which the elec-
tron yield decreases with increasing energy relatively
slowly. The plateau abruptly terminates at energy € =
10U,. The recorded signal in the high-energy plateau

region is 4 to 6 orders of magnitude lower than that in
theinitial portion of the spectrum.

In Keldysh’'smodel [1, 8, 9], theionization probabil-
ity amplitude is calculated as the matrix element of the
perturbation operator between a bound atomic state and
a Volkov wave. Since the effect of a laser field on the
motion of a free electron in Volkov states is exactly
taken into account, the model describes the ionization
process outside the scope of perturbation theory. On the
other hand, the Volkov states do not include the interac-
tion of the electron with the atomic core; therefore, the
ionization appears as a direct transition to the contin-
uum. Thetheory constructed in thisway reproducesthe
main properties of theinitial portion of the experimen-
tally observed spectrum for above-threshold atomic
ionization, but does not yield a high-energy plateau. To
describe the plateau, the approach with Volkov states
was modified to incorporate the interaction of the elec-
tron that happened to be in the continuum with the
atomic core. In this case, the wave packet of theionized
electron calculated in the approximation of a direct
transition to the continuum is taken as a zero approxi-
mation, and the scattering of the packet by the parent
ioniscaculated in thefirst order of perturbation theory
in the atomic core potential [10-13]. In such calcula
tions, the probability amplitude of the direct ionization
appearsin the composite rescattering matrix element.

In a zero-range potentia, the direct ionization
amplitude can be expressed in terms of a generalized
Bessdl function that is an infinite series of the products
of two ordinary Bessel functions [14, 15]. The general-
ized Bessel functions can be easily tabulated, but they
areinconvenient to perform aqualitative analysis of the
spectrum for various laser-field and atomic parameters
and all the more inconvenient in rescattering calcula-
tions.
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Therefore, approximate analytical formulas that give
a clear idea of the dependence of the photoionization
spectra on laser—atomic parameters are of great interest.
Such formulas were previoudy derived [1, 8, 9] by cal-
culating the transition amplitude using the saddle-point
method. Subsequently, these results have been repeat-
edly used and refined [16—18]. However, in al of these
papers, the exponent at the saddle point was expanded
in terms of the deviations of the electron energy from
the maximum of the distribution. Thisexpansion hasno
direct bearing on the saddle-point method and signifi-
cantly limits the validity range of the results obtained.
In alinearly polarized field, the spectrum is at a maxi-
mum at energy € = 0. Accordingly, thedistributions cal-
culated using the energy expansion describe only the
initial portion of the spectrum without covering the
entire energy range with the dominant contribution of
the direct ionization.

Meanwhile, the electron distributions calculated by
the saddle-point method without the expansions men-
tioned above [19, 20] agree excellently with the calcu-
lations by other methods [12, 21] and with the experi-
mental data on the photoionization of negativeions[22]
over the entire direct ionization spectrum. Aswas noted
above, they reproduce the main properties of the spec-
trum of the direct above-threshold ionization of neutral
atoms by intense optical radiation. In the saddle-point
method, the transition amplitude is defined by the stan-
dard formula (see (2) below) into which the explicit
form of the action calculated at the complex saddle
point should be substituted. In [19, 20], the emerging
complex expressions were tabul ated for a specific set of
parameters of the problem, and the corresponding dis-
tributions were analyzed in graphical or numerical
form. Below, we show that closed real expressions for
the spectral—angular photoelectron distributions valid
over awide energy range can be derived for alinearly
polarized field, and significant progress can be madein
their analysis. Formulas of this type, but without inter-
ference and for only one direction along thefield polar-
ization, are discussed in [23].

Here, we give formulas pertaining to the ionization
from a zero-range potential well. The ionization poten-
tial of the only bound s-state is a parameter of such a
potential well.

Generalizing the results obtained to finite-range
potentialsin which bound states with a nonzero orbital
angular momentum are possible leads to two effects.
First, the common numerical factor of the spectral—
angular distributions changes; naturally, this does not
affect the functional dependences. Second, a known
angular dependence is added. Both these factors can be
taken into account just as was done previoudly [9, 19].
Without these complications, our formulas can be
directly used to study the shape of the electron spec-
trum when a negative hydrogen ion is photoionized in
weak or strong fields. The situation is different for neu-
tral atoms. In this case, the approach based on Volkov
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statesis used to describe the ionization by fairly strong
low-frequency laser fields that are capable of imparting
amomentum to the electron comparableto or larger than
the typical atomic values. Including the long-range Cou-
lomb field of theion core using perturbation theory gives
rise to alarge factor in the photoel ectron distribution for
a short-range potential [24, 25]. This factor depends on
the field strength, but does not depend on the electron
momentum. As aresult, the total ionization probability
increases by several orders of magnitude, while the
shape of the distribution remains unchanged.

This paper has the following structure. A general
expression for the spectral—angular distributions that is
valid over awide energy rangefor arbitrary adiabaticity
parameters is derived in Section 2. New asymptotic
expansions of the distributions in the multiphoton and
tunneling regimes are considered in Section 3. Our
main conclusions are summarized in Section 4.

2. BASIC RELATIONS

We will consider the ionization of an s-state with a
binding energy | in a zero-range potential by alow-fre-
quency, l/w > 1, linearly polarized laser field F(t) =
(Fsinwt, 0, 0). We write the rate of transition to a
Volkov state with a momentum p due to the absorption
of n photons as

dw,
dQ

where dQ is the element of the solid angle in the direc-
tion of the vector p. The electron energy €, = p%2 is
determined by the energy conservation law

gt +U, = nw = (N+K)w, (D)

=W,(p) = 2mB(p)°p,

where N in the second equality is the threshold number
of photons required for a transition to the continuum,
andk=0, 1, 2, ... designates the sequence of peaksin
the energy spectrum. The electron energy inthe k = 0
threshold channel isA, 0 <A =Nw-U,—1<w The
ionization amplitude B(p) has the form of asingletime
integral over thefidld period [9, 19]. Sincethefieldisa
low-frequency one, we can calculate thisintegral by the
saddle-point method. Using the latter yields

B(p) =

(2!)““Z exp(iS(p, ts)) @

(2m™* & (S'(p. t)"?
The action S(p, t) is defined by

S(p.1) = 1L+ ey (D),

where g,(t) is the time-dependent kinetic energy of the
electron with the drift (canonical) momentum p in the
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field F(t). The equation for the complex saddle points
Wt = Wty +iwty is

2+ pecoswt)’+ 1 +3p2 = 0. (3)

Here, pe = Flw = 2,/U,, isthe oscillation amplitude of
the kinematic electron momentum (velocity) in a peri-
odic field, and p is the momentum component in a
plane perpendicular to the direction of linear polariza-
tion.

The choice of the path of integration in the saddle-
point method for a generalized Bessel function and the
classification of the possible positions of saddle points
arediscussed in[14]. In our case, the path located in the
band 0 < wt, < 21t of the upper half-plane (wt; > 0)
should be drawn through two points, wt,, that have the
same imaginary part and symmetrically located real
parts wt,, = 11+ d. The presence of two termsin Eqg. (2)
produces interference in the spectral—angular electron
distributions.

The solutions of Eq. (3) can be naturally expressed

in terms of two dimensionless parameters, y5 and 2,
similar to Keldysh's adiabaticity parameter y? [1]

I+ pD/Z

| +p%2
Yo= 70,

2Up ’ O

Yo =

Indeed, separating the real and imaginary parts of
Eq. (3) yields

sin(wtgy)sinh(wt,) = xyq,

_ (4)
Px *+ PrCos(wto) cosh(wty) = 0,

where the + and — signs pertain to the points wt, and
wt_, respectively. Eliminating the trigonometric func-
tions from Eq. (4), we find the imaginary part of the
saddle points:

2 2 2
Vp_l_,_ Ve~ 10 +v2

L2 _
sinh”(wt;) = > 070t Yo )

The real part of the saddle points wt,, = T+ d can be
easily calculated with the known solution (5) using
Egs. (4):

= P
d= arccosppcosh(wtl)' (6)

Separating the real and imaginary parts of the action
Sp, t,), performing the summation in (2) over the sad-
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dle points, and designating
ReS, = ReS(p, wt,) —ReS(p, wt_),

4U
S(pt) = —Lpexp(¥0),

we abtain the following real expression for the angular
distribution of the n-photon ionization probability after
simple algebraic transformations:

w’p
Wh(p) = 218Fp @)

x exp(-2ImS)[1 + cos(ReS, — P)],

€
ImS = nwt, — Z‘;tanh(ootl) cos’®

| 8
_apsinh(wtl) cosh(wt,),

ReS, = 2dn- cosep—prDcoth(wtl)

%1 |
2cosh’ (wtl)

_ You/sinh’(wty) +y?

~y  sinh(wt,)

(9)

: (10)

anh’ (wt,)

pt
® = arctan—cos0O . 11
%: Peyn U (13

In Egs. (7)—(11), the momentum p and the energy
€, = p%2 are related to the number of absorbed photons
n by the energy conservation law (1); the angle 6 is
measured from the direction of polarization. The
n-photon ionization probability (7) with the rea func-
tions (8)—(11) isequivalent to Eq. (33) from [19] for | =
m= 0 written in terms of the complex ionization ampli-
tude and the complex saddle point.

The standard saddle-point method can be used to
calculate theionization amplitudeif we can restrict our-
selves to the quadratic expansion of the action at the
saddle points, |S"(wty)| < |S"(wty)[¥?, or if the saddle
pointsareisolated, |S"(wt)[Y? < 2d. Analysisindicates
that the validity conditions in a low-frequency field,
w < |, with a strength below the atomic one, F < F, =
(21)32, are satisfied for all values of the parameter y.

The spectra—angular distributions defined by
Egs. (7)«(11) are applicable for any photoelectron
energies and arbitrary adiabaticity parameters. The
dependence on the electron energy, emission angle, and
other parameters is present both explicitly and via the
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imaginary part of the saddle point wt;. We see from the
structure of solution (5) that wt, critically depends on

the sign of the combination y5 — 1. For y5 >1, the two

terms on the right-hand side of (5) are added, effec-
tively moving the saddle point away from the real axis

and reducing the probability. If, alternatively, y,2J <1,

then these terms partly cancel each other, the saddle
point approachesthereal axis, and, hence, the probabil-

ity increases. In the multiphoton regime, yf, >1 for al
energies, because y? > 1. In the tunneling regime, y? < 1,

and the parameter yf, can be both smaller and larger
than unity in different portions of the spectrum. There-

fore, the behavior of the ionization probability changes
near the critical energy

g, = 2U —I, (12)

p

determined by the condition yf, = 1. Thisconclusionis

illustrated by Fig. 1, which shows how sharply the
slope of the tangents changes on the opposite sides of
€ - The width of the transition region is on the order of
the ionization potential.

According to the widely used semiclassical model
[26], the direct ionization spectrum terminates at
energy €, = 2U,,, which is commonly called the classi-
cal boundary of the spectrum. In quantum theory, a
sharp boundary is usually said to be absent, but the
probability rapidly decreases at € > £4. We see from
Fig. 1 that the rapid decrease starts from an energy €.,
that is lower than the classical boundary by the ioniza-
tion potential. In the deep tunneling regime, y? < 1, the
difference between the boundaries €, and € is rela-
tively small, and the transition accountsfor only asmall
portion of the entire spectrum. However, this difference
becomes important when the parameter y? does not dif-
fer greatly from unity. For example, €, = U, at y? = 1/2,
which isafactor of 2 lower than the classical boundary.
As y increases, the energy g, shifts leftward and
becomes equal to zero at y = 1.

Let usalso discuss some of the general properties of
the spectra. Figure 2 shows the energy spectra with
interference in the case where an electron is emitted at
an angle to the direction of field polarization. We con-
sider the entire range of possible emission directions
(for the symmetric angles 6 and 11— 6, the spectra are
identical). Asthe emission angle 8 increases, the corre-
sponding spectra decrease increasingly fast. This trend
holds not only for small emission angles[12], but also
for al emission angles. Sincethe computational param-
eters for the figure correspond to tunneling ionization,
y = 1/2, the property of the spectra under discussion
becomes obvious due to the presence of the factor (1 +
(g,5in%0)/1)32 in the exponent (see Eq. (26) below).
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Fig. 1. The photoelectron energy spectrum in the direction
of field polarization calculated using the general formulas
(7)~(11) without interference. The parameters correspond
to the He ionization by radiation with a frequency of w =
1.58 eV and an intensity of 0.85 x 101° W cm™2; y = 0.5,
F/F4 = 0.06. The position of the critical energy isindicated
by an arrow.

logW,, arb. units

Fig. 2. The photoelectron spectrain various electron emis-
sion directions calculated with interference using the gen-
eral formulas (7)—(11). The parameters are the same as
thosein Fig. 1.

Analysis of the interference in the spectra reveals
that when an electron is emitted in the direction of
polarization and at asmall angle (6 < 45°) toiit, the sep-
aration between the neighboring minimain the energy
spectrum (the “period” of the interference structure)
increases with energy [12]. This property shows up
most clearly at 8 =0 (see Fig. 2in[12]). Another qual-
itative trend can be directly seen from Fig. 2: the inter-
ference period increases with emission angle in the ini-
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k
0 10 20 30 40 50 60 70 80 90
T

logW,, arb. units

E-:P/ U[’

Fig. 3. The energy spectrum in the direction of polarization
calculated without interference using the general formulas
(7)<(11) (solid line) and formulas (14)—(17) that are appli-
cable at low energies (dashed line). The parameters corre-
spond to those in Fig. 1. The number of absorbed above-
threshold photons is shown on the upper scale.

tial portion of the spectrum under consideration. This
increase continues up to 6 = 60° (thereisonly one min-
imum on the curve corresponding to this angle). How-
ever, asthe emission angle increases further, the period
begins to decreaseg; i.e., the number of minima in the
portion of the spectrum under consideration increases.
The described properties of the spectrum can also be
deduced by analyzing the behavior of the derivative
dReS/dn, which acts as the interference oscillation
“frequency.”

In the limit where the ionized electron is emitted
perpendicular to the laser field direction, the interfer-
ence period is constant and equal to twice the photon
energy. Since the factor [1 + cos(ReS, — ®)] in Eq. (7)
becomes equal to zero, there are no above-threshold
peaks corresponding to the absorption of an odd num-
ber of photonsn =N + kin the spectrum [19]. This can
also be seen from Egs. (6) and (11), whence it follows
that 2d =11, @ =0, and, hence, ReS, =T at 6 = 90°. For
the parameters in Fig. 2, the threshold number of pho-
tonsis odd (N = 47), and there are no above-threshold
peaks with even numbers k in the spectrum in a direc-
tion perpendicular to the field. The absence of peaksin
the spectrum that correspond to the absorption of an
odd number of photons when a state with a zero orbital
angular momentum is ionized agrees with the angular
momentum and parity dipole selection rules. An above-
threshold spectrum along 6 = 90° with a separation of
2w between the peaks also emerges in numerical calcu-
lations [27]. As far as we know, this property of the
spectrum has not yet been observed experimentally.
Concluding our discussion of the spectrum in a direc-
tion transverse to the field, we note that, in this case,
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Yo=Y, Sinh(wt;) =y, and exponent (8) can be writ-
ten as ImS = (l/w)g(y,) with the function g(x) defined
below by Eq. (13).

3. ASYMPTOTIC EXPANSIONS

In this section, we discuss the expansions of the exact
(in terms of the saddle-point method) result (7)—(11). We
derive the expansion in the range of low energies for
arbitrary y [9] and new expansions that describe the
electron distribution over a wide energy range in the
multiphoton, y > 1, and tunneling, y < 1, regimes.

3.1. lonization to Low-Energy Sates

The genera formulas (8)—(11) can be simplified for
an arbitrary adiabaticity parameter if we restrict our
analysis to the range of low energies, €, < |. Using the
designation [1]

Ny +1

_ 10 .
= + ——arcsinhy — ——— 13
ay) = 5 ey~ (13)

and retaining only the main contributions in the expan-
sions in terms of the small parameter €/l < 1 in (5)
and (8)—(11), we obtain

_ ! Ep - Y 0
ImS = wg(y) + w%arcsmhy— i

2
y +1
s 14
L &SN B vy ,
() VPt 1
ReS, = mn—4cos6 xsp(l+—22Up) (15)
()
p =y +1, (16)
® = cosO . 1

Probability (7), whose elements can be calculated
using (14)—(16), matches Eq. (53) from [9].

The spectra in the direction of polarization, 6 = 0,
are compared in Fig. 3. The parameters correspond to
thetunneling regime | = U,/2, and, aswe see, the agree-
ment is excellent for €/U, < 1/2. As the energy
increases further, the curves diverge, so difference by
an order of magnitude occurs near energy £,/U, = 1.5.
When an electron is emitted at an angle 6 ~ 1 to the
direction of polarization, the discrepancy between the
exact formulas and the linear (in energy) expansion is
observed earlier. For example, for g,= U, /2 and 6 = 45°,
the approximate formulas (14)—(17) underestimate the
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probability by a factor of 4, while at the same energy
and 6 = 60°, theresults differ by an order of magnitude.
The validity range of the low-energy expansion in the
multiphoton regime aso proves to be narrower (see
Section 3.2).

We seefrom the expansion of the phase difference (15)
that it islarge compared to unity at low energiesin both
the tunneling and multiphoton regimes and changes
grestly as one goes to the neighboring above-threshold
peak when the electron emission direction or the inten-
sity changes only dightly. However, the formula with
the principal expansion term (15) isinsufficient to accu-
rately calculate the interference structure. The existing
inaccuracy in the position of the interference minimum
in the initial portion of the spectrum rapidly accumu-
lates with increasing energy. Thus, for example, for the
parameters of Fig. 3, the approximate formula (15) pre-
dicts an interference maximum at the energy that corre-
sponds to the absorption of ten above-threshold pho-
tons, while according to the general result (9), thereis
a minimum here. Formula (15) can be improved by
including the next expansion terms up to contributions
on the order of unity. However, itiseasier to calculatethe
interference using general formula (9), if necessary.

3.2. The Multiphoton Regime

In the multiphoton regime, y? > 1, the inequality

yf) > 1 holds at al electron energies. Therefore, the
expansion in (5) and (8)—11) in terms of powers of the
small parameter y;z adlows us to derive a single
approximate formula for the entire above-threshold
ionization spectrum. How many terms of thisexpansion
should be included to properly calculate the contribu-
tions on the order of unity in the exponent and the phase
depends on the large factors n, g/w, and Uy/w in
Egs. (8) and (9). In the formulas given below, we
restrict ourselves to the contributionsthat provide arel-

ative accuracy of the exponent and the phase of ~y;2 :

2y M. 30
ImS = nin="L + =+ +
1/2 2]
e? w2 16y a8)
€ 10,€& .2 10
- - ——+ Pgn"0l - —~,
(*)%L ny';] w %L 2Yy
| + .2
ReS, = 2dn—2cosp (2 &N OG , 10 (1)

w

d= arccos%;ose II-—%B
p

L cosByey(l + spsinze)
2
2y,(l1 +€p)

p

(20)
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_ yDyp
= 22 21
P=7 (21)
® = arctan—ﬁ'—pCose
JI +€,8n°0
(22)

_ cosBey(l + spsinZG)
Vo(l +¢,)
The validity ranges of the multiphoton and low-
energy expansions partially overlap. The expansionsin
terms of the parameters y? < 1 in (14)—«16) and

&/l <1in(18)+22) yield identical results. In particu-
lar, exponent (18) takes the form

_ €p . 2y 3 [l
ImS = g(y) + n=L + —
(23)

€, . 2 10
+-Len"0l ——+,
w E# 2yi]
where g(y) is the multiphoton limit of function (13):

3
32y°

a) = B+ Gn@n -3+

The envelope of the spectrum calculated with the
multiphoton expansion (18) virtually matches the exact
result even at y = 2: the difference isless than 10% (see
Fig. 4). Aty =1, i.e, at the boundary of the validity
range, the multiphoton expansion describesthe qualita-
tive behavior of the spectrum, underestimating the ion-
ization probability by afactor of 5 or 6, on average. We
also see from Fig. 4 that the linear (in energy) approxi-
mation of the exponent in the multiphoton regime is
applicable at electron energies much lower than theion-
ization potential. The reason is that we can substitute
Eq. (18) with (23) if the discarded expansion terms are
small compared to unity. The largest discarded contri-

bution of ~sf,/ool arises in the expansion of the loga-

rithm in (18). It follows from the condition ei/ml <1
that the linear (in ;) expansion is justified for above-

threshold peaks with numbersk < ./1/w. In alow-fre-
quency field where 1/ > 1, this restriction is more
severe than the initially assumed validity condition for
the expansion in terms of low energiesk < l/w (I/w= 15
inFig. 4).

The term with sin?@ in exponent (18) describes the
envelope of the angular dependence (the 8 dependence
is also present in the interference factor). Since g, = kaw,

the width of the angular distribution in the kth above-
threshold peak in the multiphoton regime is estimated

from (18) to be 8,(k) = 1/ J/k (cf. [17]). Thefairly broad
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logW,,, arb. units

Fig. 4. The photoelectron spectra (without interference) in
the direction of field polarization for the ionization of He
atoms by radiation with a frequency of Aw = 1.58 eV at
intensities of 2.0 x 10 W cm™2 (y = 1.0) and 5.3 x
10'3 (y = 2.0) W cm2. The solid and dash-dotted lines rep-
resent, respectively, the calculation using the genera for-
mulas (7)—(11) and the multiphoton expansion (18)—(22)
(the dash-dotted line merges with the solid line at y = 2.0).
The dashed straight line represents the linear (in energy)
approximation (14)—(17) at y = 2.0.

logW,,, arb. units

20, -1

_10 1 1 1 1 1 MY
0 0.5 1.0 1.5 2.0 25 3.0

&,/U,

Fig. 5. The direct ionization spectrum in the direction of
polarization in the tunneling regime (without the interfer-
ence factor) calculated using the general and approximate
formulas for ImS The parameters are the same as those in
Fig. 1. The solid, dash-dotted, dotted, and dashed lines rep-
resent the general formulas, the multiphoton expansion, the
tunneling expansion (26), and the tunneling expansion (26)
with the second term in the parentheses discarded.

(in the first peaks) angular distribution extends in the
direction of polarization. In general, the angular distri-
bution is at a maximum at an angle 6 # O due to inter-
ference[19].
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Notethat the condition y> 1 isnot sufficient to pass
to the limit of perturbation theory when the probability
depends on the intensity as a power law. It is necessary
that the condition U/w < 1 be satisfied; this condition
allows us to discard the contributions proportional to
this parameter in the exponent and in the phase of the
cosine. The interference structure of the distributions
ceases to depend on the intensity only in thislimit.

3.3. The Tunneling Regime

As was hoted above, the tunneling regime is pecu-

liar in that the parameter v/, to the left and to the right

of the kinetic energy (12) take on values lower and
higher than unity, respectively. Therefore, the expan-
sions are constructed by different methods on the oppo-
site sides of this boundary.

Atfairly high electron energies, theinequaity y,zJ >1
holds and the high-energy tail of the spectral—angular
distributions can be described by the multiphoton
expansion formulas (18)—22). However, it should be
borne in mind that the validity range of this expansion
in the tunneling regime begins at fairly high energies.
Thus, for example, the condition y,2J > 3issatisfied for
energiese, > 5U, at y? = 1/2. Aswe see from Fig. 5, the
extrapolation of the multiphoton expansion beyond the
validity range toward the lower energiesisinvalid even
for aqualitative description of the spectrum: the devia-
tion from the real distribution reaches several orders of
magnitude.

Below boundary (12), the expansion is constructed
asfollows. Since yf, —1 < 0inthisportion of the spec-

trum, the smaller the transverse parameter yé com-

pared to unity, the stronger the cancellation of the terms
on theright-hand side of Eq. (5). Therefore, it would be
natural to perform an expansion in terms of the param-

eter yé < 1in Eq. (5). Under the cancellation condi-

tions, sinh(wt;) =y < 1, which allowsthe hyperbolic

functions to be substituted with a power series expan-
sion. To write the formulas derived in this section in a

more compact form, it is convenient to denote p, =

p./Pr = pcos/pe. Giventhat 1 -y =1- p; -y and
performing an expansion in terms of the parameter
yé < 1in(5), weabtain

yo O 1+2p; 0
1-p20  6(1-p2)°

wt; = (24)

When the imaginary part of the exponent is calculated,
the lowest order terms cancel each other out. Retaining
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the terms on the order of y% , We obtain

pF

1-—
ImS - —E{D(.Otl——(u)tl)
2
w 3 (25)
_1+2p;
p( oty +...

After the substitution of (24) into (25) and the neces-
sary expansions in (9)—(11), we derive an approximate
expression for the spectra—angular distributions in the
tunneling regime:

2 3/2
Ims = —a__ g%
3F.J1-p2
(26)
0 1+2p2 .0
x[ll———?—z—zyéﬂ,
0 10(1-py) O
O vi O
ReS, = n2arccos[l — ———{1p,
O 2(1_px)D
(27)
—=B 1+2p°
__px 1_ % ~S 2
p2)’° D
p= V1B (28)
tand = p— = 29)
— Px

The specia cases of exponent (26) have previously
been considered in the literature. Thus, setting p, =0
in (26), we obtain Eq. (16) from [28], while distribu-
tion (4) from [23] isderived if we set p;=0in (26) and
discard the second term in the braces.

There is a common validity range for the tunneling
and low-energy expansions. The expansionsin terms of
the parametersy < 1in (14)<17) and g/l < 1in (26)-
(29) yield identical results.

The spectrum in the direction of field polarization at
y = 1/2 calculated by using the general formulas of the
saddle-point method and their expansions is shown in
Fig. 5. Aswe see from thisfigure, there remains a broad
portion of the spectrum near the critica energy wherethe
expansions proveto beinvalid, and the calculation should
be performed using the general formulas (7)—(11).

In deriving the tunneling expansion, we retained the

contributions on the order of y>, (see (25)), which gave

rise to a correction proportional to yé in the parenthe-
ses of exponent (26). With this correction, the well-
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known [9] tunneling limit of the function g(y) with the
quadratic contribution is obtained at p = O from (26):
a(y) = (F/3F)(1 — y¥/10). We see from Fig. 5 that the

correction proportiona to yé at the very beginning of
the spectrum slightly improves the agreement with the
calculation based on the general formulas, but, at the
same time, when the energy approaches €, it leads to
asharper deviation from the exact result due to the fac-

tor (1— p2)~52. Thisdeviation arises, because the valid-
ity condition for the tunneling expansion is violated.
For y? < 1, theinequality

2 _ I+spsin26
yD - 2U < l

p

holds in two cases: first, for all photoelectron emission
directions 6 if the energy €, isless than or on the order
of the ionization potential; and, second, for emission
directions close to the direction of linear polarization
when the angle 6 isless than or on the order of the adi-
abaticity parameter y. In the latter case, the energy €,
can be comparable to Uy, but should not be closeto the
critica energy: €, —€, > |. Thelatter restriction arises,

because in deriving relation (24), y/ \/1 - f)i isasmall
expansion parameter, while for 6 = 0 and g, = &, this
parameter is equal to unity.

Note also that the critical energy shifts leftward and,
accordingly, the validity range for the tunneling expan-
sion narrows down as the parameter y increases. Con-
currently, the multiphoton expansion approaches the
exact result (see Section 3.2).

Since the factor ,/1— E)i is on the order of unity in

much of the tunneling spectrum, the width of the angu-
lar distribution in the kth above-threshold peak is esti-
mated from (26) to be

1
0,(K) = —.
T

Compared to the multiphoton regime, the widths 6.(k)
decrease with increasing k more dowly and, although

weakly, proportional to ./F, depend on the intensity.
For numbers k = U/w, the width of the angular distri-

bution becomes small, on the order of y./F/F,.

(30)

4. CONCLUSIONS

Let us summarize our main conclusions. The spec-
tral—angular photoelectron distribution that is valid
over wide ranges of energies and field strengths can be
derived in explicit form by cal culating the amplitude of
the ionization by a strong low-frequency laser field
using the saddle-point method. Our study of the analyt-

No. 1 2005



30 GORESLAVSKII et al.

ical structure of this distribution shows that there is a
critical energy under tunneling ionization conditions
near which the slope of the energy spectrum changes.
Thisenergy islower than the universally accepted clas-
sical boundary of the spectrum 2U,, by the ionization
potential.

In the multiphoton and tunneling regimes, we
obtained asymptotic expansions of the general formu-
las of the saddle-point method that transform to those
derived previously by Perelomov et al. [9] in the range
of low energies. In thetunneling regime, the expansions
aredifferent in form on the opposite sides of the critical
energy; the spectrum is described by the multiphoton-
limit formulas at higher energies. The expansions are
invalid in the transition region near the critical energy,
and the calculation should be performed using the gen-
eral formulas. This should be taken into account when
the adiabaticity parameter is moderately small com-
pared to unity and when the transition region occupies
much of the spectrum. Thissituation istypical of exper-
iments on theionization of atomsby optical radiationin
the tunneling regime.

Apart from a direct analysis of the direct ionization
distributions, the derived formulas can be used to ana-
lyze the accompanying processes of elastic rescatter-
ing, generation of high-order laser-frequency harmon-
ics, and correlated doubleionization. The experimental
capabilities that have been extended significantly in the
last decade allow these processesto be studied in ellip-
tically polarized fields. Therefore, generalizing our
resultsto an elliptically polarized field seems of current
interest.
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Abstract—Radiative corrections to the Compton scattering cross section are calculated in the leading and next-
to-leading logarithmic approximations in the case of colliding high-energy photon—electron beams. Radiative
corrections to the double-Compton scattering cross section in the same experimental setup are calculated in the
leading logarithmic approximation. We consider the case where no pairs are created in the final state. We show
that the differential cross section can be written in the form of the Drell-Yan process cross section. Numerical
values of the K-factor and the leading-order distribution on the scattered electron energy fraction and scattering
angle are presented. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION
The Compton scattering process

Y(Ky) + e (p) — Y(ky) +e(p,),
ki =k;=0, p{=p;=nm,

Ky = 2piK; = 4e0,

o _ D
K1 = 2Pk, = 2e€,0,(1-c),

S1 = 2p;P; = 2€;€5(1+0),

A O

Ok.\0 s, > m =
K1 K 5 €27 1-0) te(1+0)

(Where g, ,, w, are the energies of the initial and scat-
tered electrons and the initial photon, ¢ =cos6, and B is
the angle between p, and k) plays an important role as
a possible caibration process in high-energy photon—
electron colliders [1]. Obtaining a radiation-corrected
cross section of this process is the motivation of this
paper. Modern methods based on the renormalization
group approach in combination with the lowest-order
radiative corrections (RC) makesit possibleto abtain a
differential cross section in the leading approximation
(where ((a/mL)" ~ 1, with the “large logarithm” L =
In(s/m?)) and in the next-to-leading approximation

T This article was submitted by authorsin English.

(wheretermson the order of (a/m)"L"~? are conserved).
The accuracy of the formulas given below is therefore
determined by terms on the order of

M, a3 @

compared with the terms on the order of unity and is
at the per mille level for typical experimental condi-
tions[1] 6 ~ 1, k; ~ 10 GeV?2. Terms on the order of (2)
are systematically omitted in what follows. We con-
sider the energies of initial particles to be much less
than the Z-boson mass M, and, therefore, the weak
corrections to the Compton effect are beyond our accu-
racy.

The first papers devoted to cancellation of radiative
corrections to Compton scattering were published in
1952 by Brown and Feynman [2] (the contribution of
virtual and soft real photon emission) and Mandl and
Skyrme [3] (emission of an additional hard photon). In
the work of Veltman [4], the lowest-order radiative cor-
rections to the polarized Compton scattering were cal-
culated in nonrelativistic kinematics. This case of kine-
matics was also considered in the paper by Swartz [5].
In the papers by Denner and Dittmaier [6], the lowest-
order radiative corrections in the framework of the
Standard Model were calculated in the case of a polar-
ized electron and photon.

In this paper, we consider the case of high-energy
electron and photon Compton scattering (with the cms
energy supposed to be much higher than the electron

1063-7761/05/10001-0031$26.00 © 2005 Pleiades Publishing, Inc.
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mass but much less than the Z-boson mass). We find
that the cross section with radiative corrections of all
orders of perturbation theory taken into account can be
written in theform of the Drell-Yan process. Both |ead-
ing and next-to-leading contributions are derived
explicitly.

We consider the kinematics where the initial photon
and electron move along the zaxisin the opposite direc-
tions. The energy of the scattered electron is afunction
of its scattering angle:

Z, = £2 220 5= a(c,p) = 1-c+p(l+c),
w, a
©)
_ &
"

We now consider the kinematic case where p < 1. The
case where p > lisconsidered in Appendix B.

The differential cross section in the Born approxi-
mation is given by

T[GZUO _ a
T2 2 UO -

1

In taking RC of higher orders (arising from emission of
both virtual and real photons) into account, the simple
relation between the scattered electron energy and the
scattering angle changes, and the differential cross sec-
tion in general depends on the energy fraction z of the
scattered electron. Accepting the Drell-Yan form of the
Cross section, we can write it in the form

1

do _
Fdz(pl, 0, Z) = IdXD(X, L)

dGB l—C

(1,9) <" (4)

S
ndoy,

.[t off Flgeg <P 8 DFL+

where the structure function D(x, L) (specified below)
describes the probability to find the electron (consid-
ered as a parton) inside the electron, K is the so-called
K-factor, which can be calculated from the lowest RC
orders, K is specified below (see Egs. (8), (19),
and (26)), and the “hard” cross sectionis

do do’B
o (XL 6,1) = —2(xpy, B)3(t—1(x)), ()

dog(xpy, 0) - T[_O(Z 1
dc w; (1—c+ px(1+c))’
o O l-c +1- c+px(l+c)

[i—c+px(1+c) 1-c [

2Xp
l-c+px(1+c)

t(x) =
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The cross section written in the Drell-Yan form
explicitly satisfies the Kinoshita—L ee-Nauenberg theo-
rem [7]. Indeed, being integrated over the scattered
electron energy fraction z, the structure function corre-
sponding to the scattered electron becomes unity
because

Idzf— (£

Mass singularities associated with the initial lepton
structure function remain.

Therefore, our master formula for the cross section
with RC taken into account is

f(t) = Idtf (0. (7)

dog

= U
dZdC(pl! p2) It(X)D(X L) (Xpl, e)DE(X) LD

+ @ dog(py, ©)

+ 220 B K o, B(2-20) + K,
B} g ®)
= sz‘” %= 2«1+ 0)’
L = p29Zp(1+c)

2 ’
m

with the nonsinglet structure function D defined as[8]
1 [QLD Ok
D(z L) = &(1- Z)+ZkIE12T[DP(Z) ,

P,(2™ = P,0..0 P2,
|
k

1

PLOP2) = [POP T, ©)
2
Py(z) = 2
+6(1—z)%lnA+%, A<1.

In the Conclusions (see Eq. (30)), we give the so-called
“smoothed” form of the structure function.

The second term in the right-hand side of (8) col-
lectsall the nonleading contributions from the emission
of virtual, soft, and hard photons, with Kg, givenin Sec-
tion 2, where the virtual and soft real contributions are
considered. In Sections 3 and 4, we consider the contri-
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bution from an additional hard photon emission and
introduce an auxiliary parameter 6, to distinguish the
collinear and noncollinear kinematics of photon emis-
sion. We aso give the expression for the hard photon
contribution K;,. The results of numerical estimation of
the K-factor and leading contributions are given in Sec-
tion 5. In Appendix A, we demonstrate the explicit can-
cellation of the 6, dependence. In Appendix B, we con-
sider the kinematic case €; > w;.

2. CONTRIBUTION OF VIRTUAL
AND SOFT REAL PHOTONS

To obtain the explicit form of the K-factor, we repro-
ducethelowest-order RC. It consists of the virtual pho-
ton emission contribution and the contribution from the
real (soft and hard) photon emission. The contribution
of virtual and soft photon emission was first cal cul ated
in the famous paper by Brown and Feynman [2]. The
result is

dC)-virt - GU1
do,  mU, (10)
with (see[2], kinematic case I1)
Ul - [B 7\|] ) T[2
UO—(l L)[Q+2Innﬂ+2L 5 Ky,
(11)
UO = K_2+K_1,
Ky Kz

where Ky, (the virtual photon contribution to the K-fac-
tor) is

1 K> Ky K>
and

2 _ zy(1-c)

=5 (13)
S %+ s _p(l+c)
K, 2 ' Ky 1-c (14)
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The soft photon emission for our kinematics has the
form

dOgy _ _4ma
dog 161
(15)
J- w Eblk sz:lw—A/k +)\ <Ae<elD52
Standard calculations lead to the result
dOgr _ [(L 1)in™ A’ 10
dO-B )\ 8182 2
(16)

1, 2€; T[2 .1—C|:|

2", "3t D

The resulting contribution to the cross section from vir-
tual and soft real photonsisindependent of thefictitious
“photon mass’ A and the L2-type terms. It can be writ-
ten as

— CIO-virt +do

ndo O SOﬁ5(Z—ZO) _Qa dog(py, 0)

Ldzda,, dc 2n dc an
X [(L=1)(P1a+ P3y) +2Kg,]0 (2~ 7)),

where we introduce the notation

3 Ag 3 Ag
= = + g = T+ g
Pia = > 2In = Poa = 5 2In e, (18)
We can see that the terms proportional to the “large”
logarithm L have a form conforming to the renormal-
ization group prescription for the structure function.
The contribution of nonleading termsis

T[2 1-¢c 1
-5t 5

22y

Kev = > +Ky. (29)

3. CONTRIBUTION
OF THE HARD COLLINEAR REAL
PHOTON EMISSION

The dependence on the auxiliary parameter Ae is
eliminated when the emission of areal additional hard
photon with 4-momentum k and the energy w exceed-
ing Ae istaken into account.

It is convenient to consider the kinematics in which
this additional photon moves within a narrow cone of
the angular size m/e; < 6, < 1 along the directions of
the initial or scattered electrons. The contribution of
these kinematic regions can be obtained using the “ qua-
sireal electron method” [9] instead of the genera
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(rather cumbersome) expression for the cross section of
the double-Compton (DC) scattering process [3].

In the case where the collinear photon is emitted
along theinitial electron, theresultis

1-Aele,

ndop  _ a dog
= 5 [ oGEem.e)
0

mmdjkllpl

1+x°
X
i

—1)+ 1—x}6(z—t(x)), (20)

2.2 2
n60_621 - L+ in—P
m 2zy(1+¢)

When the photon is emitted along the scattered elec-
tron, we have

Zy
ndo  _ adog dto .
|]:ide]k"p2 2T[ dc ( Pa, e) I t 6(t ZO)
Z(1+ Aeley)
1+ 21t Z
X[TZ/I_(LZ_:L)-{-:L_E} (21)
12,2
_ €200 _ 902
2 = In—mz =L+In —Zp(1+c)zo

where z = €, /w, < 7, isthe energy fraction of the scat-
tered electron (after emission of the collinear photon).

It is convenient to write the contribution of the col-
linear kinematicsin the form

mdowg _ o X
DjZde:lcoll (L 1) J.d
x0(1-x-0,) 22Pe 5, i)
o 1+Z-2 (22)

EJ,TL ~Z_af DdGB( p11 e)é(t ~2)

+J'——1_-

dft df?
dzdc dzdc’
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where
dft _ o’  [@-zl+c), 2 0
dzdc 4p(_’]__c)wi|:| 2 2—2(].'|'C)[|
1+, pBy
x[ X n220(1+c)+1-x}xzxoe(1-x-A1),
df® _ o® -c. ap
dzdc B 4paw§|:| a " 1—d:| (23)
1+ 2/t z'6;
x[ -7t "2p(1+0)z __} e%l___AZD’
_ Ae
A1,2 - 81,2.

We here use the relation

2
__2_)33_9_5()(_)(0)_

o(z—t(x)) = zz(l—c)

Again, we can seethat theterms containing thelarge
logarithm L have the form conforming with the struc-
ture function. Our ansatz (5) is therefore confirmed.

The dependence on the auxiliary parameter 6, van-
ishes when the contribution of noncollinear kinematics
of the additional hard photon emission is taken into
account (see Appendix A).

4. NONCOLLINEAR KINEMATICS
CONTRIBUTION. DOUBLE-COMPTON
SCATTERING PROCESS

The general expression for the cross section of the
DC scattering process

y(ky) + € (ps) —= y(ko) +y(K) + € (py),

K = 2kp;, K' = 2kp,, (24)

Ko = 2Kopy, Ky = 2Ky,

was obtained years ago by Mandl and Skyrme [3]. The
expression for the cross section presented in this paper
isexact but, unfortunately, too complicated. Instead, we
use the expression for the differential cross section cal-
culated (by the methods of chira amplitudes [10])
under the assumption that all kinematic invariants are
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Table 1. The value of K,, as afunction of zand cos (calculated for p = 0.4)
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ZAcosd -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8
0.1 -2.82 —2.61 —2.39 -2.19 —2.09 -1.89 -1.87 —2.06 —2.75
0.2 —2.77 —2.47 —2.17 -1.90 -1.65 -1.46 -1.39 -1.56 —2.30
0.3 -3.43 —2.98 —2.55 —2.14 =177 -1.47 -1.30 -1.38 -2.13
0.4 —4.96 -3.87 -3.23 —2.65 -2.13 -1.67 -1.34 -1.30 —2.02

Table 2. The value of f(h asafunction of y and cos (calculated for n = 0.064)

y\cosf -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8
0.05 0.70 -1.97 —7.41 -1554 —26.90 —42.70 —-65.40 | -100.64 | -166.21
0.10 0.36 -3.20 -9.85 -18.38 -18.35
0.15 0.03 -3.38 -1.34
0.20 -0.20 0.29
0.25 -0.25

Table 3. The value of ooi lado/(dedy) (the leading contribution, the first term in the right-hand side of master formula (8))

asafunction of y and cos9 (calculated for p = 0.4, w; =5 GeV)

y\cost -0.8 —-0.6 —-0.4 -0.2 0 0.2 0.4 0.6 0.8
0.1 0.211 0.237 0.265 0.299 0.345 0.413 0.526 0.754 1.450
0.2 0.337 0.357 0.378 0.405 0.445 0.508 0.618 0.850 1576
0.3 0.703 0.669 0.643 0.634 0.644 0.685 0.782 1.013 1.784
04 3.883 2.153 1.554 1.264 1113 1.054 1.090 1.296 2.122
large compared with the electron masssquared, K ~K' ~  where
GEm 406, _ 0%z pie 27)
4o s dzdc  2!4mp ’
g,do . . .
e = 2—1| 9 Rdo, and the phase volume d® isrestricted by the conditions
d’p, 21k, w, W, > Ae and the requirement that the angles between
the 3-vectors k,, k and the 3-vectors p,, p, exceed 6,.
d3k2d3k A Thevalues of K;, calculated numerically aregivenin
do = TK&S (py + ky—po—k, —K), o5 Tables 1 and 2. We numerically and analytically find
2 (29) the independence of K, of the auxiliary parameters 6,
R=s and Ae (see Appendix A).

: 2 . 2
« KK'(K® + K'®) + KqKi(K] + Ky ) + KoKp(K5 +K5)
KK'K;K1KoK>

The explicit expression for the contribution to the
K-factor from hard photon emission K, is

adog, _ dog  df® df®@
mdc " dzdc dzdc dzdc’

(26)
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The cross section of the DC scattering processin an
inclusive experimental setup with the leading logarith-
mic approximation in terms of the structure functions
has the form

1

do”"(py, ki; Pz k ko) = [AXD(x, L)
’ (28)

1
(Adt 4 oc Py O
* [DET 906 P ke —E K kg,
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R(©)
0.07 ; . .

0.06

0.05
0.04

0.03

0.02

0.01

O | | |
-1.0 -0.5 0 0.5

cosO

1.0

The leading-order radiative corrections as a cos0 distribu-
tion (see (31)).

with the structure functions given above and

3
(o

4T[2K1

dog (s, ky; P2 ki kp) =
(29)

k,d k
d 2d d® p26 (P,

+k, —p,—
W,006, 1~ P2

k, —K).
5. CONCLUSIONS
The characteristic form of the “reverse radiative

tail” (see Tables 3 and 4) of the differential cross sec-
tion vs. the energy fraction z can be reproduced if one

uses the smoothed expression for nonsinglet structure
functions, which includes the virtual electron pair pro-
duction [11]

D(x, L) = 8(1-x"*F+ 3

~Saex+o@), p=22w-1),

(30)
)[3/2 il 2D1L - 47DD

B
2(1- T2g?

O(p%) =

1+3x

+ 5—2[325 41+ x)In(1-x) -

_5%

In the figure, we give the magnitude of RC in the lead-
ing approximation

flogg™
OdcO

do

, 00 _ do g
dzdc

R(8) = ot

(31)

The results given above refer to the experimental
setup without additional e*e, p*u-, 11T real pairsin
the final state.

The accuracy of the formulas given above is deter-
mined by the order of magnitude of the terms omitted
(see (2)) compared to the terms on the order of unity,
i.e., on the order of 0.1% for typical experimental con-
ditions. In particular, thisis why we omit the evolution
effect of the K-factor terms.

The numerical value of K, leading contributions,
and the Born cross section for different kinematic

Table 4. The value of (si la?)da /dedy (the leading contribution, the first term in the right-hand side of master formula (39))
as afunction of y and cosB (calculated for w;, = 400 MeV, g; = 6 GeV)

W\cost -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6
0.05 9.658 11.110 13.626 17.513 23.678 34.116 53.669 98.208
0.10 11.350 15.024 22.633 39.297 86.017
0.15 13.839 23.190 56.097
0.20 17.735 45.672
0.25 24.303

Table 5. Born cross section (4) (without the factor a?/ ooi) forp=0.4
cosd -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8
2
w;dog
—dc 1.779 2.038 2.365 2.796 3.389 4.266 5.721 8.669 17.881
o}
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Table 6. Born cross section (40) (without the factor a%/ wi) for w, =400 MeV and g, = 6 GeV

cosd -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8
2
%ddi: 93317 | 60706 | 49428 | 44994 | 44351 | 47.084 | 54584 | 72444 | 129.944
a
regions are presented as functions of z and c¢ in 1 + %2 2x
Tables 1-6. o) %P, Z(1-0)n) 4
*1- Xolz(1 - c) 2%p U g2
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APPENDIX A
Integrating the phase volume over k,,
d*kd’k
dob = "=——5(Q-k-k), Q=pi+ki—p, (32)
2

we can writeit in theform

wdw?2dc,dc,

w, /D

- 2p(a-c)-21-c) +1+0) |

do =

6[2p —-pz(l+c)—-z(1-c)
(33

whereD =1 - ¢ — ¢5 — - 2cc,c, and ¢, ¢, are the
cosines of the respective angles between k and p4, p,.

For collinear kinematics, the following relations can
be useful:

_ 02xp ,z(1- C)D
Ri = Ricypp, = [t(l o 2xp U
« 1+ X 1
(1-x)22p*(1—c)) X0
_ _ dk 2
do; = d®f, . = 236((xp1+k1—p2) )
(34)
_ . Pp(1-x)dxdc,
= 2T 2 Z(1+0) O(X—Xy),
do; a’z a’
= —Z RdP, = —
dzdc 2!4an TN 4pwd(1—0)
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In the last equation, we take into account the same con-
tribution from the region k= (1 — X)p;.

2. Inthe case where k = (t/z— 1)p,, we abtain

z(l c)D

- - 0.2xp
Re = Rlicyp, = 2%p U

Et(l—c)

1+ % 1
(1-x)?2p%(1—c))xw?

d k
6((Xpl"' Ky —

X

(35)

do, = do|, . P.)°)

p(1—x)dxdc,

= 2m 2—-27z(1+c)

O(X—Xo)-

Therefore, the contribution in the case where k || p,
(kK || p2) hasthe form

do?
= R,d®
dzdc 2 4pwlf 2 (36)
o> d-c,_a Dl+22/t2|ni
4paw2|:| a 1-dl1-z/t ez

Comparing formulas (34) and (36) with (23), we can
see explicit cancellation of the 8, dependence.

APPENDIX B

Here, we describe the different cases of kinematic
regionsfor p and z.

All the above formulas were considered for p < 1,
and the possible region for the variable z was deter-
mined by the inequality x, < 1,

2p
ZS1—c+p(1+c)’ (37)

which means that the lower integration limit in for-
mula(8) islessthan 1. Inthe casewherep > 1, itiscon-
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Table 7. Thevalue of yy and z; as afunction of ¢ for n = 0.064 and p = 0.4

ILYICHEV et al.

cosf -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8

Yo 0.417 0.263 0.192 0.152 0.125 0.106 0.093 0.082 0.074

Z 0.423 0.455 0.489 0.526 0.571 0.625 0.690 0.769 0.870
venient to introduce the new variables Large values of the leading contribution (see Table 4)
. near the kinematic bound (see Table 7) can be under-
. stood as amanifestation of the 3(y —y,) character of the
€1 €1 18 differential cross section. The y,, Z, dependence is

£, on (38) givenin Table 7.

Yo = — n<1.

g, 1+c+n(l-c)
Forp>1(orn< 1) master equation (8) becomes

ax doe(XPy O) yr1 Y D
dydc(pl’ p2) It( )D( L) dC DE{(X)’ LD
dGs(py, O
- 990600 O) gy —ye) + il
(39)
s - _yn(l-¢ r_ |n251YO(1+C)
° T 2n-y(1+c) m
2nX

) = {@ro o

with the possible values for the energy fraction y of the
scattered el ectron given by y < y,. Born cross sections (4)

and (6) and formulas for hard photon emission Ksy,

Ky, for p > 1follow precisdly by the appropriate substi-
tutionp — n7%

dGe(xpy, 6) _ ma’ 1
de & (M(1-g+x(1+e)” 0
«0__n-c) ,n(-c)+x(1+cn

“HE=-c)+x(1+0) n(l-cy U
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Abstract—The order parameter of a quasi-two-dimensional electron system in which superconducting pairing
with large momentum and repul sive interaction occurs represents an alternating function of the momentum of
the relative motion of a pair. This function vanishes at points on the Fermi contour (FC) segments inside each
equivalent domain of kinematic constraint. The superfluid density is proportional to the area of such adomain.
When the pairing interaction is repulsive, the order parameter can be described by a two-component complex
function of coordinates that represents a solution to a system of two Ginzburg—L andau differential equations.
The characteristic size of apair, which isdetermined by the effective massrather than the vel ocity of an electron
near the FC, as well as the penetration depth and the correlation length for the fluctuations of the order param-
eter are obtained. The order parameter forms incommensurable quasi-periodic structures that arise under long-
wavel ength fluctuations of the phase and correspond to antiferromagnetically ordered current circulations. The
pairing channel considered provides aqualitative description for the characteristic features of superconductivity

in cuprates. © 2005 Pleiades Publishing, Inc.

1. Superconductivity in quasi-two-dimensional
(2D) cuprates, which arises under the doping of a par-
ent insulator with antiferromagnetic (AF) ordering,
exists in a limited interval of doping concentrations
X< X < X*. The temperature of superconducting (SC)

transition T¢ attains its maximum at a point X = X,y in
thisinterval. In the underdoped regime (X< X < Xy,

the superfluid density of the SC condensate of singlet
pairsissmall, ng~ (x—xp), and the Fermi contour (FC)

is determined by the total concentration of charge car-
riers (1 — X) and may have severa points (nodes) at
which the SC gap vanishes [1, 2]. When X< X < Xqpy,
noncoherent pairs exist in the domain of a pseudogap
state To < T < T*, where the temperature T* at which
the pseudogap emerges corresponds to the association
of charge carriersinto pairs, whereas T correspondsto
the emergence of phase coherence in the system of
already existing pairs [3]. Since the phase stiffness is
small, well-developed fluctuations arise that suppress
the long-range order in a 2D system, so that T can be
considered as the Berezinskii—Kosterlitz—Thouless
transition temperature, which correspondsto the gener-
ation of uncoupled vortices and antivortices of the
phase of the SC order parameter [4]. The weak interac-
tion between electrons in adjacent copper—oxygen
CuO, planes stabilizes the system with respect to the
long-wavelength fluctuations of the order parameter,
thus accounting for the dependence of T on the num-
ber of CuO, layersin the unit cell [5]. The short-range

AF order admits the existence of orbital currents (cur-
rent circulations) [6], which can manifest themselves as
adensity wave (DDW) [7] or aDDW fluctuation [8] in
a system with ad-wave SC gap.

A quite general phenomenological approach [9, 10]
to the unification of AF and SC orderings shows that,
along with the Cooper SC pairing with zero momentum
of apair and adielectric pairing with alarge AF vector,
there necessarily exist other pairing channels, each of
which can become the dominant channel under certain
conditions. One of such channelsisasinglet SC pairing
with large momentum of a pair. The states of such pairs
belong to the class of eigenstates of the Hubbard
Hamiltonian [11]. Under the assumption that the hop-
ping of pairs between adjacent lattice sites is admitted,
these states may lead to superconductivity for the posi-
tive energy of on-site correlation [12]. The SC pairing
with nonzero momentum gives rise to an inhomoge-
neous state similar to the Fulde—Ferrel—Larkin—Ovchin-
nikov (FFLO) state [13, 14] with spatial modulation of
the modulus and phase of the order parameter [15].

Both attraction due to electron—phonon interaction
[16, 17] and repulsion [18] are considered asthe pairing
mechanisms. The well-known features of the physics of
cuprates can be qualitatively explained in terms of the
pairing with large momentum under Coulomb repul-
sion [19]. In the present paper, we develop a macro-
scopic approach to the description of superconductivity
in cuprates. This approach is based on the Ginzburg—
Landau equations [20] derived for this pairing channel
in away similar to that used in [21] for the Bardeen—
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Cooper—Schrieffer (BCS) model [22]. Due to the fluc-
tuation phenomena, the applicability of the mean-field
approximation is limited to the overdoping domain
Xopt < X < X*. However, the results concerning the struc-
tural features of the order parameter can be extended to
the low doping domain.

2. The momenta k, of particles that compose a pair
with the total momentum K =k, + k_ and the momen-
tum of relative motion k = (k, —k_)/2 in a degenerate
2D electron system have a limited domain of variation
=«. The shape and the size of this domain are deter-
mined by the Fermi contour and the momentum K [23].
The domain = of kinematic constraints includes one-
particle states whose linear combination gives the
wavefunction of the relative motion of a pair. The
boundary that separates filled and vacant parts of the
domain =y with K # 0 is generaly given by isolated
points. However, for certain K close to the doubled
Fermi momentum in the direction of K and for a special
shape of the FC, this boundary may be given by finite
segments of the FC that satisfy the mirror nesting con-
dition [19] and form a pair Fermi contour (PFC). This
contour plays the samerole for the relative motion of a
pair as the FC plays for electrons and holes [19].

The pairing with total momentum K # O corre-
sponds to nonzero anomal ous averages

F(K, k) = <a5 aﬁm>, ()

2 2

where &, is the annihilation operator of an electron
with momentum g and spin o = 1, | ; the averaging is
performed at temperature T. The energy gap parameter

A(K, k) = —N_le(k—k‘)F(K,k'), 2
c

where U(k — k") is the Fourier transform of the energy
of pairing interaction and N is the number of unit cells,
is a solution (up to a phase factor) to the self-consis-
tency equation

A(K, k) = %Zu(k_k')A(K’k')f(K’k‘; T), (3)
"

where

f(K,k; T) = E'ltanhz—l?r, 4

E = /&% +|A® is the energy of the quasiparticle, A =
AK, K),

2E =28(K,K) = g(K/2+K)+&(K/2—K) =2 (5)
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is the kinetic energy of the relative motion of the pair
with total momentum K measured from the chemical
potential 2|, and g(q) is the dispersion law of an elec-
tron. The summation is performed over akinematically
allowed domain = .

In the BCS model, the attraction between electrons
inanarrow layer near the Fermi surface isindependent
of the momentum k of the relative motion of the pair;
therefore, the order parameter does not depend on k
either. If the pairing interaction is repulsive, then it
turns out that a nontrivial solution to the self-consis-
tency equation exists provided that the linear integral
operator with the kernel U(k — k') has at |least one nega-
tive eigenvalue [24] in addition to positive eigenval ues.

The perfect mirror nesting leads to a logarithmic
singularity with respect to |A]in Eg. (3), which in this
case has a solution for arbitrarily small values of the
effective coupling constant. Deviationsfrom the perfect
mirror nesting under the variation of the momentum of
the pair or the shape of the FC smooth out the logarith-
mic singularity. As a result, pairing becomes possible
when the coupling constant exceeds a certain minimal
value that increases with the deviation [25]. The energy
gap A(K, k) isan alternating function of the momentum
of the relative motion within the domain = . The nodal
line of thisfunction intersectsthe PFC [24], thus giving
riseto nodesthat are exclusively attributed to the repul -
sive character of the interaction. The maximal value of
|A(K, k)| determines the momentum K = K of the pair
that corresponds to the condensate (the index j numbers
crystallographically equivalent momenta).

The eigenfunctions ¢;(k) of the Hermitian operator
with kernel U(k —k") form acomplete orthonormal sys-
tem of functionsin adomain =;, and the energy gap can
be expanded in this system,

AKK) = 5 ALK )Pe(k); (6)

therefore, the dependence of the energy gap on the
momentum of relative motion is transferred to the
eigenfunctions that are independent of the self-consis-
tency equation. For large K;, the domain =; is rather
small; therefore, the kernel U(k — k") can be expanded
in a power serieswithin this domain. If we restrict our-
selvesto thefirst two terms of thisseries[24], we obtain

Uk =K) = Ugri[1-rk —k'[/2], )

where U, and r have the meaning of the effective cou-
pling constant and the screening length, respectively.
Kernel (7) is the simplest degenerate kernel with two
even and two odd (with respect to the transformation
k —— —k) eigenfunctions [26].

Owing to the crystalline symmetry, every state of a
pair with momentum K;; # O is degenerate and isformed
by a linear combination of pairs with equivalent
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momenta. The momentum of relative motion of such a
pair belongs to the union of kinematicaly alowed
domainsthat correspond to different equivalent K;. The
energy gap is rewritten as

Ak) = zB;A(ka) = ZB,-AS(KJ)%(k), 8
j i.s

wherek belongsto acertain domain =; in each term and
the coefficients Ay(K;) = A, are equal for al equivalent
=;. The coefficients 3; (normalized by the condition

; |B;|* = 1) are defined by an irreducible (not necessar-

ily trivial) representation of a symmetry group according
to which the functions (8) are transformed and which
depends on the interaction that mixes the momenta of
therelative motion of pairs with different K;. If either
kinematically allowed domainswith different K; do not
overlap or this overlapping can be neglected, then the
squared modulus of the linear combination (8), which
can be considered as the order parameter, is repre-
sented as

BT =Y B AT 801K s(K):  (9)

j»ss

this expression allows one to expand the free energy in
powers of |A(K;, K)[* for a certain K; and then pass
to (8).

3. Attemperaturescloseto T, |A(K}, k)| —= 0. This
allowsoneto linearize the sel f-consistency equation for
1= (T —-T)/Te < 1, representing it as

> Pue(Kj; Te)AK, k) = 0, (10)
&

where
Pue(K; T) = NU‘l(k —k") + 9, fo(K, k; T)/2,(12)

fo(K, k; T) isthe function (4) for A = 0 and U(k — k")
istheinverse matrix of U(k —k"). Using the expansion (6)
of the energy gap in the eigenfunctions of the kernel (7),
one can reduce the system of equations (10) to asystem
of two equations and determine the transition tempera-
ture from the solvability condition of the latter system.
Note that, when the kernel has a unigue eigenfunction
that corresponds to a positive eigenvalue (an approxi-
mation similar to the BCS model for repulsive interac-
tion), the only equation obtained from (10) hasonly the
trivial solution A = 0. The spectrum of the kernel (7)
contains one negative eigenval ue; therefore, the self-con-
sistency eguation certainly has a nontrivial solution [24]
for T<Tc#0.

For T < T, the terms with the momenta K; of the

condensate in the linearized Hamiltonian giverisestoa  over the union of all
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macroscopically large number of pairs. For T — T,
the contribution of these terms can be considered as a
small perturbation of the Hamiltonian of an ideal gas of
pairs. The free energy can be calculated within thermo-
dynamic perturbation theory [27]; in the second order,
itisexpressed as

F? = = A'(K; K)P(K ;i TIAK k), (12)
j, kK

where the kernel (11) is determined at atemperature T
closeto T... Formula (12) can be rewritten as

F® = —ZAT(K]-,k)P(k; TAK,, k),  (13)
where the kernel
. - T —2 E(KJI k)
P(k; T) = 77— cosh [ AP } (14)
with k O = isidentical for all =;. Using expansion (6),
we obtain
FP = a5 AYFLA,, (15)
where the matrix elements
1 (K)o (K
FSSE4T ¢jS( )¢JS’( ) (16)

¢4 cosh’[E(K ;, k)/2T]

are independent of | because of the summation over k.
The sum over j is included (together with the coeffi-
cients (3)) in the definition of A according to (8).

The fourth-order contribution F(C4) can be deter-

mined from the expression F = H — TS where H isthe
mean value of the linearized Hamiltonian. Omitting the
calculations presented in [28], we write the final result:

1 o
F(4) = é Z As Ag Fsgtt'AtAt" (17)
s, s, t,t
Here, we set T, = T(T¢(2n + 1)) in the sum
Fawe = z z2Tc¢1s(k>¢w<k)¢n(k)¢,t(k) a8

n=0 k T+E(Kjak)]
=; and used the well-known repre-
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sentation [29]

00

1

f Lk T) = )
ok ) 4THZO[HT(2n+1)]2+22<Kj,k)

(19)

4. To take into account the dependence of the order
parameter on the radius vector R of the center of mass
of apair, we have to pass to the Fourier transform

A(R,K) = N_”ZZA(K,k)exp(—iK [R), (20)
K

where k belongsto the domain =, corresponding to the
momentum K. In the case of a weakly inhomogeneous
system, when the momenta K dightly differ from the
momentum K; of the condensate of a spatially homoge-
neous state, A(K, k) can be expanded in the system of
functions ¢;4(k) defined in =;. Then,

Ajs(R) = 5 AR, K)9j(K). (21)
k

For acondensate with momentum K;; in ahomogeneous
system, we put A(K,, k) = /N A(K}, k) , 0 that

A(R) = Asexp(—iK; [R) (22)
is similar to the FFLO state [13, 14], the essential dif-
ference being that the energy gap under repulsive inter-
action has two FFLO components (22) coupled by the
self-consistency equation. Functions (22) with different
j are orthogonal to each other:

Y A1(RIB(R) = NAIAS;.
R

In a spatially inhomogeneous state, the coefficients
A, are functions of R that lowly vary on the atomic
scale. In this case, different R correspond to generally
different condensate momenta; therefore, putting, K =
K; + g, one should sum over q for every j. Since the
homogeneous contribution to the free energy has
already been obtained, the second-order gradient con-
tribution can be calculated for T = T and represented as

Fo' == A'(K;+a, k)P(a, k)AK; +q,k), (23)
jra.k

where

P'(a. k)

= [fo(K, + 0,k Te) = fo(K  k; Tol/2N, &Y

because, for small g, one can apply Eg. (10) to trans-
form the kerndl in (12).
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The application of a magnetic field changes the
phase of the annihilation operator of an electron at asite
n [30],

Cro = Eno@P| 7oA (M) ]; 25)

therefore, the phase of the order parameter asafunction
of the vector potential A is expressed as

e N o 28
i—iE[A(n) Ch+A(n') h' ~f-i—CA(R) R, (26)

where 2R = n + n’, and the approximate equality holds
if the derivatives of the vector potential are negligible
(in the weak-field approximation). The vector poten-
tial A in (25) includes both the contribution of a slowly
varying field that is retained in the approximate expres-
sion (26) and the contribution of the internal field that
arises due to doping and current circulations [6]. This
contribution manifests itself, for instance, in the boson
model [31] of resonating valence bonds [32], as gauge
fields that link the charge and spin degrees of freedom.

The energy gap can a so be expanded in terms of the
eigenfunctions of the kernel of the interaction operator
for momenta that differ from the condensate momen-
tum for a spatially homogeneous state. In this case, for
small enough g, the functions ¢.(k) can be assumed to
belong to the domain =; that correspondsto the momen-
tum K;. Define the functions

W(R) = Ay(R)/aTg, (27)

where

AR) = Y B,e" FA(R). (28)
j

The normalization condition for the dimensionless
-1/2

functions ¢;(k) impliesthat ¢;((k) ~ N."*, where N, =
=;9(2m)? isthe number of statesin thedomain =;and S
isanormalizing area. Then, formulas (15)—(18) show
that the order parameter is normalized in the domain of
kinematic constraint |Wy(R)J? ~ N., so that W(R) can be
considered as components of the condensate wavefunc-
tions. The fact that the superfluid density is propor-
tional to N, for alarge total momentum of a pair indi-
cates that the domain of the momentum space in which
the scattering of pairs due to the interaction occurs is
determined by the domain of kinematic constraint. This
contrasts with the BCS model, in which, in spite of the
fact that the pairing interaction is different from zero in
athin layer enclosing the Fermi surface, the domain of
the momentum transfer under scattering is the entire
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Brillouin zone, so that the superfluid density is propor-
tional to the total number of particles. Formula (23) is
rewritten as

@ _ 1 *
I:g - _NZ Z ZLPS (R)st‘(q)ws‘(R + p)

5,9 S, S R,p (29)

g.2 O

Ebexpg—lﬁ—iA Oprl.

O O

Here,

(30)

Que(@) = TSy 03 (K)P'(a, K)s(K),
k

where a2 = SN.
The“biased” order parameter is expressed as

W (R + p)exp%—is—eA Ep% = d*PY,(R), (31
o "t 'O

where the operator of covariant differentiation with
respect to the coordinates of the center of mass of apair
isgiven by

B =_in-28a.

= (32

Up to the second order in R, formula (29) can be repre-
sented as (summation over repeated Cartesian indicesa
and 3 is assumed)

FY = [d°RY [D.W(R)]'QEIDs LR, (33

where, upon passing to integration with respect to g and
p, we have

Tc 05 (K)9s(k)

gt (34)

xf(z BI(2 T2+ E4(K, + ; k).

The integral with respect to q is determined by the
poles of the integrand in the complex plane (for each
component of the vector ), which are obtained from
the equations

E(K;+q,k) = %iT,. (35
For a weakly inhomogeneous state (for small q), the
left-hand side of Eq. (35) can be expanded in series
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in g. Restricting the expansion to the first nonvanishing
terms, we obtain

2

E(K;+0,K) = (K, K)+ 2aqty (30)

There are no terms linear in q in this formula because
the electron velocities at the pointsk, and k_, which are
symmetric with respect to K, have opposite directions.
m* makes the sense of a certain effective mass of an
electron, and the tensor A defined by the equation

_m* [6 8(k+) 0%e(k_ )}

72| Oky0K, | OkgOK, 37)

agp =

can be assumed to be independent of k.

The disposition of the PFC in the extended neigh-
borhood of asaddle point [33] allows oneto restrict the
analysis to the case of extremely strong anisotropy of
the effective masses. Let m* bealight component of the
effective mass, which corresponds to the momentum K
of the pair directed aong the coordinate axis q;. Set

3y0u0p = qf . Then, integration with respect to g, leads

to the substitution p,pg —> pf 0410p1 IN (34). Theinte-
gral with respect to g, can be calculated by the theorem
of residues. Subsequent integration with respect to p
allows us to represent the gradient contribution to the
free energy as

2 ” ~
FP = I IdZRZ[DwS]*Msg[DwS-], (38)
where m= ||, W= W(R), and
&' Te02 (WIEK, KIOK). (o

ZJ'(ZT[)

here we took into account that the momenta +K; make
equal contributions to (34) and that, in the case of tet-
ragonal symmetry, the momenta equivalent to *Kj,
turned through angles of 172, give similar contribu-
tions with a simultaneous change of the numbering of
the coordinate axes.

[Ta+E(K, k)1

Homogeneous contributions of the second (15) and
fourth (17) orders are expressed as

FP = q[d’RY WrALW,, (40)
JoR2
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and

F9 = 3[¢'R Z WIWEBg W W (4D)
respectively, where
A, = a TcJ- d’k ¢Js(k)¢js(k) (42)
(211) cosh’ [E(K;, k)/2T(]
and
Beste = 23-4T(5:
(43)

Z d’k ¢,s(k)¢1g(k)¢n(k)¢,t(k)
I(27T) [Th+ 8K, k)]

in accordance with (16) and (18). Note that, in the sim-
plest case (which is worth considering only for the
attractive interaction) when the degenerate kernel of the
interaction operator has a unique eigenfunction ¢;s =

NZ"?, the matrices introduced by formulas (39), (42),
and (43) degenerate into the numbers

_ cha2 _ gazT(Z:
M= N, ' A= N,
42 (44)
_ 7¢(3)9a Tc

8¢ N?

respectively, where g is the density of statesand {(2) is
the Riemann zeta function.

Let us represent the free energy as the Ginzburg—
Landau functional

F = Fff) +FP 4+ F@ 4 g™
where

F(m)

,_J d’ R(curlA)? (45)

isthemagnetic field energy, A =A(R), and z, isthe dis-
tance between adjacent CuO, planes.

A standard variational procedure yields a system of
equations for the order parameter,

7’ 2e
ATnZ MSS[ i0 —ﬁ—A}wg

—TZAsqu +3 BauWiW W, = 0,

s,t,t

(46)
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and an equation for the vector potential,

he
)= ZMSS'[WT](LP:EP = WsW )
s.s (47)
Ze =< wry A}
where
, c
j = ZOE[curIcurlA (48)

isthe current density in the CuO, plane. The system of
boundary conditions can be expressed, in particular, as

e (49)

S Msg[i 0+ Z—eA}PS.n =0,
s
where n isthe outward normal to the boundary of a2D
domain in the CuO, plane.

The presence of the system of two equations (46)
instead of a single Ginzburg-Landau equation corre-
sponding to the BCS model may lead, just asin the case
of s—d pairing [34], to severa nontrivial solutions (that
may differ, for example, in the relative phase). These
solutions correspond to the minima of the Ginzburg—
Landau functional, whose positions and the energy val-
ues depend on the relation between the matrix elements
A and By,«. Moreover, system of eguations (46) for the
interrelated components of the order parameter may
lead to topological defects in the phase of the order
parameter that are different from vortices and antivorti-
ces and arise as solutions to the Ginzburg—Landau
equations corresponding to the BCS model, like in the
case described by the two-component Gross—Pitaevskii
equation for condensates of oppositely charged particles
coupled through the electromagnetic field alone [35].

The components of the equilibrium order parameter
in a spatially homogeneous system are determined by
the system of eguations

z LIJS'|:TASS' - Z Bstt‘s‘l'l',;k Lpt'i| = O-
s t,t

which impliesthat, for T <0, the equilibrium state cor-

responds to thetrivial solution W5 = 0. When 1 > 0, the
equilibrium order parameter is determined from the
condition that the matrix in square bracketsin (50) van-
ish. Denote W, = ﬁ C,, Where the coefficients ¢, are

independent of temperature and are determined form
the system of three independent equations

(50)

thss[-C’S Cs = Ay (51)
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The coefficients c, enter this system as three nonnega-
tive invariant combinations: as the squared moduli |c,|?

and |c,]? and as the interference term cjc, + c,c5,

which determines the relative phase of the coefficients
¢, and ¢,. The matrices A and B, have three and five
independent components, respectively, which can eas-
ily be estimated. Let us choose the eigenfunction ¢;,,
which corresponds to a positive eigenvalue, in the form
that was used for estimates (44). Then, thefunction ¢,
which corresponds to a negative eigenvalue and van-
ishes on the PFC, can be chosen as a linear function of
€. This choice is consistent with the assumption [36]
about the “tilt” of the energy gap. For such eigenfunc-
tions, the elements of the matrices Ay, By, and My
all of whoseindices are 2 coincide with estimates (44)
in order of magnitude. Taking into account that the
parameter y = 1T /g, is small, we can estimate the
above matrix elements with all indices equal to unity as
Ay ~ Y?A, Biigg ~ ¥?B, and My; ~ YM. By, ~y?Bto a
logarithmic degree of accuracy in vy, and the elements
with an odd number of identical indices, which are also
proportional to y?, have an additional small term (which
determines their sign) associated with the asymmetry
between the filled and vacant parts of the domain =;.

Note that, when the kernel of the interaction opera-
tor has asingle positive eigenvalue, system (50) degen-
eratesinto a single equation that has no nontrivial solu-
tions. Moreover, system (50) has only the trivial solu-
tion when all eigenvalues of the kernel are nonnegative.
In the case of two (one positive and one negative)
eigenvalues, which is considered here, the elements of
the matrices A, and By are such that a nontrivial solu-
tion certainly existsfor t > 0.

The essential difference between the system of
equations (46) and the system that describes, for exam-
ple, the s—d pairing [34], is that the coefficients multi-
plying the first-order components of the order parame-
ter are proportiona to 1. In the case of repulsion, both
components W, and W, correspond to the same transition
temperature and cannot exist one without other [24]
because the transition to the limit case of a unique pos-
itive eigenvalue implies the simultaneous transition

5. It follows from (47) and (48) that the penetration
depth A isdefined as

_ 8me’t
= Z Cs MGy

> (52)
mc°z,

1
N

s, 8

and the two-dimensional superfluid density is given by

ng = 21 Z Cs MCq, (53)
S,S
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where the coefficients ¢, are solutions to the system of
equations (51).

The size of apair in the real space can be evaluated
asthe inverse of the imaginary part of the pole defined
by (35) for n = 0. Let us denote by ¢, the characteristic
energy scale of the domain =; and take into account that
€, > Tc. Then, we obtain the estimate

Z:i €o
O TN |m*|

(54)

Setting €, ~ 0.1 €V, we obtain {; = 3 x 10~ cm for |m*|
= 102" gand T = 80 K. Note that, for the pairing with
zero total momentum (in the case of attraction), when
there are no kinematic constraints and €, has the sense
of the Fermi energy, we have ,/e,/|m*| ~ v, and (54)
isrewritten as {, ~ AV /T ;.

The correlation function for the fluctuations of the

components of the order parameter can be represented
as

WS (R)Ws(R)D

_ mTc 4, -, 0Or 0 (55)
- ?Zus‘tMt Uts KODr—(C—)D’
t t

wherer = R'— R, Uy isaunitary matrix that simulta-
neously diagonalizes the matrices A and My, A, and
M; are the eigenvalues of these matrices, and

(© = | B2 M
t am[t| A,

Taking into account that the Macdonald function Ky(2)
behaves as

(56)

Ko(2) O(1022)*exp(-2)

for large values of the argument, we can consider the
least of quantities (56), r. = min(rEC) ), asthe character-
istic correlation length for the fluctuations of the order
parameter. Just like the size of a pair in the real space,

this length is determined by the electron effective mass
near the FC.

As rough estimates, one can use expressions (44),
which are the greatest (in order of magnitude) diagonal
elements of appropriate matrices corresponding to the
positive eigenvalue of degenerate kernel (7). The mean
squared modulus of the equilibrium order parameter is
proportional to the area of the domain =;,

\WJ? 0[20/72(3)INE,, 57)

and the dimensionlessratiok = A/r. > 1.
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The gradient contribution to the free energy (40)
describes long-wavelength fluctuations of the order
parameter with respect to the thermodynamic equilib-
rium value determined by system of equations (50).
The structure of order parameter (28) is such that a spe-
cial current state may arisein the domain of well-devel-
oped fluctuations. The character of this state can be deter-
mined by Ginzburg-Landau equations (46) and (47). If
we single out the phase

Wi(R) = |[W(R)[e®V (58)
of the order parameter, we can rewrite expression (47)
for a superconducting current in the absence of mag-
netic field as

. _ heo
j =M . (59)

Here,

M= § WM W, (60)
2

and W, isgiven by expression (27). Dueto the exponen-
tial factorsin the definition (28), W, isarapidly varying

(on the space scale proportional to Kj_l ) function of the
coordinates X and Y of the radius vector R:

W (R) OcosK; X + cosK;Y. (61)
The upper (lower) sign corresponds to the irreducible

representation of A,y (Byg). The current circulation
along any closed contour L, in the cuprate plane,

V = fj d = %IdZR nJOMx® ], (62
S

Lo

is generally different from zero; here, n; is a unit nor-
mal to the CuO, plane, and §; isthe area of the surface
bounded by the contour L. If the characteristic size of
contour L is much greater than the scale proportional

to Kj_l , on which avariation of the order parameter (61)

occurs, then V = 0. The structure of order parameter (61)
correspondsto the partition of areal 2D spaceinto cells

of area on the order of K,—‘z, so that the projections of
the vector product in (62) onto direction ng in adjacent
cells have different signs. Thus, long-wavelength fluc-
tuations of the phase of the order parameter (which are
especialy significant in underdoped cuprates dueto the
small phase stiffness) result in an incommensurable
antiferromagnetically ordered (on the scale of phase
fluctuations) structure in the form of orbital current cir-
culations.
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An estimate for the phase stiffness near the transi-
tion temperature can be obtained from Eq. (38). In the
absence of magnetic field, expression (38) can be
rewritten as

@_ 102 2
l:g - 2J-d Rps(mD ) ’ (63)
whence it follows that
_ R
pS - 2mM (64)

Here, M isdefined by (60) in which the components of
the order parameter should be set equal to their equ-
ilibrium values, which are solutions to system of equa-
tions (50). Thus, near the transition temperature, we
have ps ~ 1. If we assume that pgis alinear function of
temperature [37], then, for T = 1, expression (64) deter-
mines the value of the phase stiffness at zero tempera-
ture, p40), which is proportiona to the area of the
domain =; of kinematic constraint.

6. The mean-field approximation used when deriv-
ing Ginzburg—Landau equations (46) and (47) is
assumed to be sufficient [1] for describing the SC state
of optimally doped and overdoped cuprates. In the
underdoped regime, the presence of a pseudogap for
Te < T < T* suggests [32] that the ground state of the
high-temperature (T > T.) phase differs from the state
of anorma Fermi liquid. Therefore, a theory based on
the same principles as the BCS theory may prove to be
inadequate for the physics of cuprates. Moreover, fluctu-
ations play an essentia role in underdoped cuprates [4],
so that, if the mean value of the order parameter van-
ishes at a certain transition temperature T, its mean
square may be different from zero in a rather wide
range of temperatures above T [3].

Anaysis of the t-J model under the constraint of no
double occupation of lattice sites shows [18, 38, 39]
that the mean-field theory with regard to the relevant
renormalization of the kinetic energy and the superex-
change interaction in the t-J Hamiltonian gives a rea-
sonable doping-level dependence for the SC-transition
temperature T and the temperature T* at which a
pseudogap arises. In addition, it shows that the phase
stiffness in the underdoped state is small (ps ~ X). The
latter fact allows one to interpret T* as the formation
temperature of pairsthat exist for To < T < T* in nonco-
herent states, and T, asthe temperature at which phase
coherence arises [18].

The constraint of no double occupation corresponds
to the limit case when the energy of on-site correlation
is much greater than the electron energy band gap and
thus promotes dielectrization of the system and the
emergence of AF ordering. A more redlistic constraint
on the double occupation under which the tota
(Gutzwiller) projection used in [18, 38, 39] is replaced
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by apartial projection [40] also leadsto the phase tiff-
ness p; ~ X. Moreover, this constraint allows one to
apply the general BCS approach to describe SC in
underdoped cuprates without resorting (like in [18]) to
various, rather factitious schemesfor separating charge
and spin degrees of freedom [31, 41-43]. The absence
of atrue separation of charge and spin (a specific con-
finement of holons and spinons) isan argument in favor
of the general BCS conception as applied to cuprates.

Unlike the BCS theory, in which the SC state arises
as aresult of instability of a normal Fermi liquid with
respect to the Cooper pairing with zero total momen-
tum, the theory of superconductivity in cuprates must
take into account competition between the SC and AF
states [7]. Antiferromagnetic ordering is characterized
by a momentum on the order of the doubled Fermi
momentum. Thisisone of the reasons why the SC pair-
ing with large momentum [9-11] (which is generally
incommensurate [ 7] in doped cuprates) may turn out to
be the main pairing channel [19].

The description of doped cuprates within the t—J
model on the basis of SU(2) symmetry in fermionic
representation [44] suggests that one should introduce
adoublet of bosons one of which may condensate into
a state with zero momentum and the other corresponds
to a condensate with large momentum (11, 1). The
SU(2) formalism leads to the correlation of orbital cur-
rents, which manifests the AF ordering of current cir-
culations[6] corresponding to aflux phase [45]. Equa-
tion (62) impliesthat such a character of current circu-
lations can be associated directly with the large
momentum of the pairs that form the SC condensate.

Owing to the positive term U,r3, the repulsive pair-
ing interaction (7) takesinto account apartial constraint
of no double occupation of sites and results in a sub-
stantial dependence of the SC order parameter on the
momentum of the relative motion of the pair. For large
total momentum of the pair, this dependence results,
first, from the crystalline symmetry (pairing in equiva-
lent domains =; of the momentum space) [23, 26], and,
second, from the specific character of repulsion (the
presence of anegative eigenval ue of theinteraction ker-
nel, which is in agreement with the assumption [46]
that thereisa pairing interaction in addition to the Hub-
bard repulsion). Thus, the four nodes for the d-wave
symmetry of the SC gap (the irreducible representation
B, relating equivalent domains =;) are supplemented
with nodes associated with intersection of the FC with
the nodal line of the order parameter [24]. Under the
swave symmetry (the trivial representation Ay), the
repulsive pairing interaction also gives rise to nodes of
the order parameter (the extended s-wave symmetry [2]).
The analysis[47, 48] of the experimental data obtained
by different methods shows [47] that the order parame-
ter in the bulk of a cuprate semiconductor corresponds
to the sswave symmetry (which is extended in com-
pounds with hole doping and anisotropic in compounds
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with electron doping) [47]. This result does not contra-
dict the fact that phase-sensitive experiments that allow
oneto probe thin (on the order of the coherence length)
surface layers indicate that the order parameter has the
d-wave symmetry [47]. With the nodes of the order
parameter and quasiparticles that are thermally gener-
ated in the neighborhoods of these nodes, one may
associate alinear decreasein the phase stiffness astem-
peratureincreases[37]. This makesit possible to deter-
mine (within the mean-field theory) the transition tem-
perature from the condition p(T.) = 0 [37]. Note that
the additional nodes, just astheregionsof the nodal line
of the order parameter that lie near the FC, lead to an
increase in the number of generated quasiparticles
(compared with, say, the case of “ pure” d-wave symme-
try). Therefore, systems with strong anisotropy of the
FC, wherethenodal lineisrather far from the FC on the
average, should be characterized by higher values
of Te.

The smallness of the phase stiffness is responsible
for the significant long-wavelength phase fluctuations
of the order parameter, which, for T = T, develop into
singular fluctuations in the form of uncoupled pairs of
vortices and antivortices[4] that exist in the pseudogap
state of underdoped cuprates. The Dirac character of
the spectrum of nodal quasiparticles[1] makesit possi-
ble to describe, by analogy with quantum electrody-
namics in two dimensions (QED,, ,), the pseudogap
state within the phenomenological scheme of [4]. In
this scheme, the nonsuperconducting phase with a
pseudogap manifestsitself as a certain algebraic Fermi
liquid [4] that playsthe samerolein the phasetransition
to the SC state as the normal Fermi liquid playsin the
BCS theory. Vortices and antivortices, which represent
elementary excitations in the QED,, ; scheme, mani-
fest themselves as topological defects of the phase of
the order parameter and result from quantum or thermal
fluctuations. Similar defects may arise due to the
change of the signs of individua current circulations
[49] in a state corresponding to the flux phase. In the
energy-band scheme, these defects can be associated
with long-lived quasi-stationary states of particle pairs
with large total momentum [26].

The phase transition to the SC statein 2D systemsin
which the order parameter has nodes inevitably
acquires the characteristic features of the Berezinskii—
Kosterlitz—Thouless transition because quasiparticles
reduce the phase stiffness and thus stimulate the ther-
mal excitation of vortices and antivortices. The Joseph-
son junction between CuO, layers[18], just as between
equivalent domains =; under pairing with large momen-
tum, may suppress the phase fluctuations and bring the
transition temperature closer to the value defined by the
mean-field theory. A similar effect results from the
competition between the SC and DDW states with
regard to the inhomogeneous distribution of charge car-
riers that are introduced during doping along different
copper—oxygen planesin aunit cell [5].
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All successful phenomenological approaches to the
problem of superconductivity in cuprates are associated
with inhomogeneities either inthereal space (for exam-
ple, stripes) or in the momentum space[1]. Pairing with
large momentum inevitably results in a spatially inho-
mogeneous SC state, similar to the FFLO state, in
which the distribution of the amplitude of the order
parameter is analogous to that in the DDW. The pairing
repulsion givesrise to nodes in the order parameter and
thus reduces the phase stiffness of the SC condensate.
These two principles substantially unify various theo-
retical approachesto the description of superconductiv-
ity in cuprates [50].

ACKNOWLEDGEMENTS

Thiswork was supported in part by the Ministry of
Education of the Russian Federation (project
no. E02-3.4-147), by the Special Federal Program
“Integration” (project no B0049), by the Russian Foun-
dation for Basic Research (project no. 02-02-17133), and
by the Specia Federa Research Program “Investiga
tionsand Development in Priority Fieldsof Scienceand
Technology” (project nos. 40.072.1.1.1173 and
40.012.1.1.1357).

REFERENCES

J. Orenstein and A. J. Millis, Science 288, 468 (2000).

2. E.W. Carlson, V. J. Emery, S. A. Kivelson, and D. Orgad,
in Physics of Conventional and Unconventional Super-
conductors, Ed. by K. H. Bennemann and J. B. Ketterson
(Springer, Berlin, 2002).

3. V.J. Emery and S. A. Kivelson, Nature 374, 434 (2002).

=

4. M. Franz, Z. Tesanovi¢, and O. Vafek, Phys. Rev. B 66,
054535 (2002).

5. S. Chakravarty, H.-Y. Kee, and K. Volker, Nature 428, 53
(2004).

6. D.A.lvanov, P A. Leg, and X.-G. Wen, Phys. Rev. Lett.
84, 3958 (2000).

7. S. Chakravarty, R. B. Laughlin, D. K. Morr, and
C. Nayak, Phys. Rev. B 63, 094503 (2001).

8. P A. Lee, N. Nagaosa, T. K. Ng, and X.-G. Wen, Phys.
Rev. B 57, 6003 (1998).

9. S.-C. Zhang, Science 275, 1089 (1997).

10. M. Guidry, L.-A. Wu, Y. Sun, and C.-L. Wu, Phys. Rev.
B 63, 134516 (2001).

11. C. N.Yang, Phys. Rev. Lett. 63, 2144 (1989).

12. G. |. Japaridze, A. P. Kampf, M. Sekanig, et al., Phys.
Rev. B 65, 014518 (2002).

13. P Fuldeand R. A. Ferrel, Phys. Rev. A 135, 550 (1964).

14. A.I. LarkinandYu. N. Ovchinnikov, Zh. Eksp. Teor. Fiz.
47, 1136 (1964) [Sov. Phys. JETP 20, 762 (1964)].

15. H. Shimahara, cond-mat/0406384.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

16. A. A. Abrikosov, Physica C (Amsterdam) 341-348, 97
(2000).

17. E. G. Maksimov, Usp. Fiz. Nauk 170, 1033 (2000)
[Phys. Usp. 43, 965 (2000)].

18. P W. Anderson, P. A. Lee, M. Randeria, et al., J. Phys.:
Condens. Matter 24, R755 (2004).

19. V. I. Belyavsky and Yu. V. Kopaev, Phys. Rev. B 67,
024513 (2003); Phys. Lett. A 322, 244 (2004).

20. V. L. Ginzburg and L. D. Landau, Zh. Eksp. Teor. Fiz.
20, 1064 (1950).

21. L. P. Gor'kov, Zh. Eksp. Teor. Fiz. 36, 1918 (1959) [Sov.
Phys. JETP 9, 1364 (1959)].

22. J.Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
108, 1175 (1957).

23. V. |. Belyavskii, V. V. Kapaev, and Yu. V. Kopaev, Zh.
Eksp. Teor. Fiz. 118, 941 (2000) [JETP 91, 817 (2000)].

24. V. |. Belyavskii, Yu. V. Kopaev, V. M. Sofronov, and
S. V. Shevtsov, Zh. Eksp. Teor. Fiz. 124, 1149 (2003)
[JETP 97, 1032 (2003)]; V. |. Belyavsky, Yu. V. Kopaev,
and S. V. Shevtsov, J. Supercond. Novel Magn. 17, 297
(2004).

25. V. I. Belyavskit, V. V. Kapagev, and Yu. V. Kopagev, Pis ma
Zh. Eksp. Teor. Fiz. 76, 51 (2002) [JETP Lett. 76, 44
(2002)].

26. V. |. Belyavskii, Yu. V. Kopaev, Yu. N. Togushova, and
S.V. Shevtsov, Zh. Eksp. Teor. Fiz. 126, 672 (2004)
[JETP 99, 585 (2004)].

27. L. D. Landau and E. M. Lifshitz, Course of Theoretical
Physics, Vol. 5: Satistical Physics, 4th ed. (Nauka, Mos-
cow, 1995; Butterworth, London, 1999).

28. V. P Mineev and K. V. Samokhin, Introduction to
Unconventional Superconductivity (Mosk. Fiz.—Tekh.
Inst., Moscow, 1998; Taylor and Francis, London, 1999).

29. A.A.Abrikosov, L. P. Gor'kov, and I. E. Dzyal oshinskif,
Methods of Quantum Field Theory in Satistical Physics
(Fizmatgiz, Moscow, 1962; Prentice Hall, Englewood
Cliffs, N.J.,, 1963).

30. E. M. Lifshitzand L. P. Pitaevskii, Course of Theoretical
Physics, Vol. 5: Satistical Physics (Fizmatgiz, Moscow,
2001; Pergamon, New York, 1980), Part 2.

31. Z. Y. Weng, D. N. Sheng, and C. S. Ting, Phys. Rev. B

59, 8943 (1999); V. N. Muthukumar and Z. Y. Weng,
Phys. Rev. B 65, 174511 (2002).

32. P.W. Anderson, Science 235, 1196 (1987).

33. Z.-X. Shen, W. E. Spicer, D. M. King, et al., Science
267, 343 (1995).

34. Y. Ren, J. H. Xu, and C. S. Ting, Phys. Rev. Lett. 74,
3680 (1995).

35. E. Babaev, L. D. Faddeev, and A. J. Niemi, Phys. Rev. B
65, 100512 (2002).

36. J. E. Hirsch, Phys. Rev. B 59, 11962 (1999); PhysicaC
(Amsterdam) 341348, 213 (2000).

37. P A. Lee and X. G. Wen, Phys. Rev. Lett. 78, 4111
(1997).

38. F. C. Zhang, C. Gros, T. M. Rice, and H. Shiba, Super-
cond. Sci. Technal. 1, 36 (1988).

No.1 2005



MACROSCOPIC DESCRIPTION OF SUPERCONDUCTING PAIRING 49

39. A. Paramekanti, M. Randeria, and N. Trivedi, Phys. Rev.  45. J. B. Marston and |. Affleck, Phys. Rev. B 39, 11538

40
41

42

Lett. 87, 217002 (2001); cond-mat/0305611. (1989); T. Hsu, J. B. Marston, and |. Affleck, Phys. Rev.

. B 43, 2866 (1991).
+ R.B. Laughlin, cond-mat/0209269. 46. B. A. Bernevig, G. Chapline, R. B. Laughlin, et al.,
. G. Baskaran, Z. Zou, and P. W. Anderson, Solid State cond-mat/0312573.

Z. Zou, and T. Hsu, Phys. Rev. Lett. 58, 2790 (1987). - 2080, FYS. RV B B4, (2001).
48. B. H. Brandow, Phys. Rev. B 65, 054503 (2002).

: Nl-ggloagaﬂﬁ and P A. Lee, Phys. Rev. Lett. 64, 2450 49 s Chakravarty, Phys. Rev. B 66, 224505 (2002).

( ) 50. V. I. Belyavskii and Yu. V. Kopaev, Usp. Fiz. Nauk 174,
. P B. Wiegmann, Phys. Rev. Lett. 60, 821 (1988); 457 (2004) [Phys. Usp. 47, 409 (2004)].

P A. Lee, Phys. Rev. Lett. 63, 680 (1989).
. X.G.WenandP.A. Lege, Phys. Rev. Lett. 76, 503 (1996). Trandated by . Nikitin

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100 No.1 2005



Journal of Experimental and Theoretical Physics, Vol. 100, No. 1, 2005, pp. 50-65.

Tranglated from Zhurnal Eksperimental’ noi i Teoreticheskor Fiziki, Vol. 127, No. 1, 2005, pp. 56-73.

Original Russian Text Copyright © 2005 by Klimenko, Imenitov, Shavkin, Volkov.

ORDER, DISORDER, AND PHASE TRANSITIONS

IN CONDENSED SYSTEMS

Resistance—Current Curves
of High Pinning Super conductors

E. Yu. Klimenko, A. B. Imenitov, S. V. Shavkin, and P. V. Volkov
Russian Research Center Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia
e-mail: klimenko_e@mail.ru
Received October 24, 2003; in final form, July 22, 2004

Abstract—The lack of universal phenomenological approaches to calculation of the spatiotemporal distribu-
tions of vector fields in superconducting materials with high anisotropic pinning hinders the analysis of accu-
mulated empirical data. The development of such phenomenology is impeded by the tradition of inadequate
description of the transition characteristics of superconductors. Based on adetailed investigation of the current-
dependent transitionsin commercial niobium—titanium wire, it has been found that, in contrast to the commonly
accepted approach, the transition characteristics are conveniently described asthe dependences of the resistance
on the current, by analogy with the dependences on the temperature and magnetic field. Investigations in the
range of magnetic fields from 0 to B, showed that it is the resistance that exhibits exponentia variation with
the field. The values of resistances determined by extrapolation of the transition curves to a zero current obey
the exponential dependence on the magnetic field. The experimental results are consistent with predictions of
the statistical model explaining the shape of the transition characteristic as determined by the bulk inhomoge-
neity of the superconductor. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

After more than four decades of research, the resis-
tive state of superconductors with high pinning is still
among the central topics in investigations of the phe-
nomenon of superconductivity. Theinterest inthisissue
is related to important technical applications of super-
conductors capable of carrying nondissipative currents
of high densities. It is surprising enough that, despite
such along period of extensive investigation, discover-
ies are still being made and new physical ideas formu-
lated in this field. The frequency of such events espe-
cially increased after the discovery of high-temperature
superconductivity and was related to the growing vari-
ety of experiments devoted, in particular, to the depen-
dence of electric fields and critical currents on the ori-
entation of an external magnetic field. Each new exper-
imental result was explained by peculiarities of the
interaction between magnetic flux quanta and pinning
centers of a certain type, which led to a very compli-
cated pattern of interactions of the magnetic flux with
the superconductor structure. Now it is difficult to
judge unambiguously whether the existing notions
reflect the real complexity of the phenomenon under
investigation, or if the abundant harvest of discoveries
reflects the absence of adequate phenomenology with
predictive potential and capable of describing the time
variation and spatial distribution of vector fields and
currents in a superconductor for arbitrary orientations
of external fields and currents relative to the principal
axes of the anisotropic structure.

Adhering to the second point of view, we believe
that attempts to construct an adequate phenomenol ogi-

cal electrodynamics are not futile. Previously, we have
formulated such a phenomenology in the critical state
approximation [1], which alows one to describe, for
arbitrary orientations of the external fieldsand currents,
the static characteristics of a given superconductor
(such as the critical current density and the angle
between the current density and electric field vectors)
in terms of the experimentally determined parameters
of the global anisotropic potential well of pinning. The
proposed model provides a good description for the
results of alarge series of experiments performed on a
niobium—titanium foil with highly anisotropic pinning.
Some predictions made within the framework of this
model were confirmed by subsequent experiments [2,
3]. We find it attractive and possible to expand the
model and construct a consistent vector electrodynam-
ics of superconductors with high anisotropic pinning,
which would describe the process of magnetic flux dif-
fusion in such materials.

In order to ensure that the generalized model would
be capable of describing processes developing in time,
it is necessary to generalize the approach to description
of the transition characteristics of superconductors,
which is presently performed only in ascalar form. We
believe that good prospects have nothing to do with the
well-known attempts [4] to construct a vector electro-
dynamics of superconductors with high anisotropic
pinning based on the concept of a thermally activated
vortex motion [5, 6] nor on the generaization of the
critical state model j = j.E/E introduced by Carr [7].
The activation model initially employs a scalar expres-
sion for the electric field, whereby the absol ute value of
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avector product of the current density and the magnetic
field enters into an exponent or the hyperbolic sine
argument, by no means influencing the direction of the
electric field. The Carr approach to generalization is
merely incorrect: in fact, the directions of electric field
and current even in theisotropic case coincide provided
only that the magnetic field is perpendicular to the cur-
rent direction [1, 2].

Analternative, statistical explanation of the shape of
transition characteristics [8] taking into account inho-
mogeneity of the critical parameters of superconduc-
tors can be quite readily generalized. This approach
was previously considered as being opposite to that
used in the thermal activation model [8-11], but later
the regions of applicability of the two modelswere sep-
arated. It was accepted that certain “internal” transition
characteristics determined by physical processes (such
as thermal activation) are inherent in superconducting
materials, whereas the statistical model was invoked in
explaining the observed broadening of the transition as
caused by the longitudinal inhomogeneity of a super-
conducting wire[12, 13]. Before the discovery of high-
temperature superconductors, it was assumed that there
is a certain internal voltage—current curve, which is
exponential, while the statistical characteristic obeys a
power law. Indeed, model calculations of the transition
characteristics of a one-dimensiona chain of elements
with critical parameters distributed according to the
normal law [8, 14, 15] give results obeying a power law
inacertain region of thetotal characteristic. Coinciden-
tally, this region coincided with that experimentally
measured for multifilament wires [16]. The voltage-
current (V-1) curves of high-temperature superconduc-
tors also proved to obey the power law, and the activa-
tion model was adapted to this shape of the internal
curve by introducing a logarithmic potential well of
pinning [17].

Our suggestion made quite long ago [14] concern-
ing application of the statistical model to the internal
transition characteristics with due regard of the bulk
inhomogeneity of superconductors was not accepted,
even despite a convincing, in our opinion, numerical
demonstration [15, 18] of the fact that a bulk-inhomo-
geneous model with anormal distribution of the prop-
erties of elements gives an exponential transition char-
acteristic. This result is provided by the possibility of
bypassing an element, occurring in the normal state, via
superconducting paths. It was shown [18] that the dif-
ference between a limited real distribution and the
unlimited normal distribution does not significantly
influence the shape of the calculated superconducting
trangition characteristic. Subsegquently, numerous exper-
imental data were obtained which confirmed the bulk
inhomogeneity of superconducting materials possessing
high current-carrying capacity [2, 4, 19-23]. The notion
of such inhomogeneity in superconductors with high
pinning is now commonly accepted. On the one hand,
vortices exhibit pinning on microinhomogeneities; on
the other hand, samples frequently comprise more or
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less ordered mixtures of various superconducting
phases. For example, it was reported that several layers
of intermetallic phases with various compositions,
grain sizes, degrees of straining—and hence differing
critical temperatures—were formed on the surface of a
niobium filament in a bronze coating [23]. A certain
hierarchy of the types of structural inhomogeneities
was considered in [19, 23], where it was suggested to
place inhomogeneities with dimensions on the order of
an alloy grain size between extreme types. The grains
in ahomogeneous alloy may exhibit a certain scatter in
the composition and, hence, critical temperature, elec-
tron mean free path and, hence, critical field, concentra-
tion of pinning centers and, hence, critical current den-
sity. Aswill be demonstrated below, a statistical distri-
bution of any one critical parameter givesrise to scatter
(with the same variance) in the other two such para
meters.

Transition characteristics of such inhomogeneous

materials are conventionally described using the
expression [14, 24-26]

0 K(T, B, )10
par = 05p, 01+ tarh[ KB
O O

This formula corresponds to parallel coupling of the
normal resistance p,, and a superconducting component
P exhibiting exponential growth with the temperature
T, magnetic field B, and current density j:

K(T, B, j
psc = pnexp|:_ ( 61){|1

where

o T B
K(T.B,]) = %L_TC(O)E%L_BQ(T)E
xB-_—L 0

j5(T, B

and & has the meaning of arelative variance of the dis-
tribution of critical parameters in the given inhomoge-
neous material. The preexponential term in Eq. (1) is
selected so that the effective resistance would amount
to half of the normal resistance when any parameter

reaches its critical value (T;, By, or j%, rendering

K = 0). This choice corresponds to the adopted defini-
tion of critical parameters.

Equation (1) reflects the close relationship between
the temperature-, field-, and current-dependent transi-
tions in a superconductor, whereas the thermal activa-
tion model considers the current-dependent transition
as distinct. The shape of the current-dependent transi-
tion characteristic predicted by the activation model
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differs from the shape of the field and temperature
dependences R4(B, T) described by logistic curves.
This difference was explained as being related to the
fact that the field and temperature are the parameters of
state, whereas the current is a kinetic quantity. Interre-
lation between the temperature-, field-, and current-
dependent transitions was usualy not discussed.
Recently, Hense et al. [26] again established a scaling
relationship between the temperature-, field-, and cur-
rent-dependent transitions in a niobium-tin wire.
Apparently, it wasthe inertiaof thinking in terms of the
thermal activation model that made the authors of [26]
conclude that “from the physical point of view, scaling
... isnot understood at the moment.”

Below we present the results of investigations of the
transition characteristics of superconducting wireswith
high pinning. The aim of our study was to provide
experimental evidence for the planned continuation of
the work on vector el ectrodynamics of superconducting
materials with high pinning. We hope that these results
will stimulate revision of some common notions about
the nature of the resistive state of such superconductors.

2. EXPERIMENTAL METHODS
AND RESULTS

We naturally selected a niobiumtitanium wire as
the sample material, since it is analogous to niobium—
zirconium wires widely used in basic experiments
favoring establishment of the thermal activation model
[27-30]. However, this is not the only basis for this
choice: we believe niobium—titanium wireand foil to be
the most suitable materials for investigating the transi-
tion characteristics of superconductors with high pin-
ning and studying the problems of their electrodynam-
ics. Commercia technology of niobium-titanium
aloys is on a quite high level and provides relatively
homogeneous materials exhibiting uniform properties
along the wire length, with sufficiently high anisotropic
pinning. No other commercially available material
offers these advantages, and it is even much more diffi-
cult to obtain samples with high longitudinal unifor-
mity under laboratory conditions. These advantages
make it possible to study the general laws of electro-
dynamics in technical superconductors [1], which are
amost not masked by specific features of particular
sampl es. Experiments with niobium—titanium wires are
not complicated by brittleness and high sensitivity to
straining, which wetypical of intermetallic compounds
and HTSC. On the other hand, niobium-titanium wires
are by no means a simple material. These wires were
displaced from the focus of research, not even having
been exhaustively studied. In recent years, it was found
that niobium-titanium alloys are two-component (as
manifested by a difference in the critical fields of the
grain body and boundaries [2]) and are characterized
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by anisotropic pinning in the cross section of a round
wire [3].

Three U-shaped samples for V-l measurements
using the standard four-point-probe technique were
prepared from a piece of cold-drawn copper coated
Nb-50 wt% Ti wire with a diameter of 0.15 mm. The
superconducting core diameter was 0.12 mm. The sam-
ple endswere soldered to current-carrying leads. Poten-
tial tips spaced by 10 mm were connected to a 20-mm-
long central part, which was oriented perpendicular to
the magnetic field. The magnetic field generated in the
working region by a 200-mm-long coil with an inner
diameter of 42 mm was homogeneous to within 10,
This was sufficient to exclude the effect of field inho-
mogeneity on the V-I curve with arather high slope. In
sample 1, the copper coating in the region between
potential contacts was removed by etching in an iron
chloride solution. The resistance of sample 1 in the nor-
mal state was 0.85 Q. Sample 2, on which the copper
coating was retained, had a much smaller resistance
(2.1 mQ). Samples 1 and 2 were fixed with low-temper-
ature glue on afiberglass substrate. Sample 3, soldered
to a stainless steel substrate, had a resistance of
0.56 mQ. All these normal resistances were determined
in the linear regions of the voltage—current curves in
high magnetic fields, where the critical currents were
very small.

Three differently prepared samples were necessary,
on the one hand, for providing satisfactory sensitivity
and stability of the V-l measurementsin liquid helium
for current densities ranging within four orders of mag-
nitude and, on the other hand, for excluding burn-out of
the samples during the operating time of the sample
protecting scheme. This is illustrated in Fig. 1, which
shows the nonisothermal VI curves[31] calculated for
samples 1-3 in various magnetic fields. Based on some
preliminary data concerning properties of the wire
studied, we arbitrarily selected the heat transfer coeffi-
cients as 10° W/(m K) for samples 1 and 2 glued to the
substrate and 10* W/(m K) for sample 3 with the sur-
face washed by liquid helium. Exact conditions of heat
exchange were unknown, the V—| measurements were
limited from below (on alevel of 5nV) by theintrinsic
noise of a photovoltaic nanovoltmeter, and from above,
by the devel opment of thermal instability or by the pro-
cess of current distribution between the superconduct-
ing core and the normal-metal shunt. Since a voltage
jump corresponding to a vertical tangent to the V-
curvetakes place upon an insignificant heating [32], the
preceding part of the curve remains virtually undis-
torted. Overheating involved in the distribution of cur-
rent between the superconductor and the normal metal
is aso insignificant, which allows the isotherma V-
curve of the superconductor to be reconstructed by
determining the corresponding current asthe difference
between the total current and the component passing
via the normal metal, which is readily determined for
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Fig. 1. Voltage—current curves calculated for the niobium-titanium wire samples studied in experiment: (a) theregion of fields close
to B¢, (sample 1 with removed copper coating isstable up to | = 20 mA and ensures obtaining V—I curveswith satisfactory precision;
the accuracy of measurements on samples 2 and 3 with a stabilizing metal is unsatisfactory); (b) the region of high magnetic fields
(sample 1 isunstable; V-1 curves can be obtained for sample 2, where the current passing into the copper coating is small, so that
the accuracy of itscalculation does not significantly affect the determination of current flowing in the superconductor); (c) theregion
of low magnetic fields (samples 1 and 2 are unstable; V- curves can be obtained for sample 3, where the current passing into the
superconductor is greater than that in the stabilizing substrate and can be calculated with acceptable accuracy).
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Fig. 2. Experimental (&) voltage—current and (b) resistance—current curves of sample 1 measured in various magnetic fields.

the known resistance. In these calculations, we ignored
thefield dependence of the substrate resistancefor sam-
ple 3. The copper coating resistance for sample 2 was  ductor to be measured in rather high electric fields.
determined using the Kohler rule.
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As can be seen from Fig. 2a, sample 1 measured at

No.

B> 10.2 T allowed stable V-1 curves of the supercon-

However, it was difficult to use this sample in low
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Fig. 3. Experimental resistance—current curves of sample 2 measured in various magnetic fields (all curves except 1 and 2 are cor-

rected for the current flowing in the copper coating).
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Fig. 4. Experimental resistance—current curves of sample 3 measured in various magnetic fields (all curves are corrected for the

current flowing in the copper coating and stainless steel substrate).

magnetic fields, because it might readily burn out
(before the action of the protecting scheme) in cases
of loss of stability. In this region, the V- measure-
ments can be performed with satisfactory accuracy
using sample 2 (Fig. 3). The V-l curves of sample 3
(Fig. 4) are stable in the entire range of fields, but the
accuracy in determining the current flowing in the
superconductor in high fields is limited by the uncer-
tainty in the current (of comparable magnitude) flow-
ing in the normal metal. For this reason, sample 3 was
used for the V-I measurements in low fields, where
the risk of burning out for sample 2 was large.

As the external magnetic field was decreased from
11.66 T to zero, the critica current increased from
1 mA to 40 A. The results of V-l measurements were
used to calculate the resistance as a function of the cur-
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rent for various magnetic fields. The resistance—current
curves are presented in Figs. 2—4. These dependences
have proved to be exponential in arather broad range of
variation of the sample resistance, which alowed the
plots (in semilogarithmic coordinates) to be extrapo-
lated by the least-squares method to azero current. This
yielded the values of a certain conditional resistance of
the superconducting corefor various magnetic field at a
zero current (Fig. 5). The accuracy of determining the
logarithm of this resistance was better than 1% for the
overwhelming majority of resistance—current curves,
and the extrapolation error was always significantly
smaller than the size of symbolsinFig. 5. Sample 1 was
also used for detecting the field-dependent transition,
that is, the dependence of the resistance on the mag-
netic field at a fixed probing current (1 mA).
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3. DISCUSSION OF RESULTS

Measurements of the voltage—current curves per-
formed in the fields close to the critical value make it
possibleto study the laws governing the current-depen-
dent transitions at very small currents in the absence of
instability. This knowledge clarifies questions concern-
ing the adequacy of our notions about the flux flow
regime in superconductors with high pinning. The tra-
ditional approach to description of the transition char-
acteristics [27—-30] was developed within the first three
years after the discovery of materials possessing high
current-carrying capacity, when researchers were
greatly impressed at finding arigid vortex lattice deter-
mining the properties of type Il superconductors.
According to these notions, the vortex dynamics in
superconductors with high pinning is identical to the
lattice dynamics in the idea type Il superconductor.
The electric field in this resistive state (called the flux
flow regime) linearly increases with the current, and the
differential resistance does not exceed the normal resis-
tance:

0E _ B

—Oj— - pnB_C2 (2)

Thus, the superconductor under isothermal conditions
occurs in the resistive state and does not pass to the
superconducting state at an arbitrarily high current. The
possihility of reducing the properties of a superconduc-
tor with high pinning to those of the ideal type Il super-
conductor seemed a plausible hypothesis, but this
hypothesis was never experimentally confirmed for a
material with sufficiently high current-carrying capac-
ity. It was commonly accepted that the flux flow regime
cannot be observed in superconductors with high criti-
cal currents because of thermal instability, which is
devel oped already in the exponential region of the volt-
age—current curve [32]. Nevertheless, it was believed
that this regime actually exists, in particular, in wires
stabilized with norma materials. This hypothesis
underlies the classical theory of stability of supercon-
ducting wires [33]. The traditional description, repro-
duced in numerous monographs [6, 9, 34-38] and fre-
guently treated as the only correct approach, has
become the basis of the modern, rather contradictory
scalar electrodynamics of technical superconductors.

According to the inhomogeneous superconductor
model, an increase in the transport current resultsin the
critical state being attained locally, at certain low sites,
and the current is redistributed in the wire cross section
unless the entire sample bulk would gradually pass to
the normal state. The characteristic describing this pro-
cess has the shape of logistic curve (1). We failed to
measure this characteristic in the entire range and only
observed it in the vicinity of the critical field, for cur-
rents below 20 mA.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

log[R(I = 0)]
20

T T T T T T
0 Sample 1 L7 ’
0 o Sample 2 [f— i
_20+ A Sample 3 ﬁ i
—40 - AM B
PrAS -7
—60 —AA AMAAA ok - 4
_80 -5 et ni /_ -
Pad e (m]
~100 _A/ sl O i
04 108 112
_120 1 1 1 1 1 1
0 2 4 6 8 10 12

Magnetic field, T

Fig. 5. Field dependence of the resistance of aniobium-tita-
nium wire determined by extrapolation to a zero current, in
comparison to the curve measured independently in
sample 1 using a probing current of 1 mA.

The voltage—current curves presented in Fig. 2a
contain no sufficiently extended linear portions that
might be considered as manifestations of the flux flow
regime. Asthe current increases, the voltage drop grad-
ually reaches a value for the normal metal, while the
differential resistance in the upper part of the transition
significantly exceeds the normal resistance. We believe
that this discrepancy with the behavior predicted by
relation (2) is evidence in favor of our point of view,
according to which high pinning superconductors do
not feature the flux flow regime. The resistance—current
curves of the material studied in this range of fields
(Fig. 2b) resemble the logistic curves for the tempera-
ture- and field-induced transitions, except that the ini-
tial resistance significantly differsfrom zero. The exist-
ence of thisinitial resistance is explained by the two-
component nature of the niobium—titanium alloy estab-
lished in [2], whereby the body and surface (where the
impurities are concentrated) of grains are characterized
by somewhat different critical fields. For this reason,
the current-dependent transition at the grain boundaries
proceeds on the background of a pedestal correspond-
ing to the field-dependent transition in the grain body.
In Fig. 2b, triangles represent the values of sample
resistance measured for the field-dependent transition
at aprobing current of 1 mA (for the same values of the
external field as those involved in the V- measure-
ments). Naturally, the observed resistance—current
curves pass through these points.

Any resistance-current curves must begin at the
point where the resistance corresponds to the given
magnetic field at a zero current (this resistance is usu-
ally assumed to be zero). In order to find such points
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Fig. 6. Field dependences of (&) the critical current in a niobium-titanium wire (for the criterion E. = 1 pV/cm), (b) the inverse
increment | of the resistance-current curve, (c) the calculated inhomogeneity parameter , and (d) the maximum current 1,,(0, 0)
on acritical surface corresponding to half of the normal resistance.

corresponding to the fields significantly lower than B,
we extrapolated the exponential resistance—current
curves toward the zero current (Fig. 5). It was found
that the dependence of the extrapolated values on the
magnetic field iswell described by an exponent up to a
value as small as 10 Q. This value is physically
meaningless and (within the framework of the statisti-
cal treatment) it only impliesthat the assembly of inho-
mogeneous particles comprising a superconductor con-
tains those with critical temperatures, fields, and cur-
rents arbitrarily close to zero athough the probability
of such particles covering the current trajectories
formed by particles occurring in the superconducting
state rapidly decreaseswith current, magnetic field, and
the temperature. In accordance with expressions (1),
the dependence of thislatent resistance on thefieldisa
continuation of the resistance—field curve measured at a
small probing current.

Theresults of the experimental data processing pre-
sented in Fig. 5 show good agreement with Eq. (1).
Using the whole body of experimental data, it is possi-
ble to construct the field dependences of fitting param-
eters of the model under consideration, namely, of the
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0 value and the current density corresponding to half of
the normal resistance:

-1
joe = 12T, B H -t - 5] -

The calculations were performed using the values of
current related to the current density as ly(Hy) =
Seo(HoHe). This relation, which is not as trivia as it
might seem at first glance, is valid in a broad range of
fieldsexcept theregion of low fieldswhere apoint of zero
magnetic induction appears, owing to the contribution of
the current sdf field, in the wire cross section [39]. The
parameters d and | ., were determined for each current-
dependent transition using the relation following from

Eq. (1):

5 = (L-T/T)[1-B/Be,(T)]
[1/1o+In(EJ/IR)]

where |, = 1,,0, and the critical temperatures and fields

correspond to half of the normal resistance (these val-
ues were determined previously [40]). The critical cur-

©)
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Fig. 7. Characteristics of the current-dependent transition in a niobium-titanium wire with adiameter of 120 um as functions of the
temperature and magnetic field (datafrom [40]): () the critical current (for E. = 1 uV/cm); (b) the inverseincrement I of the volt-
age-current curve; (c) therelative variance of critical characteristics of thewire; (d) the calculated critical current |, corresponding
to half of the normal resistance at zero temperature and induction (see relations (5)).

rent |, was determined using the traditional criterion
E.=1x10%*V/m. The value of |y, equa to theinverse

current increment, was determined from the slope of
the resistance—current curve.

Figure 6 presents the results of the primary process-
ing of experimental data and the calculation of fitting
parameters. It was found that these parameters change
but dlightly in abroad range of fields. Deviations of the
l» value from a constant level in the regions of high
and low fields have a quite simple explanation con-
firmed by independent experiments [2, 3]. As the field
increases above 9 T, inhomogeneity of areal materia is
manifested and some grains already exhibit atransition
to the normal state in thisfield. The observed decay in
I, and I, corresponds to contraction of the effective
superconductor cross section caused by the appearance
of norma bulks in the wire. In the fields below 1.5 T,
anisotropy of the wire material becomes significant.
Indeed, it was demonstrated [ 3] that thermomechanical
treatment of awire resultsin the formation of atexture
characterized by cylindrical symmetry. The pinning in
such a wire is characterized by a tensor [1, 3] having
three main components along the axis and in the radial
and azimuthal directionsin the transverse cross section.
The pinning is much higher for vortices in the azi-
muthal direction than for those in the radial direction.
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In moderate and high fields, where the direction of
magnetic induction in the material coincides with the
external field, the pinning tensor exhibits averaging. In
alow field, the presence of the current self field makes
the azimuthal component prevailing over theradial one.
Thisgivesriseto asharp growth in the extent of pinning
and, hence, inthel, and |, values.

The results of processing of the experimental data
described above made it necessary to return to our early
experiments carried out in 1978, where the voltage—
current curves of niobium—titanium and niobium-—zir-
conium wires were studied (of course, using worse
measuring equipment) as dependent both on the mag-
netic field and on the temperature. The experimental
procedure was described in detail and the primary
results were tabulated in [40]. Application of the
method of data processing described above showed
(Figs. 7 and 8) that the characteristic constantsd and j .,
retain their values not only in awide interval of fields,
but in a broad range of temperatures as well.

The results drive us to revise the commonly
accepted approach to description of the current-carry-
ing capacity of superconductors with high pinning. It
has been established that the resistive state of such a
superconductor (at least, for Nb-50 wt % Ti and
Nb-50wt % Zr solid solutions studied) can be
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Fig. 8. Characteristics of the current-dependent transition in a niobium—zirconium wire with a diameter of 80 um as functions of
the temperature and magnetic field (data from [40]): (a) the critical current (for E. = 1 pV/cm); (b) the inverse increment | of the

voltage—current curve; () the relative variance of critical characteristics of the wire; (d) the calculated critical current |, corre-
sponding to half of the normal resistance at zero temperature and induction (see relations (5)).

described in terms of the B.,(T) function and three con-
stants: T(0), 6, and j,. If thereal anisotropy of asuper-
conductor can be ignored, the last constant is the cur-
rent density corresponding to half of the normal resis-
tance of the given material at a zero temperature in a
zero magnetic field (if the attainment of this point were
not hindered by thermal instability). The conditional
quantity, usually called critical current, which corre-
sponds to the state in which the superconductor resis-
tanceis R, is determined from Eq. (1) as

I, = |C,2§|n%+%_%ggl_%)% 4)
Ignoring the small term dIn(R/R,), we obtain the well-
known scaling

Fle = FlemaP(1=D),
where

B

°= B

T
I:Lcmax(-r) = BC(T) %- - ']TEI c/2»
c
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and F_ . isthecritical Lorentz force (we avoid denoting
the last quantity as F, and using the term “pinning
force,” sincethis may lead to incorrect treatment of this
value asavector [1]). The dome shape of F, (b), which
is usualy attributed to structure-sensitive pinning, in
our case is related to the field dependence of the resis-
tance at the starting point of the resistance—current
curve

bur = Prep A~ I - 5

involving no parameters directly depending on the pin-
ning structure. Using a scaling of the type

I:Lc = I:Lcmaxb“(l - b)v ’

it isnecessary to consider the fact that pinning accounts
for only a fraction of this dependence, namely,
b* -1 -b)’~1. Refraining here from speculating on
possible factors responsible for the deviation of expo-
nents from unity in other superconductors, we only
emphasize that many technical superconductorsarein
fact mixtures of several superconductors [23].
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Animportant feature of Eq. (1), which was not con-
sidered before, is the fact that the width of the super-
conducting transition with respect to the temperature,
field, and current is controlled by the same parameter 0.
It was claimed above that, irrespective of the nature of
a particular inhomogeneity, the temperature-, field-,
and current-dependent transitions exhibit simultaneous
and proportional broadening. The basic reasons under-
lying this relationship can be understood using the
notion of the critical layer (Fig. 9) [14], which repre-
sents a generalization of the widely used concept of the
critical surface. The critical surface is the set of points
separating the normal and superconducting states in the
{T, B, j} coordinate space, under the assumption that the
transitions exhibit a jumplike character. In materials
with smoothed superconducting transition, the critical
current isaconditional quantity corresponding to acer-
tain conventionally selected criterion, for example, an
effective resistivity equal to 102 Q m. This criterion
can be represented by a “critical surface” of its own.
Selecting another criterion, we obtain a different criti-
cal surface (not intersecting with the first one). Thus,
the superconducting and normal states in the {T, B, j}
space are separated by a transition layer, each point of
which corresponds to a certain effective resistance, and
the pointswith equal effective resistance form noninter-
secting critical surfaces. Displacements along each
coordinate between the neighboring critical surfaces
arerelated as

0 0 P .
Dpys = DHAT = AR = %A]. ®)

These relations clearly demonstrate that the supercon-
ducting transition is simultaneously smoothed with
respect to the temperature, field, and current with the
samerelative variance. Can statistical broadening of the
transition be eliminated? A system in which the physi-
cal factors influencing broadening of the current-
dependent transition can be studied is probably offered
by a single crystal containing homogeneously distrib-
uted identical pinning centers and featuring sufficiently
steep field- and temperature-dependent transitions.
However, if the depth of the potential well of intro-
duced centers or their density acquire a finite variance,
the temperature- and field-dependent transitionswill be
smoothed to the same degree and the initially homoge-
neous crystal will become the classical inhomogeneous
material.

We believe that the results presented above give us
grounds to use the hypothesis about inhomogeneity of
real superconductorsin the development of vector elec-
trodynamics, with a view to its possible verification by
means of comparison with the results of alarge number
of recent experimental investigations. At the sametime,
the above considerations show that this hypothesis
implies revision of some canonical concepts and meth-
ods of analysis, so that rather serious competition with
the existing notions can be expected. However, we
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Fig. 9. Schematic diagram illustrating the notion of a criti-
cal layer. Critical surfaces 1-3, corresponding to the effec-

tive resistances amounting to 0.9, 0.5, and 1075 of the nor-
mal resistance at & = 0.01, respectively, are parallel to each
other. Theposition of linej = 0 depends on the selected level
of effective resistance.

believe that the competition is possible with another
hypothesis, rather than with a system of well-estab-
lished facts. For this reason, we consider it expedient to
provide this paper with an Appendix presenting our
understanding of the present-day state of the activation
model.

4. CONCLUSIONS

A comparison of the results of experimental investi-
gation of the transition characteristics of a niobium—
titanium wire to the inferences of a phenomenol ogical
model of an inhomogeneous superconductor with high
pinning showed good agreement. The generalized
superconducting transition iswell described in terms of
the exponential dependence of the effective resistance
of a superconductor on the temperature, magnetic
induction, and current density. Only two fitting param-
eters, & and j,, are sufficient in order to describe the
temperature-, field-, and current-dependent transitions
in abroad range of magnetic fields and temperatures.

It is necessary to take into account the tensor char-
acter of pinning for correct description of the general-
ized superconducting transition in low magnetic fields,
where the current self field significantly influences the
direction of the total induction. Near the critical mag-
netic field, the transition characteristic is affected when
the effective cross section of the superconducting wire
is reduced caused by the transition of a certain fraction
of grainsinto the normal state in the fields significantly
lower than the B, value determined at a small probing
current. Retention of the trace resistance at arbitrarily
low values of the temperature, induction, and a zero
current in Eq. (1) isrelated only to the inhomogeneity
of asuperconducting material.

We are not inclined to believe that our results reject
the Anderson model, but it is obvious that we have to
find a way to distinguish the effects of thermal activa-
tion on the background of another, statistical nature of
broadening of the voltage—current curves, so as to
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obtain reasonable estimates of the parameters of indi-
vidual pinning centers.

APPENDIX

Models of Thermally Activated Magnetic Flux Creep
and Quantum Tunneling

Themodel of thermally activated vortex motion was
developed by Anderson [5] in 1962 upon analysis of the
experimental data of Kim et al. [27] on the logarithmic
decay of magnetic field in a niobium-zirconium cylin-
der and the exponential voltage—current curvesof anio-
bium—zirconium wire. If the experimenters could have
noticed that their resistance—current curves were expo-
nential aswell, the model would probably be different.
However, Anderson suggested that the mation of vorti-
ces in a superconductor is analogous to the motion of
dislocations in a stressed metal [41], which is mani-
fested by a temperature-dependent creep of metals.
Based on this analogy, Anderson obtained the well-
known expression for the voltage—current curve of a
superconductor:

EDexp[p — PIED

O kT O (A.D)

The notion about thermally activated vortex motion
in amedium with potential relief was attractive because
it gave hope of explaining the observed linear tempera-
ture dependence of the critical current. For a condition-
ally selected critical value of the electric field E, the
critical current is described by the relation

.= L0, —kTInED
Je = pBEJO kTInEJ]’

which reflects a decrease in the critical current with
increasing temperature and magnetic field in agreement
with the behavior observed in experiment. In addition,
this theory explains logarithmic decay of the magnetic
moment of a magnetized superconductor and the field
dependence of the critical current (previously proposed
by Kim et al. [27]),

(A.2)

Jo = a(T)/(H +By), (A3)
where the term B, was introduced in order to eliminate
divergence of the critical current density when the
external field decreasesto zero. According to Anderson
[5], By = ®g/d?, where ®g isthe magnetic flux of avor-
tex bundle and d is the bundle diameter.

The model of thermal activation was the first theory
capable of describing the results of the large number of
experiments carried out by that time. This theory
offered an elegant and clear physical picture of the
motion of magnetic flux in asuperconductor and it con-
formed well to then adopted “ physical fashion,” which
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explains why it was so popular and included into all
handbooks and monographs. Nevertheless, the model
met acertain criticism from the very beginning, and the
experiments reveal ed serious discrepancies—such that
would be fatal for any other model. However, the life-
time of the therma activation model was prolonged at
the expense of admission of an arbitrary dependence of
the model parameters on the temperature, field, and
current. Thismarked the origin of avery fruitful branch
in the theory of pinning, which related these depen-
dences to various microscopic features of the interac-
tion between vortices and trapping potential wells and
made it possible to explain any experimental result
within the framework of the thermal activation model.
We believe that it was a remarkable fact that Anderson
in alater review [42] made areference to his most fre-
quently cited paper [5] only in the context of a discus-
sion about vortex motion under the action of the
Lorentz force, not even mentioning the activation
model. In our opinion, it was the absence of rather
active discussions (in 1963-70s) in the mentioned
monographs that accounted for arevival of the thermal
activation model upon the discovery of high-tempera-
ture superconductivity. The revival was inspired by the
paper of Dew-Hughes [43], where it was claimed that,
if the thermal activation model is valid, its predictions
should be especially clearly manifested inHTSC at ele-
vated temperatures. According to these predictions,
new HTSC must exhibit a limited current-carrying
capacity at high temperatures. However, no new evi-
dence in favor of validity of the thermal activation
model was presented.

This Appendix summarizes arguments against the
thermal activation model, including both reasoning
used by opponents in the early discussion mentioned
above and some new arguments arising in recent years.

(i) Expression (A.1) introduces a certain discomfort
by predicting afinite electric field at a zero current den-
sity. Prolonged discussion about this paradox was
calmed by the discovery that such differential charac-
teristic does not lead to a discrepancy in the integral
characteristic: when the current | flowsin aplatein the
direction perpendicular to the external field B, (applied
in the plane of the plate), the voltage drop V becomes
zero when the current ceases. The contributions due to
theintrinsic magnetic field of the current have opposite
signs on opposite sides of the plate, and the integral
characteristic acquires the form

V O exp(BB)sinh(al),

where factors a and 3 make the arguments dimension-
less. However, the above simple considerations by no
means provide a ground to change the differential char-
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Fig. Al. Influence of afinite length of atubular sample and self-consistent distributions of the induction and current density in the
tube wall on the shape of the measured integral characteristic J.(H;) (dashed line) for adifferential characteristic of thej(B) = a/B

type (solid line). The right-hand insets show the maps of self-consistent distributions of the current density J and induction B in the

tube wall.

acteristic so as to render it a form eliminating the dis-
cussion [6]:

1 YUo(T, B)D hdJ (T, B)g

E—voBlexp T kT O

(A.4)

Confusing theintegral and differential characteristicsis
a permanent source of ambiguity in the theory of pin-
ning.

(ii) Let usconsider expression (A.4), where U, isthe
height of the pinning-related potential barrier hindering
the motion of aseparate vortex bundle, U, = BV rpisa
decrease in this height due to the Lorentz force, and V.
and r, are rather ambiguously defined dimensional fac-
tors. Thefirst of these quantities, V., isgiven ameaning
of the bulk of the vortex bundle capable of surmounting
the barrier independently of the other bundles; the sec-
ond factor, r,, hasthe meaning of acharacteristiclength
of variation of the pinning potential. The preexponen-
tial factor includes a product of v,, the frequency of
bundle oscillations at the pinning center, and |, the
length by which the bundle displaces upon a single
jump. It was admitted that any of the model parameters
may depend on the magnetic field and the temperature,
and that the barrier (reduced by the current) can be a
nonlinear function of the current [30, 44]. Moreover, it
was even assumed [17] that the hyperbolic sine argu-
ment has alogarithmic character, which was necessary
to make the model capable of explaining the power
shape of the voltage—current curves of superconduc-
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tors. Such a number of assumptions and fitting param-
eters generally removes the question of experimental
verification of the model. Nevertheless, many research-
ers are still engaged in experimental and theoretical
investigations of some parameters of the thermal acti-
vation model (see. e.g., [44]).

(iif) Admitting the dependence of U, and U, ontem-
perature, the theory refused its main original destina
tion: explaining the linear temperature variation of the
critical current. Of course, this explanation was ques-
tionable from the very beginning, since the temperature
at which the critical current vanishesin EqQ. (A.2) isnot
related to the critical temperature.

(iv) Thereis aquite steady opinion that the thermal
activation model is “reliably confirmed” by the
observed logarithmic law of decay of the magnetic
moment of a superconductor. It should be recalled that
experiment cannot confirm a theory: in the best case,
there are merely no discrepancies between them.
A simple electrotechnical problem in calculating the
magnetic flux diffusion in the sample with agiven volt-
age—current curve was repeatedly described in the liter-
ature [5, 30, 46, 47]. In order to obtain the logarithmic
variation of the magnetic moment with time, it is suffi-
cient that the sample resistance would rapidly decrease
with the current density: this behavior was observed in
materials having both exponential and power voltage—
current curves.

It is commonly accepted that experiments of this
type offer certain advantages in comparison to direct
measurements of the voltage—current curve. The first
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apparent advantage is that a difference in levels of the
electric field makes it possible in principle to refine the
shape of the V-1 curve with a sensitivity inaccessiblein
the case of direct measurements. The second such
advantage is apparent simplicity of taking into account
the current self field as a result of measurement of the
magnetic field inside a tubular sample or the magnetic
moment in the magnetic field parallel to the axis of a
cylindrical sample. The latter advantage is used for
determining the value of B, in Eq. (A.3). Indeed,
according to Eq. (A.3), theinverse critical current den-
sity isalinear function of the magnetic field, and By is
given by the intercept of this line with the field axis.
Thelinear current density in experiments with tubular
samplesisdetermined from the difference in magnetic
fields outside and inside the tube [5, 45], assuming that
the samplelength is sufficient for the linear relationship
to be valid. However, it is this assumption that leads to
aregrettable error. Thisisillustrated in Fig. A1, which
shows the results of simulation of the typical experi-
ment. Calculations were performed for a sufficiently
complete set of data taken from [45], where the proper-
ties of molybdenum sulfides were studied using tubular
samples with a length of 16 mm, an outer diameter of
5 mm, and awall thickness of 2 mm. Using the method
described in [1], we obtained self-consistent distribu-
tions of the current density and magnetic induction in
the wall for four samples with the known maximum
pinning force. It isimportant to note that we used a dif-
ferential characteristic of the type corresponding to
Eqg. (A.3) and assumed that B, = 0. Then, the inverse
difference of magnetic fields outside and inside the tube
was plotted as a function of the magnetic field. These
plots were found to be linear, but their sopes were
lower than the dope of the differential characteristic
and the points of intersection with the field axis were
situated to the left from zero. The scale of the effect
coincided with the results of determination of B, pre-
sented in [45, Fig. 4]. Thissituation is analogousto that
reported previousdly [39], where it was demonstrated
that the behavior of I(H.) in the region of low fieldsis
determined by the current self field, an that asingularity
at the zero of the differential characteristic j(B) = a/B
does not lead to the appearance of singularities in the
integral characteristic in the zero external field. Thus,
the very introduction of the parameter By, is a conse-
quence of erroneously mixing up the integral and dif-
ferential characteristics.

(v) In order to bring the temperature dependence of
the slope of the voltage—current curve into agreement
with experiment [10], it is necessary to admit that
Vrp ~ T/I(1 - T/T;). However, this assumption is obvi-
oudly strains the point too much.

(vi) In 1972, Campbell and Y vetts [9] pointed out
that the only advantage of the thermal activation model,
intheir opinion, isthat it predicts the exponential shape
of the voltage—current curve. However, it was found
that, on the one hand, nonexponential voltage—current
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curves can also conform to the activation scheme [17]
and, on the other hand, the exponentia shape of theini-
tial portion of any superconducting transition can be
explained in terms of a bulk inhomogeneity of the
superconductor [15].

(vii) Although the thermal activation model has
proved to be highly robust with respect to criticism, the
superconductor community sometimes recognizes lim-
ited applicability of thistheory. One exampleis offered
by the quantum tunneling model [45]. The rate of field
decay inside a tubular sample upon switching off the
external field is defined as

dH,
din(t/ty)

1
H

According to the canonical Anderson model [5], this
rate is expressed as

kT
Hi(H; + By) ¢*

It wasfound that, asthe temperature decreases, thefield
decay rate tends to afinite nonzero value. If the decay
were caused by thermal fluctuations, it would not take
place at zero temperature, which makes the hypothesis
of the guantum tunneling of vortices quite logical.
However, if wetake into account that ®gd? in [5] corre-
sponds to the product V.r,, in Eq. (A.4) and that the lat-
ter product also tends to zero with decreasing tempera-
ture, this hypothesis does not seem as obvious.

Let us consider another aspect: inhomogeneity of a
material is retained at zero temperature and this reason
for the field decay may compete with the hypothesis of
guantum diffusion. Considering possible factors
responsiblefor the decay, Mitin [45] rejected the model
of a bulk-inhomogeneous superconductor because he
believed that this model, first, necessarily impliesalin-
ear relation between the critical current and the field
and, second, it predicts the decay rate as determined by
the relative degree of inhomogeneity of the material.
According to the experimental results obtained in [45],
the relation between the critical current and the field
was nonlinear, while the decay rate was lower in a
highly inhomogeneous sampl e than in a more homoge-
neous one. However, thefirst reason is erroneous because
inhomogeneity cannot change the relationship between
critica current and field (which is determined by physi-
cal, rather than statistical factors). In our paper [14] cited
in [45], alinear critical surface was selected as the sim-
plest case in order to demonstrate a relationship
between the broadening of transitions with respect to
the current, field, and temperature (the linear behavior
of j.(H) observed in this article needs physical explana-
tion and is probably not universal). The second reason
is also erroneous, since even the rough expression
(written without any justification) shows that the decay
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rate is determined by a product of the relative variance
and the critical current, whilethe critical current for the
inhomogeneous sample was about fifty times as small
as that of the homogeneous one.

In order to finally eliminate the latter confusion, we
will obtain an expression for the rate of field decay
inside a thick tube made of an inhomogeneous super-
conductor with alinear critical surface. This derivation
generally reproduces a procedure used to obtain an
analogous relation in [30], where it was originally
established that the problem of description of the elec-
tric field diffusion is the simplest to solve. It is espe-
cialy interesting to reproduce the calculation, since the
result (coinciding with experiment) is obtained without
recourse to the thermal activation model. In order to
simplify expressions, let us solve the problem in a
dimensionless form for a flux frozen between two par-
ald plates. From the standpoint of physics, this prob-
lem isidentical to the description of experiments with
superconducting tubes. Consider two plates of thick-
ness d, which are parallel to the xz plane, and let the
field be oriented along the z axis. The screening cur-
rents and electric fields in one plate are directed along
the x axis, while those in the other plate are oriented in
the opposite direction. Taking into account that all
parameters depend only on the time and the y coordi-
nate, we formulate the quasi-stationary problem as

curlb =i,
de _ db
— =+ 0+ b +i]
€= iexp

6 )

Wh_ere b = B/B, 6 =_T/Tc1 I =jlicz, € = Elppjgar & =
Hoje2Y/Bez, @nd T = Ppjot/Be,.

In order to specify the initial and boundary condi-
tions, let us assume that macroscopic currents in the
plates before the experiment are absent, and that a
homogeneous and sufficiently high magnetic field b,
existsin a part of the space containing the plates. After
switching off thefield source, the rapid process of mag-
netic flux redistribution involves the whole plate thick-
ness, so that the field b; frozen between the plates
becomes smaller than theinitia value (b,). Considering
one of the plates, we can write the boundary conditions
as b(0, 1) = by(1), b(&, T) =0 (&, is the dimensionless
thickness of the plate). Following the method described
in [30], the electric field diffusion in the plate is
described by a separable differential equation

5 =0 _0¢

o % or (A.6)
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In order to obtain this expression, we differentiated the
material equation (third equationin (A.5)) with respect
to time and replaced the derivatives of thefield and cur-
rent by their derivatives with respect to the coordinate
using thefirst two equationsin (A.5). We also took into
account that the field and current decrease in magni-
tude, and we ignored the term d(Ini)/0t in comparison
to d71(d|b)/at + 4dji |/dT), which is justified for not too
small currents (i.e., for not very long times). Note that
neglecting d(Ini)/at for largetimesleadsto aphysicaly
senselessresult, whereby thefieldsand currentsacquire
negative values of arbitrarily large magnitude, rather
than tending to zero. This paradox, arising in the exact
solution of the problem of diffusion with a differential
characteristic (A.1) according to the thermal activation
model, is directly related to finiteness of the electric
field at zero current density. However, neglecting
d(Ini)/ot for reasonable experimental times is quite
correct.

The solution to Eq. (A.6) has the form

€ [C.—exp(C,-&)-A&], (A7)

- _ 06

AT -T))
where A is an arbitrary constant appearing due to the
separation of variables (the parameter C, is not neces-
sary and will be taken equal to zero). The origin of time
is conveniently selected as 1, — 1. Using this solution,
we can write an equation for the magnetic field (the sec-
ond equation in (A.5)) for the given boundary condi-
tions:

o(exp(C,—&)—A) _ alb]
AT +1) Cooat (A-8)
This equation yields

bl = Cy(®) - e(C,-8) ~NIn(x +1), (A9

where the absence of an external field corresponds to
Cs(&p) =0and A = exp(C, —&;). The vaue of C4(0) can
be approximately determined from the condition that
the plate occurs in the critical state, whereby the expo-
nent in the material equation is zero:

i = glg = 1-0—h(E), (A.10)
C3(0) = (1-0)(1—exp(—<o)), (A.11)
bi(t) = [1-exp(-£o)] (A12)

x[1-8-0exp(&)In(t+1)].

The argument of the logarithmic term at the initia
moment is nonzero, which eliminates singularity at this
point. It should be noted that an analogous expression
describes the process of establishing the critical state
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in [46]. In contrast, we solve the problem for an estab-
lished critical state of the system. Therefore, we have
no grounds to relate this process to an initially low (on
the semilogarithmic scale) rate of the field variation
inside the tube.

For asufficiently large time (1 > 1), the experimen-
tally measured rate of field decay between the plates
(normalized to the initial value) in the dimensionless
formisasfollows:

1 0By _ oexp(Modjc./Be,)

V(D = goyainm - 1-T,

. (A.13)

This expression qualitatively describes the results
reported in [45], including the finite rate of field decay
at zero temperature and itslinear growthat T < T,.

The above result shows that the hypothesis of quan-
tum tunneling is insufficiently justified, but we are
more interested in consequences related to the thermal
activation model. Since, as was noted above, public
opinion allows the model constants to be treated as
functions of the parameters of state, one can readily
choose the temperature dependence such that it will
compensate the growth in the absolute value of the
exponent when the temperature approaches zero. The
fact that v(0) differs from zero refutes the thermal acti-
vation model no more significantly than do many other
facts. However, it is hoped that the logarithmic field
decay law obtained for a voltage—current curve differ-
ent from (A.1) must viol ate the widespread opinion that
this law unambiguously confirms the validity of the
thermal activation model. Apparently, only further
accumulation of alternative explanations of the results
of experimenta investigations, now traditionally inter-
preted in terms of this rather inconvenient model, will
eventually reject this theory. The statistical model of
transition characteristics is free of obvious discrepan-
ciesof thiskind but, unfortunately, it closesthe channel
for obtaining data about the microscopic interactions
between vortices and the point pinning centers.

We can hardly expect that the radical point of view,
according to which the apparently elegant Anderson
hypothesis was unrealistic from the very beginning,
will be quickly accepted. However, there are no reason-
able arguments against the other approach to interpre-
tation of the existing situation. Of course, the process of
thermal activation of the vortex motion can be impor-
tant. However, the bulk inhomogeneity of superconduc-
torswith high pinning has been reliably established and
unambiguoudly influences the shape of the transition
characteristics. Therefore, investigation of the activa-
tion processes requires the devel opment of an approach
capable of distinguishing their contribution on the
background of arough statistical part. Unfortunately, to
the best of our knowledge, no such attempts have been
reported.
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Abstract—Plastic deformation of aged crystals and diffusion-controlled aggregation of Eu?* ions in freshly
guenched NaCl : Eu crystals causes the formation of complexes bound by exchange interaction. The solution
of large-sized precipitates by quenching followed by impurity aggregation results in the nucleation of magnet-
ically sensitive clusters comprising few atoms. A constant magnetic field with induction 5 T increases the prob-
ability of the transition of magnetically sensitive clusters from the high- to low-spin metastable state and

induces changes in their atomic structure. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Studies of magnetoplastic effectsin ionic and cova-
lent crystals have led to the development of new physi-
cal principles for controlling their mechanical proper-
tieswith the use of amagneticfield, which changes spin
dynamics in separate pairs of defects [1-3]. It was
found that some spin-dependent stages of the interac-
tion of paramagnetic defects could proceed at a higher
rate than spin-lattice relaxation. They can therefore be
sensitive to comparatively low magnetic fields with
induction B~ 1T at near-room temperatures. Part of the
magnetoplastic effects were explained by magnetic
field-induced transformations of the atomic structure of
impurity atom nanoclusters, which played the role of
dislocation stoppers [3]. The diffusion-controlled for-
mation of such nanoclusters from separate impurity-
vacancy dipoles was intensely studied in [4-10], but
possible influence of electron-spin processes on the
aggregation of impurities was not taken into account.
Studies of magnetic field effects on cluster formationin
acrystal lattice can provide new information about ele-
mentary plastic deformation processes and the possibil-
ity of controlling them with the use of magnetic fields.
In addition, they can also contribute to distinguishing
the contribution of electron-spin processes to impurity

aggregation.

It was shown in [11-14] that the atomic structure of
clusters formed during plastic deformation or the
aggregation of Eu?* ions in the crystal lattice of NaCl
could be changed by applying a magnetic field and that
these changes could be observed in photoluminescence
spectra. Understanding the micromechanisms of this

process requires data on the spin state of clustersbefore
and after their transformation in a magnetic field. The
general principles of the physics of nonequilibrium
spin-dependent phenomena [15-20] present a single
possibility for explaining the influence of magnetic
fields on the atomic structure of clusters: changes in
their spin state at theinstants of their excitation by ther-
mal fluctuations. Theinitial and at |east one of the pos-
sible final states of such clusters should correspond to
stable spin-correlated pairs, triples, or more complex
systems with exchange interaction, which maintains
spin correlation in clusters at high temperatures. A
magnetic field is capabl e of changing the mutual orien-
tation in clusters only at the instants of the transition
from one stabl e state to another, when the energy differ-
ence between them is comparabl e to the Zeeman split-
ting of spin levels and is on the order of pzgB, where B
is the constant magnetic field induction, pg is the Bohr
magneton, and g isthe g factor of the paramagnetic par-
ticle. The magnetic properties of clusters sensitive to
magnetic fields, their initial and final spin states, and
the contribution to the total magnetic susceptibility of
the paramagnetic impurity subsystem have not been
determined thus far for the systems characterized by
magnetoplastic effects or the influence of aweak mag-
netic field on their other physical properties.

Our goal was (1) to study the magnetic properties of
Eu clusters formed as aresult of plastic deformation of
NaCl crystals and diffusion-controlled aggregation of
impurity-vacancy Eu dipoles and (2) detect magnetic
field effects on the effective spin of magnetically sensi-
tive nonequilibrium Eu clusters and determine the
direction of the corresponding transition.

1063-7761/05/10001-0066$26.00 © 2005 Pleiades Publishing, Inc.
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2. EXPERIMENTAL

We used NaCl : Eu crystalsof about 0.1 g containing
600—-1000 ppm europium. The crystals were grown by
the Czochral ski method in a controlled dry argon atmo-
sphere. Doping was performed by adding a certain
amount of EuCl, preliminarily reduced from EuCl; -
6H,0 to NaCl melts.

The real part of magnetic susceptibility was mea-
sured using an MPMS-7 SQUID magnetometer in a
constant magnetic field (0.3 T) over the temperature
range 2-300 K. The sensitivity of the magnetometer
with respect to the magnetic moment under constant
magnetic field conditions in the reciprocating sample
option (RSO) mode was 108 emu, which was sufficient
for the determination of magnetic moments M with an
accuracy on the order of 10™*. Our main goal was to
study the paramagnetic (or superparamagnetic) compo-
nent of the magnetic moment of the samples related to
the contribution of Eu?* ions. For noninteracting Eu?*
ions, the M(T) dependence obeysthe Curielaw; that is,
M(T)T = const at high temperatures and begins to
decrease according to the Brillouin function at low tem-
peratures (KT ~ uggB), because the distribution of para-
magnetic particles over spin states then changes sub-
stantially. Another reason for a decrease in M(T)T as
temperature lowers can be negative exchange interac-
tion within europium clusters. Positive exchange inter-
action can increase M(T)T compared with a system of
noninteracting spins. The influence of weak exchange
interaction can be detected at fairly low temperatures
KT ~ ©, where O is the exchange interaction energy.

Asthefilling of spin states and exchange interaction
in clusters are the main factors that control their mag-
netic sengitivity, the low-temperature region of the
M(T) dependence is of the greatest interest. Against the
background of the Curie law, the effect of admixtures
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related to exchangeinteraction isusually weak. For this
reason, the contribution of exchange interactions and
the spin of particles were determined by applying the
usual approach; that is, we constructed the dependence
of the product M(T)T on temperature and other experi-
mental parameters. Whereas the crystal was subjected
to mechanical and magnetic actions at room tempera-
ture, the magnetic state of the impurity was determined
using the most informative |ow-temperature portion of
the M(T) T dependence.

In al our crystals, the M(T)T dependence in the
region of high temperatures was linear and deviated
from the straight line only at T < 20-30 K (Fig. 1a).
This is explained by a substantial contribution of the
crystal lattice, whose diamagnetic moment M, does
not depend on temperature, to the total magnetic
moment of the sample M = M,; + Mg,. We therefore
subtracted the diamagnetic component from the exper-
imental temperature dependences M(T)T by the stan-
dard method [21]. The diamagnetic component was
determined from the slope of the M(T)T dependence at
near-room temperatures, where T > © and the contri-
bution of the Mg, T paramagnetic component did not
depend on temperature. The slope of the experimental
M(T)T dependence was determined via approximating
its high-temperature portion by a linear function. The
Mg, (T)T dependences obtained after subtracting the
diamagnetic component (Fig. 1b) characterize the con-
tribution of only the paramagnetic (or superparamag-
netic) Mg, component of the magnetic moment of the
crystal. We also determined the M,; value by weighing
the sample and cal culating the magnetic moment from
the reference data on the diamagnetic susceptibility of
NaCl. This method gave the same M,; value as that
obtained from the temperature dependence M(T)T.

Mg, T, emu K

0.018

0.015

0.012 L L L I
0

10 20 30 40 50

T,K

Fig. 1. Temperature dependences of magnetic moment M multiplied by temperature T for aNaCl : Eu crystal (a) before subtracting

the diamagnetic component and (b) after its subtraction.
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Fig. 2. Temperature dependence Mg, (T) in crystals with
deformations (1) € = 0 and (2) € = 10%. The Mgy(T) value
at room temperature is taken to be unity. Solid lines are the
calculated Mgy (T)T dependences obtained including the

contributions of isolated impurity-vacancy dipoles and
exchange-coupled clusters. The low-temperature portions
of the Mg (T)T dependences at various deformations € =

D0, (22 (3) 48, (4 5.6, (5 7, (6) 8, and (7) 10% are
shown in the inset.

Special precautions were taken during the prepara-
tion of the samples. After chopping them out or thermal
treatment, a surface layer approximately 100 um thick
was removed by polishing with purified deionized
water (ultrapure water 43001-1B) to prevent the mag-
netic properties of crystals from being influenced by
accidentally present foreign ferromagnetic particles.
The crystals were handled exclusively with ceramic
pincers and deformed in a deformation machine with
guartz rods. This prevented the samples from being
contaminated with foreign magnetic particles that
might be pressed into their surface.

The crystals were subjected to macroplastic com-
pression deformation on a “soft” deforming machine,
in which mechanical stress linearly grew with time,
o [ t, and the relative deformation of the sample € was
measured. Industrial “hard” deformation machines of
the Instron type are often used in experiments. In such
machines, alinear time sweep is set for the deformation
€ [ t rather than mechanical stresses. The deformation
is proportional to the mean rate of an increase in the
area “swept” by didocations. The rate of deformation
was hot constant in our experiments; we can only spec-
ify its mean value, which was on the order of 10° s
The photoluminescence of the crystals was studied at
room temperature using a Jasco-777 standard spectro-
photometer. The excitation light had a wavelength of
A = 370 nm, and the spectra were recorded over the
wavelength range A = 380-735 nm. The EPR spectra
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were obtained on a Bruker ESP-300 spectrometer at
T =3.3K (microwave field frequency 9.453 GHz). The
constant magnetic field of the spectrometer was
directed along the (001) axis. In several experiments,
we used a IMTD-LH15T40 superconducting labora-
tory magnet, which enabled the samplesto be subjected
to the action of a constant magnetic field upto 15T at
room temperature.

3. RESULTS

3.1. The Influence of Plastic Deformation
on the Magnetic and Optical Properties of Eu Clusters

The influence of plastic deformation on the mag-
netic properties of clusterswas studied for crystals held
for five years at room temperature and not subjected to
thermal treatment. The major fraction of impurity ions
were therefore in the state of large-sized precipitates.
The crystals contained 1000 ppm europium. After the
first measurement of the temperature dependence of the
MT product, the NaCl : Eu samples were placed into a
deforming machine and loaded with a mechanical |oad
that linearly increased with time. The dependence of
the relative crystal deformation € on mechanical stress
o was recorded. After € = 1-2% was reached, the crys-
tals were unloaded and the residual plastic deformation
€. Was determined using a micrometer. Next, the sam-
ples were placed into the SQUID magnetometer, and
the dependence Mg, (T)T was recorded. The crystals
were then again deformed and the M (T) T dependence
recorded. We performed several deformations and mea-
surements of the temperature dependence of the mag-
netic moment for every sample. We found that plastic
deformation changed the shape of the Mg, (T)T depen-
dence (Fig. 2). At deformations exceeding 5-6%,
which corresponded to the hardening stage, further
deformation of the samplesdid not cause changesin the
Mg, (T)T dependences (Fig. 2).

It was reported in [22] that the magnetic moment of
chemically “pure” NaCl crystals changed after their
deformation and that there remained residual magneti-
zation whose temperature dependence was characteris-
tic of ferromagnets. To separate the contributions of
crystal lattice deformation and changes in the state of
the paramagnetic impurity subsystem, we performed
experiments with NaCl : Cu crystals. Deforming crys-
talswith a copper concentration of about 1 ppm caused
the crystal magnetic moment to change by about
1078 emu, which was close to the instrumental error of
the magnetometer that we used and three to four orders
of magnitude smaller than changes that we observed in
NaCl : Eu crystals after their deformation. It follows
that, in our experiments, all changes in the magnetic
properties of the NaCl : Eu crystalsresulting from plas-
tic deformation were caused by processes that occurred
in the subsystem of the paramagnetic europium
impurity.
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Fig. 3. EPR spectra of an aged NaCl : Eu crystal (a) before deformation, (b) after deformation to € = 6%, and (c) after deformation
to € = 12%. Spectrum fragments containing narrow lines of impurity-vacancy dipoles are shown in insets.

The EPR spectra of the samples recorded at 3.3 K
before plastic deformation and after deforming them by
6 and 12% are shown in Fig. 3. The fragments of these
spectragiven in the insets contain series of narrow lines
about 5 Oe wide. The sequence of the spectra presented
in Fig. 3 shows that the fraction of narrow lines
decreases and several comparatively broad bands
appear as the degree of plastic deformation grows.

Apart from changes in the magnetic properties,
deforming the crystals caused the redistribution of
intensities in various regions of the photoluminescence
spectra of the NaCl : Eu crystals and the appearance of
anew band at A = 536 nm observed by us in [23]
(Fig. 4). As with deformation in a hard machine [23],
the luminescence spectrum remained amost
unchanged up to the elastic limit. After the yield point
was reached, when the density of dislocationsincreased
substantially, we observed adecrease in the intensity of
luminescence at A = 427 nm and its increase a A =
536 nm (Fig. 4). At the end of the stage of easy glide of
didlocations (at € = 5-6%), these changes slowed down,
and, at the hardening stage, the intensities of lumines-
cence in these spectral regions almost ceased to depend
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Fig. 4. Phatoluminescence spectraof an aged NaCl : Eu crys-
tal before deformation (thick solid line) and after plastic
deformation to € = 10% (dashed ling). The thin solid and dot-
ted lines are the corresponding spectra resolved into Gauss
profiles before and after deformation under the conditions of
mechanical stressincreasing linearly. Arrowsindicate cluster
types corresponding to each spectral band according to [4].
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Fig. 5. (a) Deformation € dependences of (1) luminescenceintensity | 4,7 of impurity-vacancy dipolesand (2) number x4 of impurity-
vacancy dipoles determined by analyzing SQUID measurements; the 1 457 and x; values before deformation were taken to be unity.
(b) Deformation € dependences of (1) luminescence intensity I535 of clusters (bands centered at 536 nm) and (2) number x, of
exchange-coupled complexes determined by analyzing SQUID measurements;, the | 535 and X, val ues before deformation were taken

to be unity.

on further plastic deformation (Fig. 5). It follows that
the magnetic properties of the crystals and changes in
the luminescence spectrum initiated by deformation in
a soft machine are sensitive to changes of the crystal
deformation stages and the presence and regime of dis-
location movement.

3.2. Changes in the Magnetic Properties of Crystals
during the Aggregation of Impurity-Vacancy Dipoles
into Clusters

Changes in the magnetic moment Mg, caused by
thermal treatment of the NaCl : Eu (600 ppm) crystals
and impurity aggregation were studied after holding the
samplesat 770K for 2 h and throwing them onto a cop-
per plate to increase the rate of cooling. This procedure
(quenching) caused strong changes in the Mg, (T)T
curve. The dependence characteristic of superparamag-
nets acquired the shape typical of paramagnets after
guenching (Fig. 6). These changes were caused by the
solution of large-sized clusters bound by exchange
interaction and their transformation into isolated impu-
rity-vacancy dipoles. The low-temperature tail of the
Mg, (T dependence changed after quenching as time
elapsed (Fig. 7). The Mg (T)T dependence showed a
tendency to return to itsinitial form (to the form it had
before quenching) at room temperature because of the
gradua diffusion-controlled aggregation of impurity-
vacancy dipolesinto clusters.

We al so observed changesin the luminescence spec-
tra of the crystals caused by the aggregation of impu-
rity-vacancy dipoles (Fig. 8). These were anincreasein
the intensity of long-wave spectrum components and a
decrease in the integral intensity of luminescence. For

four pairs of sampleswhose luminescence spectrawere
absolutely identical immediately after quenching, we
observed spectral differences long after, depending on
whether or not the crystal was held in a constant field of
15 T. The intensity of long-wave luminescence of the
samples that remained in a magnetic field for the first
50-100 h after quenching was higher compared with
control samples. This observation is in agreement with
the resultsreported by usin[11-14]; it meansthat mag-
netically sensitive clusters whose transformation

Mg, T, arb. units

1.05

1.00

0.95

T,K

Fig. 6. Temperature dependences of Mg, T for an aged crys-
tal (1) before quenching and (2) 5 h, (3) 30 days, (4) 60 days,
and (5) 120 days after quenching.
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Fig. 7. Low-temperature regions of Mg, (T) T dependences for quenched crystals (a) 5 h, (b) 30 days, (c) 60 days, and (d) 120 days
after quenching. Solid lines are the cal culated Mg, (T) T dependences obtained taking into account the contributions of isolated impu-

rity-vacancy dipoles and dimersin various spin states.

causes “switching” between aggregation paths appear
during aggregation. The next series of experiments
were therefore performed to study these magnetically
sensitive nonequilibrium states.

3.3. The Influence of a Constant Magnetic Field
on the Effective Spin
of Magnetically Sensitive Nonequilibrium
Europium Clusters

It was shown in [11-14] that magnetically sensitive
clusters comprising few atoms appeared approximately
50 h after quenching if aggregation occurred at room
temperature. In other words, a field with induction of
about 6 T influences the microhardness of crystals and
photoluminescence if intermediate clusters of impu-
rity-vacancy dipoles areformed in crystals; the concen-
tration of such dipolesis maximum 50 h after quench-
ing. A magnetic field with induction less than 1 T
almost does not change the properties of crystals. It was
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found [11, 12] that a decrease in the temperature to
77 K suppressed the magnetoplastic effect and the field
effect on photoluminescence. Taking all these observa-
tions into consideration, we used a weak measuring
field with induction of 0.3 T and astrong magnetic field
capable of transforming clusters of point defects. The
sequence of operations is schematically shown in
Fig. 9. After quenching, the NaCl : Eu (600 ppm) crys-
tals were held at room temperature for two days, and
the Mg, (T) T dependence was then measured in a weak
magnetic field from 2 to 200 K. Every crystal was
heated to 300 K and held for 40 min in the absence of
external actions. This was necessary for determining
those changes in M that might be caused by impurity
aggregation. It wasthen cooled to 2 K, and the Mg (T)T
dependence was again measured. After heating to
300 K for the next time, astrong magnetic field with an
induction of 5T was switched on in the SQUID magne-
tometer, and the sample was held in this field for
40 min. Magnetic field-induced changes in the crysta
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Fig. 8. Photoluminescence spectra of two quenched
NaCl : Eu crystals: (1) and (2) coinciding spectraimmedi-
ately after quenching, (3) spectrum of acontrol sample held
6 months after quenching at room temperature in the
absence of amagnetic field, and (4) spectrum of the sample
heldinafield of 15T for thefirst 100 h after quenching and
stored 6 months after quenching at room temperature.
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Fig. 9. Experimental Mg, (T)T dependences: (1) the first

series of measurements prior to exposure to a 5 T field,
(2) the second series of measurements after heating before
exposureto a5 T field, and (3) the third series of measure-
ments after exposureto a5 T field, and calculated Mg (T)T
dependences obtained using the Brillouin function that
describes (4) isolated dipoles with spin S= 7/2, (5) dimers
with the highest spin possible S= 7, and (6) trimerswith the
highest spin possible S= 21/2. The sequence of operations
isshown in theinset. Arrows correspond to Mg, (T) T depen-
dence measurementsina0.3 T field.

were studied by again recording the Mg (T)T depen-
dencein aweak field. Importantly, the sample remained
in the magnetometer during all these manipulations,
and its accidental displacements, inevitable if the sam-
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ple were taken out, could not influence the experimen-
tal results.

Theseresults are shown in Fig. 9. The low-tempera-
ture tail of the Mg, (T)T dependence remained almost
unchanged when the samples were heated. The expo-
sure of the crystalsto a5 T field caused changes in the
form of the Mg, (T)T dependence at low temperatures.
These changes were reproduced for al six samples
used in this series of experiments. We checked the pos-
sibility of the influence of extraneous factors on the
purity of our experiment. The rated residual magnetic
field in the magnetometer after switching the 5T field
off was about 0.1 Oe, that is, on the order of 10-° of the
main signal. The presence of such a weak additional
field cannot explain changesin the magnetic moment of
the crystal observed in our experiments. We never-
theless performed control measurements with
NaCl : Cu(1-10 ppm) crystals that were not subjected
to thermal treatment. Because of the absence of excited
states of the subsystem of paramagnetic impurities, it
wasimpossiblein principleto observe changesinduced
by a magnetic field at room temperature. In other
words, these samples were used as a field-insensitive
reference. The M(T)T dependence did not change after
the exposure of the NaCl : Cu crystals to field action
(Fig. 10). It follows that the residual field in the magne-
tometer, traces of ferromagnetic particles on the surface
of the crystals, and other artifacts could not cause
changes in the magnetic properties of the NaCl : Eu
crystals observed in our experiments.

4. DISCUSSION

First, let us consider changes in the magnetic prop-
erties of the crystals caused by their deformation. The
Eu?* ion has spin S= 7/2. In the absence of exchange
interactions, its EPR spectrum comprises fourteen
packets of lines about 5 Oe wide split by hyperfine
interactions [23]. Clearly, these narrow lines character-
ize the fraction of isolated impurity-vacancy dipolesin
our experiments. The broad lines are the EPR spectrum
of clusters broadened by dipole or exchange interaction
(see Fig. 3). Changes in the EPR spectrum while the
crystal isdeformed (adecreasein the fraction of narrow
lines and the appearance of broad lines) are evidence of
adecrease in the fraction of isolated impurity-vacancy
dipoles and the appearance of new clusters (see Fig. 3).
Astheaged crystals contained clusters of varioustypes,
an analysis of the SQUID magnetometry data on
exchange interactions within these clusters could only
be used to obtain averaged estimates taking into
account the corresponding correction to the Brillouin
functions [24]. The M(T)T dependence was therefore
approximated by the additive contributions of x; iso-
lated impurity-vacancy dipoles Mg, and x, exchange-
coupled clusters M, to the magnetic moment. The tem-
perature dependence M;,(T) was described by the Bril-
louin function Bg(C), which took into account the Bolt-
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zmann spin-level distribution of electrons as afunction
of temperature,

Maip(T) = gHeSX,Bs(Q), 1
where
_25+1 (2s+1)¢ 1 {
Bs(Q) = >3 coth 53 2Scothzs,
7 = SgugB
kT

Mg is the Bohr magneton, and g = 2 isthe g factor.

The My contribution of exchange-coupled clusters
was described by asimilar function where the argument
of the Brillouin function was changed taking into
account the correction T, for averaging the exchange
interaction value J ~ KT, over various clusters,

¢ = SgugB/K(T +Ty).

To summarize, the experimenta M(T)T depen-
dences were approximated by the function Mg(T) =
Mip(T) + M (T) whose adjustment parameterswere X, ,
X5, and T,. Figure 2 shows that the calculated curve
closely agrees with the experimental dependences at
To= —2 K. As estimating dipole-dipole interactions
yields T, ~ 0.1 K, this result characterizes mean
exchange antiferromagnetic interactions in clusters.
The above approximation of the experimental data
enabled us to find the dependences of the number of
isolated impurity-vacancy dipoles x; (Fig. 5a) and
exchange-coupled clusters x, (Fig. 5b) on the deforma-
tion € of crystals. In conformity with the conclusions
obtained in analyzing the photoluminescence and EPR
spectra, an analysis of the SQUID magnetometry data
showsthat the number of isolated dipol es decreases and
that of exchange-coupled clustersincreases asthe crys-
tals are deformed. At the stage of hardening, the x,(€)
and X,(€) dependences reach saturation. This conclu-
sion, substantiated by three independent methods, con-
tradictsthe result obtained when the same crystalswere
deformed using a hard machine [25]. It was shown
in[25] that clusters were destroyed and transformed
into isolated impurity-vacancy dipoles or their com-
plexes containing few atoms under the conditions of
plastic deformation at aconstant rate in ahard machine.
Thismeansthat the regime of deformation substantially
influences the character of interactions between dislo-
cations and point defects. The aggregation of clusters
during plastic deformation observed in thiswork can be
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Fig. 10. Dependences M(T)T for aged NaCl : Cu(1 ppm)
crystals obtained (1) before and (2) after exposuretoa5T
field.

explained by an increased mobility of impurities along
the dislocation nucleus and an ensuing increase in the
probability of the approach of dipoles to each other in
this region and also by the entrainment of impurities
with moving dislocations. Drawing conclusions in
favor of one of these possibilities requires performing
additional experiments.

Turning to the influence of thermal treatment on the
magnetic properties of europium impurities, note that
the EPR spectrum observed in our experiments after
guenching corresponded to the presence in crystals of
only isolated impurity-vacancy complexes or their
weakly bound clusters, dimers. Various stages of impu-
rity aggregation in ionic crystals were studied theoreti-
caly in [26]. It was shown that the primary products of
diffusion-controlled aggregation, that is, dimers (pairs
of dipoles), could be of four types in the NaCl lattice
(Fig. 11), and that al configurations formed equiprob-
ably at theinitial stages because they appeared in acci-
dental encounters of dipoles wandering in the lattice
under the action of thermal fluctuations. This stage is
the “bottleneck” of further aggregation, because only
two of the four dimer configurations admit the addition
of dipoles and cluster growth. It follows that unfavor-
able configurations should first be transformed into
favorable dimers by thermal fluctuations for trimers
and more complex formations to appear. This conclu-
sion issubstantiated by the kinetic studies of changesin
the EPR spectra after quenching [13].

In this work, we studied comparatively short initial
stages of aggregation at which large-sized clusters
could not be formed. At a 600 ppm concentration of
impurity, the mean distance between dipoles is d ~
100 A. Therefore, the diffusion coefficient being D ~
102 m?/s, the drawing of two dipoles together takes
timet ~d%D ~ 10108 s, that is, about 100 days. Our
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Fig. 11. Schematic representation of aggregation paths
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Fig. 12. Dependences of the numbers of dipoles (x;) and
dimers (xo) on time elapsed after quenching NaCl : Eu
crystals.

measurements were performed approximately during
this time interval. For this reason, the dependence
Mg, (T T was model ed taking into account the contribu-
tions of x; isolated impurity-vacancy dipoles and x,
dimers of various configurations, Mg, = Mg, + Mgim.
The contribution of dipoles Mg, was described by (1),
and the contribution of dimers M, had to be written
taking into account al possible spin states. The exact
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equation for the magnetic moment of dimers was taken
from [27],

1
Mgm = énglis

S oSS P o)
% $=0
S ’
PS(S+ 1)D 2S+1.n
Zexpm KT "NE>s 5@

where { = SgugB/K(T + Tp).

The approximation of the experimental data at vari-

ous times after quenching by the function
Mey(T)T = [Mgp(T) + Mgin(TIT

is shown abovein Fig. 7. We see that, during the whole
time interval of measurements, the experimental data
are well described by the model that takes into account
the contributions of dipolesand dimers. This substanti-
atesthe correctness of the selected model athough does
not rule out the formation of more complex clusters,
which, it appears, do not make a substantial contribu-
tion to the magnetic moment of the crystal. Fitting the
Mg, (T dependences with the use of the above func-
tion enabled usto determine the amounts of dipoles (x,)
and dimers (x,) as functions of time elapsed after
guenching. Figure 12 shows that aggregation decreases
the number of dipoles and increases that of dimers, as
is expected for the initial cluster formation stages.

The influence of a magnetic field on the mean spin
of the clusters formed during aggregation can be ana-
lyzed by comparing the experimental Mg, (T)T curves
with the theoretical predictions obtained with the use of
the Brillouin function corresponding to the states with
maximum spin S, of dipoles and clusters of various
types, including dimers, trimers, etc. It follows from
Fig. 9 that the experimental curveslie between the Bril-
louin functionswritten for dipoles and for the high-spin
state of dimers with S= 7. Using the mean spin as an
approximation parameter in the Brillouin function
yields an exact description of the Mg (T)T dependence
before and after applying a strong constant magnetic
field (Fig. 9). This approach allowed us to find that the
mean spin of clusters before and after applying thefield
was 6.2 + 0.1 and 4.8 £ 0.1, respectively. It follows that
the exposure of the crystalsto field action decreasesthe
mean spin, which can be explained by the transition of
part of clusters from the high- to low-spin state. As
SQUID magnetometry only allows the total contribu-
tion of all types of clustersto magnetization to be mea-
sured, the absolute spin value of magnetically sensitive
clusters cannot be determined by this method. It, how-
ever, follows from very genera considerations that
spinsin acluster should be coupled by strong exchange
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interaction for thermal fluctuations to be incapable of
rapidly destroying such complexes and spin correlation
to persist for a long time. The closeness of the mean
spin before applying a magnetic field, S = 6.2, to its
maximum value in dimers, S, = 7, therefore leads us
to suggest that magnetically sensitive clusters are
dimers (pairs of dipoles) in which spins are coupled by
exchange interaction and oriented parallel to each
other.

Note in conclusion that the aggregation of particles
in crystal lattices has currently been studied in detail
only at late stages of its devel opment, when combining
a large number of particles results in the formation of
nanocrystals discernible in electron microscopic
images and X-ray diffraction patterns. At the same
time, the initial stages of formation of nuclei of cluster
growth are crucial to the processasawhole. These clus-
ters only comprising several impurity atoms can have
different atomic configurations and be characterized by
different electronic processes involved in their origina-
tion. It could be suggested that the physica mecha-
nisms of formation of nuclei are fairly general for a
widerange of crystals. The information obtained in this
work can be used to solve such problems of importance
for applications as the doping of semiconductors and
controlling the state of clustersin them, crystal growth,
and the self-organization of impurity atoms in crysta
lattices of metals and alloys. Aggregation is usualy
considered from the point of view of jumps of atomsin
crystal lattices under the action of thermal fluctuations.
The corresponding theoretical concepts are largely
based on calculations of lattice dilatancy and its influ-
ence on the diffusion coefficient. Other important char-
acteristics of aggregation, namely, the occurrence of
electronic and spin reactions between paramagnetic
particles with spins, are then outside the field of vision.
In this sense, aggregation is akin to processes of con-
cern to spin chemistry, in which similar reactions were
only studied for liquid-phase systems [15, 16]. We can
expect considerable changes in the physics of spin-
dependent reactions in solids compared with processes
in liquids. Dipole-dipole and spin—orbit interactions,
intracrystalline field anisotropy, and different molecu-
lar dynamics of paramagnetic particles change the
effectiveness of solid-state spin-dependent processes.
These problems require additional inquiries.

5. CONCLUSIONS

(1) The plastic deformation of crystals under the
conditions of mechanical stresslinearly increasing with
time was found to decrease the concentration of iso-
lated impurity-vacancy dipoles and cause the formation
of clusters with exchange interaction of the ferromag-
netic type. This can be caused by the arising of condi-
tions favoring the approach of dipoles to each other in
regions of strong crystal lattice distortions close to dis-
location nuclei and the entrainment of dipoles by mov-
ing dislocations.
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(2) Aging crystals at room temperature for 10° h
caused aggregation of isolated impurity-vacancy
dipolesto exchange-coupled clusters (dimers) contain-
ing two Eu?* ions. The temperature dependences of the
magnetic moment of clusters can be correctly described
without including the contribution of larger aggregates.

(3) Among the clusters formed approximately 50 h
after quenching, there were magnetically sensitive con-
figurations that changed their optica and magnetic
properties at room temperature under the action of a
magnetic field with induction 5 T. This field was found
to initiate the transition of part of clusters from the
high- to low-spin state.
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Abstract—Parametric excitation and the above-threshold behavior of anonequilibrium system of nuclear mag-
nons are investigated both under microwave noise pumping and under monochromatic pumping with noise
modul ation of the magnon spectrum. It is established that there exist two critical pumping amplitudes: the first
corresponds to the onset of nonlinear absorption of the microwave field, and the second corresponds to the
development of strong phase correlations—a nonequilibrium Bose condensate (NBC)—in a system of excited
magnon pairs. The formation of the NBC was recorded by two methods: by intense electromagnetic radiation
from a sample and by a coherent response of parametric magnons to a harmonic modulation of their spectrum
(by a modulation response). The existing theories provide a satisfactory description for the functional depen-
dence of pumping thresholds on the parameters of experiment, except for the region of minimal temperatures.
The observed discrepancy between theoretical and experimental results can be explained under the assumption
that quasi -€el asti ¢ two-magnon relaxati on processes make a nonadditive contribution to the threshold amplitudes

of noise pumping. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

A hyperfine interaction between the spins of the
nuclei and the electron shells of magnetic ions in
weakly anisotropic antiferromagnets has givenriseto a
new branch of coupled oscillations of electronic and
nuclear spins—nuclear spin waves (NSWs). The fre-
quencies of these oscillations lie in the range of NMR
frequencies (w,/21 < 700 MHz for %Mn nuclei), and

the wavevectors k < 106 cm™. The most remarkable
feature of NSWs is that they exist in a paramagnetic
system of nuclear spins| that is characterized by a high
level of thermal fluctuations and weak polarization
(A ~ 1%) at liquid helium temperatures. The concept
of NSWswas proposed in [1], where the authors calcu-
lated the spectra of these wavesin ferro- and antiferro-
magnets and showed that the most convenient objects
for investigating NSWs are cubic antiferromagnets and
antiferromagnets with easy-plane anisotropy. The char-
acteristic feature of these antiferromagnets is the pres-
ence of alow-frequency branch of spin waves and the
exchange enhancement of hyperfine interaction [2].
The NSW spectrum in the easy-plane antiferromagnet
CsMnF; is given by

W = W [1—(HA(H2+ H2 + a2k M2, (1)

where H: [kO€?] = 6.4/T isthe parameter of hyperfine
interaction, T is temperature, H is a static magnetic

field, a = 0.95 x 10-° kOe cm isthe constant of inhomo-
geneous exchange interaction, and w,/211= 666 MHz.

Spin and magnetoelastic waves in magnets repre-
sent avery convenient object for investigating the phys-
ics of nonlinear wave processes. At present, parametric
resonance of these waves has been studied sufficiently
well in an ac magnetic field hcosw,t paralel to a dc
field H. When the strength of the microwave magnetic
field exceeds a threshold value h, the sample exhibits
parametric instability with respect to the decay of a
pumping quantum into a pair of magnons (or qua-
siphonons) of half the frequency with equal and oppo-
sitely directed wavevectors (w, = wy + w_). Thecritical
amplitude h, of the microwave field, which is usually
called a pumping threshold or a parametric-excitation
threshold, is defined by the expression h, = y/V, wherey
is the relaxation rate of the excited waves and V =
(0w, /OH)/2 isthe coefficient of coupling between para-
metric waves and the pumping field; this coefficient is
determined by the effective magnetic moment of the
excited wave. For NSWs, this coefficient is defined by

2
2H:  wiw,

)

i.e., it depends on the frequency of magnons, magnetic
field, and temperature.

Immediately above the excitation threshold (i.e., for
h > h,), a dynamic order is established in the system,

1063-7761/05/10001-0077$26.00 © 2005 Pleiades Publishing, Inc.
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whichischaracterized by two parameters: the number of
parametric pairs of magnons (or quasiphonons) and their
phase with respect to the pumping field (see [3, 4]).
Obvioudly, this nonequilibrium Bose condensate
(NBC) of amacroscopic number of generated pairsrep-
resents a forced oscillation of the medium at the fre-
guency of the external field.

The situation is substantially complicated when the
external ac field is applied in the frequency interval
(W, —Aw/2, wy, + Aw/2) and the frequency bandwidth of
pumping is greater than they of the excited waves. The
very possibility of parametric excitation of an oscillator
by a noise field seems to be rather questionable [5].
Moreover, the possibility of nonequilibrium phase tran-
sition accompanied by the formation of an NBC in the
wave system excited by noise pumping is still more
guestionable, because a noise field does not have any
distinguished phase and cannot establish a coherent
state in the excited system by itself.

Parametric resonance of spin waves under noise
pumping was considered by Mikhailov and Uporov [5]
and Cherepanov [6]. These authors obtained identical
(up to afactor of 2 for Aw > y) formulas for the mean
threshold power P, of the noise field at which time-
average nonlinear absorption starts in the system.
Under Gaussian noise pumping for arbitrary Aw < wy,,
the threshold power is given by [7]

(P./P.)—1 = Awly, (©)]

where P, [ hi is the threshold power for monochro-
matic pumping and the critical power P, represents the
integral power of microwave noise pumping (rather
than its spectral density).

However, these authors have fundamentally differ-
ent views on the above-threshold behavior of a system
of nonequilibrium magnons. In [5], the authors argue
that the basic limiting mechanism for the microwave
absorptionisnonlinear dissipation, whilethe phase cor-
relations of waves are ineffective. Conversely, the author
of [6] argues that strong phase correlations should arise
in the pairs of excited waves (the phase limiting mecha-
nism), like under monochromatic pumping.

Such phase corrations were experimentaly
observed for thefirst time by Andrienko and Safonov [7]
under noise pumping of magnetoelastic waves in the
antiferromagnetic FeBO;; they observed two thresh-
olds of instability. The first threshold (P,;) corresponds
to the onset of nonlinear absorption of microwaves,
while the second (P,,,) corresponds to the formation of
an NBC. (Note that the authors of [5, 6] did not con-
sider the possibility of two thresholds.) However,
because of the specific features of the experiment in [7],
namely, strongly anisotropic excitation (quasiphonons
aregenerated along the C; axis of the crystal) and apos-
sible effect of the boundaries of a sample on the forma-
tion of an NBC (the thickness of the plane-parallel plate
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was much less than the mean free path of a magne-
toelastic wave), the authors could not answer the ques-
tion whether or not an NBC can be formed in an infinite
sample. Finaly, in [8], an NBC was first observed
under noise pumping of nuclear magnonsin the antifer-
romagnetic CsMnF; when the mean free path of mag-
nons was less than the sample size and the effect of
boundaries could be neglected.

Another possibility of the noncoherent effect of
external fields on a spin-wave system was first investi-
gated by Zautkin and colleagues[9]. They theoretically
and experimentally investigated a parametric genera-
tion of electron magnons by a monochromatic micro-
wave field in yttrium iron garnet (Y1G) under a noise
modulation of the spectrum of spin waves by a radio-
frequency field and argued that this case corresponds to
nonmonochromatic (noise) pumping with fluctuating
phase. They calculated and measured the threshold
pumping amplitude corresponding to the onset of non-
linear absorption and the nonlinear magnetic suscepti-
bility of asample. The threshold formulagivenin[9] is
analogous to Eqg. (3) and is expressed as

(Py/Po)—1 = (VH,)’ly = HX(V/h,), 4)

where H,, is the spectral density of the noise field; the
threshold of “noise” pumping P, in this case (in con-
trast to (3)) is the threshold power of monochromatic
pumping under the noise modul ation of the spectrum of
spin waves. Later, Safonov [10] considered the decay
threshold of phase correlations in a wave system
excited by a monochromatic field when the noise mod-
ulation of the spectrum was switched on, and obtained
the formula

h/h.—1 = (VH,)?ly,
which can conveniently be rewritten as
(P,/P,) —1 = H3(V/h)[2+ H’(V/h,)] . (5)

For the present, this is actually the only calculation of
the threshold P,,, i.e, the destruction (formation)
threshold for an NBC. In the limit of smal H,, the
threshold powers P,; and P,,,, defined by (4) and (5),
respectively, differ only by afactor of 2.

In [9], based on the qualitative agreement between
theory and experiment, the authors concluded that
phase correlations are significant. However, they could
not directly confirm the presence of strong phase corre-
lationsin awave system under noise modulation of the
magnon spectrum. Note that the experimental results
of [9] can equally (up to the measurement errors of the
pumping threshold P,) be described by formulas (4)
and (5). The formation of an NBC under parametric
excitation of waves (quasiphonons) with the noise
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modulation of their spectrum was first observed by
Andrienko and Safonov in [7].

In the present paper, we investigate the behavior of
the system of nuclear magnons both under noise pump-
ingwithy < Aw < wy, and under monochromatic micro-
wave pumping with the noise modulation of the spec-
trum of NSWSs. In this case, the mean free path of gen-
erated magnons is much less than the crystal size,
whereby the effect of sample boundaries on the forma-
tion of a stationary state of parametric pairs can be
neglected. Moreover, under the conditions of coherent
pumping and noise pumping, we investigate the radia-
tion of electromagnetic waves by parametric pairs of
NSWs. This effect has been first discovered in the
present studly.

2. EXPERIMENTAL TECHNIQUE

Nuclear magnonsin the easy-plane antiferromagnet
CsMnF; (with the Néel temperature 53.5 K) were gen-
erated by a microwave field of frequency w,/2m =
1080-1180 MHz. The noise field was generated by two
methods.

(1) Noise modulation. In this case, a microwave
oscillator operated in the usual mode (monochromatic
pumping) and a signal from a white noise generator
operating in the frequency range from 0.015 to 600 kHz
was amplified by a broadband amplifier and was
applied to a modulating coil that was wound coaxially
with a helical microwave resonator. The ripple ampli-
tude of the noise spectral density was no greater than
3 dB. The measurement accuracy of the mean spectra
density H,, of the noisefield was 15%, and the accuracy
of relative measurements was 5%. To a high degree of
accuracy, such noise can be considered as white noise
because its bandwidth is much greater than the relax-
ation frequency of magnons y/2rt< 20 kHz.

(2) Noise pumping. A noise signal from aradio-fre-
guency white noise generator was used for modulating
the frequency of a microwave oscillator. The spectrum
of the output microwave-pumping signal was investi-
gated by a spectrum analyzer. The shape of the spec-
trum was close to a Gaussian curve with a frequency
bandwidth of Aw < w,. The bandwidth of the pumping
spectrum was measured at a half maximum to an accu-
racy of 10%, the condition y < Aw < Awg, being aways
satisfied, where Awy, is the linewidth of the resonance
curve of the microwave resonator |oaded with asample.

A single-crystal sample of CsMnF; with a size of
about 3 x 3 x 5 mm? was placed in ahelical microwave
resonator with a quality factor of Q ~ 500 filled with
liquid helium. The experiment was carried out in the
temperature interval T = 1.94.2 K in amagnetic field
of H = 500-2000 Oe under parallel microwave pump-
ing (h ||H). The relaxation rate y/2rt of generated mag-
nonswas cal cul ated using the monochromatic pumping
threshold h, with an accuracy of 25% and ranged
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(depending on T and H) from 6 to 20 kHz. The accuracy
of relative measurements of h, and y was 5%. The mean
free path of magnonswas L < 1 mm, i.e,, several times
less than the characteristic size of the sample.

Microwave pumping was performed in continuous-
wave mode, aswell asin apulsed mode with arepetition
rate of 10-100 Hz and a pulse length of 300—2000 ps. In
the pulsed mode, the threshold pumping power was
determined by the appearance of a nonlinear distortion
(chip) on a detected microwave pulse transmitted
through the resonator. In continuous-wave mode, this
threshold is determined by the appearance of amodula-
tion response in the spectrum of the microwave signal
transmitted through the resonator loaded with a sample
(the description of this technique is given below). The
relative measurement accuracy of the threshold power
was 10%.

We used two methods to detect an NBC, which are
based on the observation of collective phenomena asso-
ciated with the formation of this state.

The first method consist in the observation of the
modulation response a,,. This method was devel oped
and widely used for investigating the properties of the
NBC of magnons that is formed under monochromatic
pumping [4]. Later, this method was successfully
applied to detect the NBC of quasiphonons generated
by noise pumping [7]. A weak radio-frequency mag-
netic field H,,,cos(wt) is applied to a sample to modu-
|ate the spectrum of spinwaves. Thisgivesriseto oscil-
lations of the amplitude and phase of the NBC about
their equilibrium values (the so-called collective oscil-
lations), which result in a modulation, with amplitude
AP and frequency w,, of the microwave power
absorbed by the sample. This amplitude modulation
(AP = a,,H,,) points to the existence of the NBC in the
sample.

To record a,,, a microwave signa transmitted
through the resonator was detected and applied to a
spectrum analyzer or to a selective microvoltmeter
tuned to the frequency wy,, and then fed to theY input of
an X-Y automatic recorder.

The second method consists in the observation of
electromagnetic radiation from a system of excited
nuclear magnons. Earlier, this effect was observed in a
system of magnetoel astic waves [10]. It consists in the
fact that a sample in which an NBC is produced by
monochromatic microwave pumping emits characteris-
tic electromagnetic radiation after switching off the
pumping. The frequency of thisradiationis closeto the
pumping frequency, and its intensity is nonmonotonic
in time and has a magnitude comparable to the micro-
wave power absorbed by the sample. In the present
paper, we could also observe similar radiation from a
system of NSWs.
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3. RESULTS AND DISCUSSION

3.1. Parallel-Pumping Thresholds
under Noise Modulation of the Magnon Spectrum

We observed two pumping thresholds P,; <P,,. The
first threshold corresponds to the onset of nonlinear
absorption of microwave power, and the second corre-
sponds to the formation of an NBC. Since the differ-
ence between P, and P,, isusually no greater than the
experimental error, we only traced the behavior of the
threshold P,,; in our experiments, becauseit is easier to
measure. Inthissection, wedenoteit simply by P,,. Fig-
ure 1 showsthethreshold power of monochromatic par-
alel pumping asafunction of the spectral density of the
noise field for various temperatures, pumping frequen-
cies, and magnetic fields. One can seethat (P, /P.— 1) is
proportional to the squared spectral density of noise,
depends on H and T, and rapidly decreases as the fre-
guency of generated magnons approaches w,. The the-
oretical curves calculated by formula (4) with afitting
factor of 5.9 (for w/2m= 1090 MHz) are shown by a
solid line. They well describe the functional depen-

dence of thethreshold on H and T at this pumping fre-
guency over the entire range of H,. The theoretica

PP, —1

12

10

1
0 1.0 2.0
Hﬁ , 1075 Oe?/Hz

Fig. 1. Relative increase in the threshold power of coherent
pumping as afunction of the spectral density of noisefield;
(©) H=1830Oe, T = 2.05 K, and w21t = 1088.8 MHz;

(A)H =1134 Oe, T = 4.2 K, and u)p/2rr = 1093.3 MHz;
(4)H =689 0e, T=42K, and wy/2m = 1093.3 MHz; and
(@)H=17750e, T=2.0K, and wpIZT[: 1165.8 MHz. Solid

curves correspond to theoretical calculations by formula
(4), and dashed curves, to calculations by formula (5). Fit-
ting factors are equal to 5.9 and 2.5 for wy/2mm= 1090 MHz
and 3.4 and 1.6 for wp/2n =1166 MHz.
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curve calculated by (5) (dashed curves) describes the
functional dependence of the threshold only for
P./P. < 5; but thefitting parameter for thiscurveisless,
itisjust 2.5. As the pumping freguency increases, the
effect of H,, on the threshold should rapidly decrease
because, according to (2), the parameter V that enters (4)
rapidly decreases. This decrease is clearly demon-
strated in Fig. 1, where the upper (o) and lower (*) rows
of dots differ only by the pumping frequency. More-
over, this decrease turns out to be even stronger than
that predicted by the theory, so that the fitting parame-
ters decrease and, for w,/2m= 1166 MHz, are 3.4 and
1.6, respectively. Recall that, actually, the theory does
not contain any fitting parameters, and the calculated
value of P, depends only on the accuracy of the abso-
lute measurement of the threshold value of h. and the
spectral density H,, of the noise field. Actually, the cal-
culations are performed for ideal white noise, whilethe
real frequency characteristic H,(w,,) of the noise-field
generator isnot uniform and has alimited bandwidth of
0.15-600 kHz. Therefore, a calculated threshold may
not coincide with a measured one; however, this may
barely at al affect the determination of the absolute
value and the functional dependence of the pumping
threshold. Thus, the effect of the noise modulation of
the spectrum on the pumping threshold for NSWsturns
out to be several times greater than the cal culated resuilt.

Thefield dependence of the threshold of monochro-
matic pumping at atemperature of T=2.08 K for fixed
values of the amplitude of noise modulation are shown
in Fig. 2. Figure 3 represents the same results as
(P/P.—1) vs. H together with the similar results
obtained a T = 4.2 K. One can see that the fitting
parameter is independent of H and T; i.e., the theoreti-
cal calculations satisfactorily describe the field and
temperature dependence of the paralel-pumping
thresholds for NSWs under the noise modulation of the
spectrum. Thus, at afixed pumping frequency, the the-
ory describes the functional dependence of the thresh-
old on any parameter: on the spectral density of noise,
on a magnetic field, and on temperature. The NSW
parameters, such as relaxation rate, wavevector, and the
coupling coefficient between NSWs and pumping, vary
severa times in these intervals of H and T. Hence, the
fitting factor is independent of the above parameters of
magnons; it depends only on their frequency. Thus, the
measurements show that, although the theory gives an
incorrect absolute value of the threshold, it fails to
describe only one function of the threshold, namely, the
frequency dependence of the monochromatic pumping
threshold under the noise modulation of the spectrum
of nuclear magnons. Note that the effect of the excita-
tion frequency on the noise pumping threshold is stud-
ied here for the first time. Earlier, the values of the
pumping threshold measured during the study of
nuclear magnonsinY1G [9] under the noise modulation
of the spectrum coincided with the calculated ones up
to the measurement errors. However, these measure-
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Fig. 2. Threshold power of coherent pumping as afunction
of astatic magnetic field for afixed amplitude of noise mod-
ulation of the magnon spectrum; (a) H, = 0, (0) H, =
0.02 Oe/HZz'2, and (@) H,, = 0.04 Oe/Hz"2; T=2.08 K and
wy/2r=1094.4 MHz.
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Fig. 3. Relative increase in the threshold power of coherent
pumping as a function of a static magnetic field for a fixed

amplitude of noise modulation; (@) H, = 0.02 Oe/Hz'2, T =
2.08 K, and wy/2r= 1094.4 MHz; (0) H, = 0.04 Oe/Hz!?,
T =208 K, and wy/2m = 1094.4 MHz; and (V) Hp =
0.03 Oe/Hz2, T= 4.2 K, and w21 = 1093.3 MHz. Solid

curves correspond to theoretical calculations by formula (4)
with afitting parameter of 5.9, and dashed curves, to calcu-
lations by formula (5) with afitting parameter of 2.5.

mentswere carried out at asingle value of pumping fre-
guency and only for two values of the magneticfield. In
the experiments on the excitation of quasiphonons in
FeBO; [7], the theory failed to describe the dependence
of P, on the magnetic field.

3.2. Noise Pumping Thresholds of NSWs

I nvestigations have shown that one should also dis-
tinguish two thresholds P,,; < P,,, under noise pumping
of nuclear magnons. The first threshold corresponds to
the onset of nonlinear absorption of microwave power,
and the second, to the formation of an NBC. The ratio
P.»/P; of these thresholds increases with Aw but does
not exceed 1.25. Figure 4 shows the threshold of para-
metric pumping of NSWsasafunction of the frequency
bandwidth of microwave pumping. Sincethe difference
between the thresholds P,,; and P,,, isusually no greater
than the experimental error, we only kept track of P, in
these experiments; in what follows, we simply denoteit
by P,. According to theory (3), (P/P. — 1) is propor-
tional to Aw for any values of T, H, and w,. However,
for afixed pumping frequency of about 1090 MHz, the
calculated value of (P/P, — 1) exceeds the measured
value by afactor of 3 at temperature T=4.2K and by a

P/P.—1
T T T T -
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20+ W .
o.“
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Fig. 4. Relativeincreasein thethreshold power asafunction
of the frequency bandwidth of noise pumping; (@) T =
205K, wy/2m = 1088 MHz, H = 1750 Oe, and y/2m =
7.1kHz; (0) T=4.2K, 0yy/21t=1093.3 MHz, H = 1680 Oe,
and y/2m = 16.8 kHz; and (o) T = 2.0 K, wy/2m =
1165.8 MHz, H = 1825 Oe, and y/2mt = 10.1 kHz. Dashed
curves correspond to calculations by formula (3) with the
fitting parameters 0.15, 0.31, and 0.1 for the dots @, O, and
A, respectively.
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(@) Aw/2m=270kHz; T =2.08 K and wy/2m=1094.4 MHz.

The curves correspond to cal culations by formula(3) with a
fitting parameter of 0.175.

factor of about 7 at temperature T = 2.05 K. The fitting
factor is also changed under the variation of the pump-
ing frequency: at 1166 MHz, the measured value of
P./P.— lislessthan the theoretical value by afactor of
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10. Thus, in the case of noise pumping, the theory
describes neither frequency nor temperature depen-
dence of the generation threshold.

Figure 5 shows measured values of the noise pump-
ing threshold as afunction of a static magnetic field for
fixed values of Aw. Figure 6 reproducesthe sameresults
as P, /P.— 1 vs. H. The calculated curves are obtained
as follows. Using the measured monochromatic pump-
ing threshold h,(H), we calculated y(H) by formula (2)
and substituted it into (3) to calculate H as afunction of
P./P.—1. Again, one can see that the theoretical results
with the above-mentioned fitting parameters are in
good qualitative agreement with the experimental
results. Here, it is essential that P, varies 40 times over
the range of magnetic fields considered. The wavevec-
tor, the relaxation rate of generated nuclear magnons,
and the coupling coefficients between pumping and
NSWs are also changed significantly. However, the fit-
ting factor remains constant. Hence, the theory cor-
rectly describes the noise pumping threshold P, as a
function of the above-mentioned parameters of gener-
ated magnons, but gives a value of the threshold power
that is several times greater than the measured value.
Recall that, conversely, under the noise modulation of
the spectrum of NSWs, the theoretical results were sev-
era times less than the experimental data. The field
dependence of the noise pumping threshold obtained
earlier when investigating the generation of qua-
siphonons in FeBO; [7] did not admit theoretical
description. Thus, formula (3) much better describes
the noise pumping of NSWs. Thisis likely to be asso-
ciated with a weak effect of the sample boundaries on
the system of generated magnons; i.e., for NSWs, the
theoretical model is closer to the rea experimental
situation.

Under noise pumping of NSWs, theoretical results
significantly deviate from experimental results as tem-
perature decreases and frequency varies. Recall that the
effect of the microwave-field frequency on the noise
pumping isinvestigated in the present paper for thefirst
time; all measurements in [7-9] were carried out at a
fixed frequency.

One may propose the following qualitative expla-
nation for this discrepancy between theory and expe-
riment.

The analysis of the relaxation mechanisms of NSWs
has shown [2] that, for wy/2m = 1090 MHz and T =
4.2 K, the relaxation of NSWs in CsMnF; is deter-
mined, by about 50%, by inelastic scattering of NSWs
by the fluctuations of nuclear magnetization (by two-
magnon processes) and, by another 50%, it is deter-
mined by three-particle relaxation processes with the
temperature dependence T°. At 2.2 K, the contribution
of inelastic rel axation processes decreases to about 5%.
Moreover, the efficiency of three-particle processes
rapidly decreases as the magnon frequency, i.e, the
pumping frequency, increases. As aresult, elastic pro-
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cesses also become dominant. In our opinion, it is the
dominant role of elastic relaxation processes that is
responsible for the fact that the noise pumping thresh-
old of NSWs provesto be appreciably less than the cal-
culated one; this is especially manifest as temperature
decreases or as the pumping frequency increases.

An assumption about the specific role of two-mag-
non processes and their nonadditive contribution to the
threshold formula has been made by Zakharov and
L'vov [11]. They suggested that, since the wave energy
is not changed under elastic scattering (only the propa
gation direction of awave is changed), secondary mag-
nons keep taking part in the process of pumping, thus
reducing the threshold of parametric excitation, which
is described in this case by

he = [Voa (Voa + Ve 21V, (6)

where yy and y,4 are the relaxation rates of elastic and
inel astic processes, respectively. However, experiments
with monochromatic pumping [2, 12] did not confirm
this assumption. Experiments showed an additive con-
tribution of all y to the threshold amplitude: h; = (Y, +
Vo)/V. Apparently, the point is that, a crucial role under
monochromatic pumping is played by the phase of a
wave, which changes after a quasi-€lastic scattering of
a magnon. Moreover, quasi-elastic scattering may be
accompanied by adlight variation in the energy and the
absolute value of the wavevector of a magnon (the so-
called drift over the spectrum). As aresult, a secondary
magnon is out of resonance with the pumping field. In
the case of microwave noise pumping, whose fre-
guency and phase rapidly fluctuate, neither the varia-
tion of the phase of secondary magnons nor the weak
drift of magnons over the spectrum of NSWs (within
Aw) influence the coupling between magnons and the
driving microwave field. Therefore, secondary mag-
nons continue to take part in the pumping process, thus
reducing its threshold. (These secondary magnons can
also beinterpreted as an additional noisefield.) Thus, it
is the noise pumping under which the contribution of
two-magnon processes to the threshold amplitude
should become nonadditive. Our experiments have
shown that the greater the relative contribution of elas-
tic processes, the greater the deviation of the fitting
parameter from 1, displayed both by temperature and
frequency dependence of the fitting parameter. Unfor-
tunately, the noi se pumping threshold with regard to the
specific role of quasi-elastic processes has not been cal-
culated. Nevertheless, the qualitative model proposed
above isin good agreement with experiment.

3.3. Kinetics of Parametric Instability

It is well known [3] that, in the case of monochro-
matic pumping, when the amplitude of the microwave
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field exceedsacertain threshold value h,, the number of
magnons first increases by the exponential law

Ny = Noexp[(h/h;—1)(t/T,)], (7)

where N, ison the order of the number of thermal mag-
nons of frequency w, T, is the lifetime of these mag-
nons, and t is the time measured from the switching
moment of amicrowave pumping pulse. The number of
magnons increases due to the sample's absorption of
photons stored in the resonator. This absorption also
increases exponentially at first. When the number of
magnons reaches N,, (which is determined by the sen-
sitivity of the setup), a chip appears on the microwave
pulse transmitted through the resonator. The time inter-
val T =T1(N,,) from the beginning of the pulseto the chip
is given by the expression

1/t = C(h/h,—1), (8)

where C is a constant determined by the lifetime of
magnons and the sensitivity of the experimental setup.
In a certain period of time after the chip, due to the
restriction mechanisms, the number of parametric pairs
and the magnitude of microwave absorption reach a
steady-state level. For monochromatic pumping, the
linear dependence of the inverse time to the chip on the
supercriticality was repeatedly verified in experiments
(see, for example, [3, 13)).

I n this section, wefocus on the devel opment of para-
metricinstability under noise pumping, in particular, on
the dependence of the time T on the spectral bandwidth
of the pumping Aw and on the noise modul ation ampli-
tude of the magnon spectrum H,.

The development time of parametric instability asa
function of noise level was measured as follows. For
fixed values of the microwave power and pumping
bandwidth (P, Aw = const), we increased the pulse
length until a chip appears on it. Thistime T to a chip
dlightly varied from pulse to pulse, the variation being
the greater, the greater the pumping bandwidth Aw. We
measured the minimal, rather than the mean, value of t
at which a chip appeared on microwave pulses. The
results of these measurements are represented in Fig. 7.

The most obvious factor responsible for increasing
the time to a chip with increasing the pumping band-
width is a decrease in the supercriticality as Aw
increases. To take into account this change in the super-
criticality, we should replace (h/hy) by (h/h,) in (8),
where h,, = h(Aw) O (P,(Aw))Y?isafunction of thefre-
guency bandwidth of pumping. Then, formula (8) is
represented as 1/t = C[(P/P,)Y? — 1]. Taking into
account the experimental dependence of P, on Aw
(which is described by theory (3) with a certain fitting
factor b), we can rewrite thisformula as

1/t = C[(h/hy)/(bAwly +1)*°-1], 9)

where b is taken from earlier experiments and is equal
to b = 0.15 for wy/2m = 1094.4 MHz, T = 2.08 K, and
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Fig. 7. Time to a chip as a function of the bandwidth of
noise pumping for fixed values of pumping power;
(0) PIP, =35, (@) P/IP, = 11.7, and (o) P/P, =505, T =
2.08 K, H = 1870 Og, and wy/2m = 1094.4 MHz. Dashed

curves are caculated by formula (9), and the straight lines,
by formula (10).

H =1870 Oe. Figure 7 showsthat formula (9) with afit-
ting parameter of C = 7000 well describes the general
behavior of the experimental curves, which is rather
unexpected because formula (9) takesinto account only
the decrease in the supercriticality with increasing the
pumping frequency bandwidth Aw but does not take
into account the specific feature of the noise-induced
generation of parametric magnons. Notethat, in awide
range of Aw, the experimental resultsfor three values of
supercriticality are well described by three parallel
lines, which correspond to the empirical function

1/t = 1/1,—10.30w, (10)

where 1, isthe time to a chip under coherent pumping.

Similar measurements of the development time of
parametric instability were aso carried out under
coherent pumping of NSWs with the noise modulation
of the spectrum. The results of these measurements are
shown in Fig. 8. The measurement technique is analo-
gous: for constant values of the microwave power and
noise modulation level (P, H, = const), weincreased the
length of a pulse until a chip appears on it. Since the
noise modulation increases the pumping threshold, to a
first approximation, we can take into account the effect
of this modulation on the devel opment time of paramet-
ric instability by substituting the experimental depen-
dence of the threshold on H,, into formula(8). As shown
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Fig. 8. Timeto achip of coherent pumping as a function of
the noise modulation amplitude of the spectrum for several
values of pumping power; (O) P/P; = 3.4, (2) P/P; = 10,
(®) P/IP. = 114, and (a) P/IP, = 38, T = 208 K, H =
1870 Oe, and wy/2rt = 1094.4 MHz. Dashed curves are

calculated by formula (11), and the straight lines, by for-
mula (12).

above, this dependence is well described by theory (4)
with afitting factor of 5.9. Using formulas (4) and (8)
and the experimental values of P(H,), we obtain

1/t = C[(hh)/(L+5.9H2V/h) > -1].  (11)

The curves corresponding to (11) areshownin Fig. 8 by
dashed lines. Since formula (11) does not take into
account a shift in the phase of the NBC under noise
modulation of the spectrum, the agreement between
experiment and calculations by (11) can be assumed to
be quite satisfactory. Incidentally, the only fitting
parameter C in (11) isthe same asin (9): C = 7000. It
allows one to satisfactorily describe, by formulas (9)
and (11), al experimental results represented in Figs. 7
and 8. Notethat, for P/P, < 20, the experimental results
shown in Fig. 8 are also well described by straight lines
drawn by the empirical formula

1/1 = 1/1,—3.37 x 10°H,,. (12)

A certain similarity between empirical formulas (10)
and (12) seems to be quite unexpected because the
effect of H, on the threshold power P, is quadratic,
whereas the effect of the bandwidth of the noise-pump-
ing spectrum Aw on P, islinear.
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3.4. Observation
of Nonequilibrium Bose Condensation
of Parametric Pairs of Magnons
Generated by Noise Pumping

Up to now, we have dealt with the threshold ampli-
tude of pumping above which a large number of non-
equilibrium magnons are generated in a sample, and
with the development time of parametric instability. Of
greatest interest is the state of these nonequilibrium
magnons (parametric pairs of magnons) that is formed
above the threshold of noise pumping, in particular, the
solution of the problem on the possibility of strong
phase correlations in such a system.

Figure 9 represents the amplitudes of the modula-
tion response a,,, drawn by an automatic recorder, as a
function of the integral power of noise pumping and
monochromatic pumping. These data are recorded in a
continuous-wave mode. This figure also shows the
oscillograms of microwave pulses transmitted through
a resonator and recorded at three values of the ampli-
tude of the microwave noise field. We observed two
pumping thresholds, P,; < P,,. At point A, where P <
P.1, thereisno nonlinear absorption, and o, = 0. Oscil-
logram B recorded above the threshold P,; (P,, > P >
P.1) shows “bursts’ of absorption; i.e., there exist (on
the average) nonequilibrium magnons in the sample,
but a,,, = 0. Thisnonlinear absorption increaseswith the
pumping power (the bursts occur more frequently).
Above the threshold P,,,, the pulse has a shape of Cin
the figure, and a modulation response arises (0, # 0),
which indicates that there exist (on the average) phase
correlations in the system, i.e., that an NBC is formed.
As we pointed out above, the ratio of the thresholds
P..,/P,; increases with Aw but does not exceed 1.25.
Thisresult isradically different from the case of noise
pumping of quasiphonons [7], where the ratio of these
two threshold powers amounted to 4. Such asmall dif-
ference between the thresholds P,; and P, is likely to
be attributed to the dominant contribution of elastic
processes to the relaxation of NSWs. It is obvious that
the threshold of the NBC formation, P,,, is associated
with the total number of magnons within the pumping
bandwidth Aw. When P > P,,;, nonequilibrium magnons
generated by pumping arise in the sample. Secondary
magnons that result from two-magnon scattering pro-
cesses remain in the same spectral domain of NSWs.
Hence, these magnons are accumul ated; i.e., the occu-
pation numbers of magnons with frequencies w, = w,/2
rapidly grow. As a result, the number of magnons
reaches a critical value necessary for the formation of
NBC earlier, for lower supercriticality (P/P,;), com-
pared with the case when three-particle relaxation pro-
cesses (which decrease the occupation numbers of
magnons near the frequency wy/2) are dominant.

The existence of the NBC was al so detected by elec-
tromagnetic radiation from a sample, which was
observed immediately after switching off a pumping
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Fig. 9. Signal of modulation response asafunction of power
for (1) monochromatic pumping and (2) noise pumping
(drawn by automatic recorder), and the oscillograms of
microwave pulses of noise pumping transmitted through the
resonator at points A, B, and C.
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Fig. 10. Oscillograms of the trailing edge of microwave
pulsesand asignal of electromagnetic radiation from asam-
plefor T=2.08 K, H = 1790 Oe, P;, = 2000P., and Wy =
wr — 21 x 0.7 MHz for (1) monochromatic pumping and
(2) noise pumping. Curve (3) represents the trailing edge of
a pulse for P < Pg; t = 0 corresponds to the moment of
switching off the pump oscillator.

pulse (see Fig. 10). It iswell-known that the power of a
microwave signa transmitted through a resonator is
proportional to the number of photons in the resonator.
In the absence of the NBC, immediately after switching
off the oscillator, this signal monotonically decreases
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Fig. 11. Oscillograms of the trailing edge of microwave
pulsesand asignal of electromagnetic radiation from asam-
ple for various shifts of the monochromatic pumping fre-
quency with respect to the resonator frequency wg = 21T %
1094.8 MHz: (3) wy, = WR, (b) Wy = wr + 21 x0.33 MHz,
(c) 0y = wr— 211 x0.74 MHz, and (d) under noise pumping
with w, = wg — 21 X0.2 MHz and Aw = 2ntx 1 MHz; T =
2.08 K, H = 1840 Oe, and P = 2500P...

with a characteristic decay time of photons of about
0.1 us, which is determined by the Q of the resonator.
If the pumping power is substantialy greater than the
threshold power, then, after switching off the pumping
field, one can observe radiation from the sampl e behind
the trailing edge of the pulse. First, the microwave
power transmitted through the resonator sharply
decreases (the trailing edge of the pul se decreases more
abruptly thaninthe case P < P,). Then, the signal starts
to grow, and its amplitude reaches a maximum in T ~
0.5 s after the end of the pulse. Then, one can observe
adecay of radiation with a characteristic time of about
1 ys. The maximal radiation power is comparable with
the power of the pumping signal absorbed by the sample.

Thisradiation was earlier investigated in [14] under
parametric excitation of magnetoelastic waves in
FeBO;. It isassociated with the fusion of two quasi par-
ticles (magnons in our case), which constitute a para-
metric pair, and is accompanied by the generation of a
photon with the frequency close to w, (m+ m — ph),
i.e, by a process inverse to the pumping. Since para
metric pairs in the NBC have equal phases, this radia
tion is coherent and has alarge amplitude, in contrast to
the radiation from individual magnons at frequency .
Since the electromagnetic radiation from parametric
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pairs of NSWs is observed for the first time in the
present study and because it provides information on
the properties of a Bose condensate of magnons gener-
ated by noise pumping, we will dwell on this phenom-
enon in greater detail.

In [15], Safonov has shown that a new mechanism
of positive nonlinear damping of parametric pairs is
possible under parallel pumping in the combined reso-
nator—sample system—a radiation damping due to the
emission of a photon of frequency 2w, by a parametric
pair. The magnitude of the radiation damping is given
by [14]

Vied = 2TAQV N/ Vg, (13)

where Q and vy are the Q factor and the volume of the
resonator, respectively. It is obvious that the emission
of photons due to this process is hard to detect under
switched on pumping because a counterflow of photons
from the sample to the resonator merely reduces the
microwave power absorbed by the sample. However,
this radiation can be detected after the termination of
the pumping pulse. It seems that such radiation was
observed for thefirst timein a system of parametrically
generated electronic magnonsinY G ferrite [16]; how-
ever, detailed information about this effect is not avail -
able. Later, this radiation was investigated in [14, 17]
under parametric excitation of magnetoelastic wavesin
FeBO;.

First, we consider electromagnetic radiation
observed under monochromatic pumping of NSWs. It
is important that the shape of the radiation signal
depends both on the pumping power and on therelation
between the natural frequency wg of the microwaveres-
onator and the pumping frequency. While the pumping
power affects only the amplitude (power) of radiation,
the variation in the pumping frequency strongly affects
the shape of the radiation signal aswell. Thisis associ-
ated with the fact that, irrespective of the pumping fre-
guency, the frequency of the damped signal of the res-
onator (curve 3in Fig. 10) isalways close to wg. Radi-
ation from the sample is emitted at the natural
frequency of the NBC, which is close to the pumping
frequency: wygc = W, + Q, where Q ~ y{P/P, — 1]2is
the frequency of collective oscillationsin the NBC sys-
tem. The nonmonotonic behavior of radiation is attrib-
uted to the beating in the system of these two damped
oscillators.! Hence, the shape of the radiation signal
depends on the relation between the frequencies of
these oscillators. Curve 1in Fig. 10 isobtained for w, =
wg — 211 x0.7 MHz, when the radiation peak is most
clearly displayed. Shifting the pumping frequency with
respect to the resonator frequency, one can observe
radiation signals of various shapes. Figs. 11a-11c show

LFors mplicity, we do not take into account the shift between wg
and wygc due to the repulsion of the frequencies of coupled mag-

non-photon oscillations in the combined resonator-sample sys-
tem [17].

No.1 2005



NOISE PUMPING OF NUCLEAR SPIN WAVES IN AN ANTIFERROMAGNET 87

examples of these signals for severa frequencies of
monochromatic pumping. This behavior is similar to
the radiation from quasiphonons observed in[14].
Recall that the pumping was performed by a periodic
sequence of microwave pulses rather than by a single
pulse; however, on the screen of an oscilloscope, al
pulses merge into a single one (give identical traces)
because the NBC of nuclear magnons is in the same
state, i.e., having the same amplitude and phase, after
the termination of all microwave pulses.

Now, let usreturn to the noise pumping. If we switch
on the noise modulation of the field H at a fixed fre-
guency of monochromatic pumping, we can simulta-
neously observe the trailing edges of several pulses on
the screen of an oscilloscope; these pulses demonstrate
various shapes of radiation signals, similar to those
observed under monochromatic pumping for the varia-
tion of power. It is obvious that all these traces of the
cathode ray of the oscilloscope are attributed to the
nonequivalence of the states of the NBC (its amplitude
and phase) at the termination moments of different
microwave pul ses.

Now, let us apply noise pumping with a central fre-
quency of wy, = wg — 211 0.2 MHz and a bandwidth of
Aw ~ 21t x1 MHz. We can simultaneously observe the
trailing edges of several pulses on the screen of the
oscilloscope (Fig. 11 d). They demonstrate radiation
signals of various shapes, similar to those observed
under monochromatic pumping for the variation of fre-
guency. This means that, under the noise pumping, not
only the amplitude of the NBC (the number of paramet-
ric pairs) varies with time, but also the NBC frequency
drifts.

The drift of the NBC frequency under noise pump-
ing was al so observed in the experiments on investigat-
ing the modul ation response of the spectrum of amicro-
wave signal transmitted through a resonator. An exam-
ple of such a spectrum is presented in Fig. 12. The
spectrum is recorded with large acquisition time to
“average out” fast fluctuations of a microwave signal
over frequency. The intense central line in the figure
corresponds to a signal of the pumping generator with
a spectral bandwidth of Aw/21t= 40 kHz, and the side
bands represent a modulation response at frequencies
Wnse £ Wy,. Since the width of the side bands corre-
sponds to the bandwidth of noise pumping, the range of
drift frequencies of the NBC is approximately equal to
the pumping bandwidth Ac.

Thus, under noise pumping, an NBC drifts over a
wide range of frequencies, while the shape of the elec-
tromagnetic signal depends on the frequency of the
NBC at the moment when the microwave noise pulseis
switched off. However, the amplitude of the maximal
signa of radiation (it is shown by curve 2 in Fig. 10)
and its relaxation time are virtually the same for the
noise and the coherent pumping. This result allows us
to conclude that the frequency bandwidth and the
amplitude of the NBC of nuclear magnons that is
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Fig. 12. Spectrum of a microwave signa transmitted
through the resonator under noise pumping and coherent
modulation of the magnetic field; T = 2.05 K, 21 =
1088.8 MHz, Aw/2mt = 40 kHz, H = 1830 Oe, wy,/21 =
480 kHz, and P/P = 2000. The bandwidth of the spectrum
analyzer is 3 kHz, and the time constant is 3 s. The dashed
curve represents the central line on the scale 1 : 10000.
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formed under noise pumping are virtually the same as
those in the case of monochromatic pumping, and that
the difference between radiation signalsinduced by dif-
ferent microwave pulses is mainly associated with the
drift of the NBC frequency.

Note one more feature of the electromagnetic radia-
tion of nuclear magnons. Thisradiation is not observed
immediately above the pumping threshold (P > P,) asit
was in the system of quasiphonons in FeBO; [14]. For
a sufficiently high supercriticality (P ~ 1000P,),
another type of instability develops in a system of
NSWs. The mechanism of this instability is unknown.
What is important, it is accompanied by a sharp (more
than an order of magnitude) increase in the microwave
power absorbed by asample, and hence, by an increase
in the NBC amplitude. Electromagnetic radiation of
NSWs can be observed precisely above the threshold of
this instability. To understand this phenomenon, we
write an expression for the radiation power due to non-
linear radiation damping:

o= AN _ ATHQV’N; 1
rad dt VR ' ( )

Since the radiation power (just as the magnitude of
radiation damping) is proportional to the square of the
magnetic moment of parametric waves, P,y 0 V2 0 p?,
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and the magnetic moment of NSWs is very small, the
radiation of NSWsisvery small immediately above the
pumping threshold. This radiation becomes compara-
ble to the radiation of magnetoel astic waves observed
in [14] at much higher values of supercriticality, when
the number of parametric pairs in the NBC becomes

greater than the corresponding number Nﬁ of qua-

siphonons by a factor of greater than 100. Above the
new instability threshold of NSWSs, the number N
sharply increases and aradiation signal with apower on
the order of the power absorbed by the sample becomes
visible. Note that such radiation was also observed
under monochromatic pumping, under noise pumping,
and under the noise modulation of the spectrum of
NSWs.

Thus, we have experimentally demonstrated the for-
mation of a coherent state (nonequilibrium Bose con-
densate) of pairsof nuclear spin wavesunder their para-
metric excitation by amicrowave noisefield. The exist-
ing theory satisfactorily describes the pumping
threshold except for the region of low temperatures.
The observed discrepancy between theory and experi-
ment can be explained under the assumption about the
specific role played by the elastic processes of magnon
relaxation. The effect of coherent electromagnetic radi-
ation by a system of parametric pairs of NSWs gener-
ated both by monochromatic and noise pumping has
been observed for the first time.
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Abstract—Field emission from nanostructured carbon materialsis analyzed by applying the model of emission
center in which the emitting surface contains two phases of carbon having substantially different electronic
properties. In accordance with this model, the proposed mechanism involves electron tunneling through two
potential barriers. The calculated probability of tunneling through two potential barriers implies that the low-
voltage field emission observed experimentally can be attributed to the existence of resonant surface states.
Numerical estimates suggest that the emission current can increase by at least four orders of magnitude owing
to resonant tunneling through two potential barriers. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Field emission (FE) is an important area of basic
and applied research [1-3]. Currently, special attention
isgiven to studies of FE from various carbon materials,
which are characterized by anomalously low voltages
required to generate substantial emission currents. The
corresponding threshold strength of the electric field
created at the emitting carbon surface is much lower
than predicted by the Fowler—Nordheim theory, which
adequately describes FE from metals and semiconduc-
tors[1, 2]. A comparative analysis of FE from diamond
films, carbon nanotubes, and nanostructured carbon
materials suggests that the mechanism of the low-volt-
age emission observed experimentally is universal for
all carbonaceous materials and composites and is
explained by the possibility of formation of clusters
with diamond-like electronic properties on graphite-
like carbon surfaces [4]. Apart from data concerning
emission characteristics, indirect evidence supporting
both this mechanism and the model of emission center is
provided by observations of cathode luminescence [5]
and photoelectric emission [6].

This mechanism can a so be invoked to find consis-
tent explanations for other phenomena involving car-
bonaceous materials exhibiting low-voltage electron
emission, including carbon nanotubes [ 7-10]; nanocrys-
talline diamond powders, films, and composites[11-14];
and amorphous diamond-like and related films [15];
and carbon fibers[16]. It should be emphasized that all
of these carbonaceous materials exhibit both low-volt-
age emission and normal FE (as from metals and semi-
conductors). To generate substantial currents emitted
from metals or semiconductors, higher voltages are
generally required even in those cases when the geo-
metric characteristics of emitting surfaces (e.qg., deter-
mined by means of electron microscopy) are analogous

to nanocarbon structures (see[17, 18]). It was shownin
our recent study [19] that the density of low-voltage
emission centers on a carbon cathode surface can be
substantially higher (by several orders of magnitude)
than the density of electron-emitting centers when a
higher voltage is applied. This possibility (attributable
to electrostatic screening) impedes interpretation of
experimental observations.

In this paper, we present the results of further anal-
ysis focused on details of low-voltage emission and on
guantitative estimation using the previously proposed
phenomenological model of emission center and the
corresponding mechanism of low-voltage emission
from carbonaceous materials [4-6].

2. PHENOMENOLOGICAL MODEL
OF LOW-VOLTAGE EMISSION

The phenomenological model of low-voltage emis-
sion center relies on the assumption that the electrons
are emitted into a vacuum by tunneling through two
potential barriersrather than one (asin the conventional
FE theory). It is obvious that the tunneling probability
corresponding to a certain combination of barrier
parameters and the same applied voltage can be higher
in the case of two barriers, as compared to asingle one.
Analogous twin potential barriers have been analyzed
in FE models for cathodes with molecules adsorbed on
their surfaces [1, 2] and for cathodes made of thin layers
of different materids [2, 20]. Carbon cathodes are spe-
cid in that twin potential barriers on their surfaces are
due to the presence of two different forms of carbon,
which have graphite- and diamond-like properties[4—6].

Figure 1 schematizes the energy diagram at the
interface between such a nanocarbon cathode and vac-
uum. In contrast to common representations of dia
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Fig. 1. Schematic energy diagram at the interface between a nanocarbon material and vacuum. Quantum wells correspond to the
locations of individual carbon atoms. Gray areas represent energy bands. The Fermi and vacuum levels (Eg and E, o) are represented
by horizontal lines. The surface atomic layer is represented by a separate quantum well with two energy bands (HOS and LUS)
separated by aL US-HOS bandgap. Resonant levels (Eg) are shownin thevicinity of the Fermi level. Dotted curvesrepresent energy

levels modified by external electric field.

gramsof thiskind, Fig. 1 shows the quantum wells cor-
responding to individual carbon atoms located at the
surface. Gray areas represent energy bands. For graph-
ite, which can be classified as a semimetal or semicon-
ductor with zero bandgap, the Fermi level (Ef) corre-
sponds to the upper parts of the wells. The surface
atomic layer is different in that the energy bands are
separated by a gap having awidth of about 4 eV [5, 6],
which iscomparableto the bandgap in adisordered dia-
mond or diamond-like material [15]. The lowest unoc-
cupied and highest occupied states are labeled in Fig. 1
as LUS and HOS, respectively. It is natural to assume
that the Fermi level liesin the middle of the LUS-HOS
energy gap. This surface layer can tentatively be called
diamond-like. A possible mechanism of formation of
such diamond-like monolayers on the surfaces of
graphite nanocrystallites was discussed in our recent
papers [4-6, 21]. Analogous heterogeneity of elec-
tronic properties of carbon nanotube surfaces can be
attributed to various structural defects [22, 23] or
induced by externa electric fields [24, 25]. Carbon
clusters having diamond-like dielectric properties can
manifest themselves by the presence of electrostatic
charges on nanotube surfaces [26]. In view of thisfact,
the energy diagram shown in Fig. 1 can be applied to
various nanostructured graphite-like materials, includ-
ing carbon nanotubes.

Results obtained by means of optical emission spec-
troscopy suggest that the barrier height at the interface
between a diamond-like cluster and vacuum (Ex—E, )
is about 4.5 eV [6]. In our model, we set the barrier
height between different phases of carbon equal to
4.5 eV, which is dightly lower than the work function
for graphite. The thickness of the intermediate layer
between the graphite- and diamond-like phases, which
determines the corresponding barrier width, islarger in
order of magnitude than the interplanar spacing in
graphite. In our estimates, both are set equal to 0.4 nm.
To simplify calculations, we assume that the inner
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potential barrier and the barrier at the cathode—vac-
uum interface (where the externa field is applied)
have sguare and wedge-shaped profiles, respectively.
Figure 2 shows the simplified energy diagram for the
cathode surface.

3. TUNNELING PROBABILITY
THROUGH TWIN POTENTIAL BARRIERS

The emission current is determined by probability
of tunneling from the cathode material into vacuum. In
the most general form, the corresponding current den-
sity is expressed as

j = eIVzT(EZ, F)dk, (1)

where k is the electron wavevector, E, is the electron
energy of an electron in the material, F is the electric
field strength at the surface, eistheelectron charge, 7 is
Planck’s constant,

, = 195
2~ Lok,

is the group velocity of an electron, and T(E,, F) isthe
transmission coefficient for the barrier. It is obvious
that the value of T(E,, F) characterizing twin barriers
differs from that corresponding to a single barrier. To
evaluate the transmission coefficient, we first consider
the probability of tunneling through each individual
barrier separately.

The barrier at the cathode-vacuum interface can be
treated in the WKB approximation, as in the conven-
tiona FE theory, and approximated by a wedge-shaped
profile. Then, the corresponding transmission coeffi-
cientis[27]

T.(E.F) = P} = ep[ 220, -£)"7], @
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Fig. 2. Simplified schematic representation of the energy diagram at the interface between a nanocarbon material and vacuum with

two potential barriersin the presence of external electric field.

where E; is the cathode—vacuum barrier height, which
is equal to the electron energy in free space relative to
the Fermi level. It should be noted here that the actual
barrier profile at a matter—vacuum interface is not
wedge-shaped, and arigorous treatment must allow for
imageforces. However, it was shown in[1, 2] that these
forces can be taken into account by introducing a pre-
exponential factor into the final expression for current
if the applied field is not very strong.

If the inner potential barrier (at the interface
between different carbon phases) is represented by a
simple square profile, then the corresponding transmis-

sion coefficient is[27]
exp{—Zw }%} 3

wherex =V —E, isthe effective barrier height and wis
the barrier width. The transmission coefficient corre-
sponding to twin square barriers can be expressed as
follows (see [28, 29]):

Ty(E,F) = P; =

. . P . Iy
T(E, F) = PP —e®) +5e™ -
2
Py, ios it 1, ie, ity |72 @
2. idg F idy ;
+P1{e e3}+—P1P2{e e} ,

where P, and P, denote the respective amplitude trans-
mission coefficients and the expressions in braces are
combinations of phase factors. The exact expressions
for the phase factors are determined by the barrier
heights and widths and the electron wavevector. A gen-
eral expression analogous to (4) can be used as an
approximation in an analysis of tunneling through two
barriersone of which iswedge-shaped and the other has
asquare profile. Since the inner barrier is substantially
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narrower than the outer one, the transmission coeffi-
cient for the former is much greater than for the latter.
Accordingly, the sum on the right-hand side of (4) is
dominated by the second and fourth terms. In view of
the inverse proportionality in (4), this implies that the
maximum of T(E,, F) isreached when the expressionin
braces in the fourth term vanishes. The conditions cor-
responding to the highest tunneling probability should
be interpreted as resonant tunneling conditions. These
conditions are implemented when the energy of a tun-
neling electron equals a steady-state energy level for an
electron in an isolated potential well with parameters
(height and width) similar to those of the quantum well
between the two barriers considered here [28, 29]. In
the case of FE from the surface of acarbonaceous mate-
rial, resonance conditions are satisfied if the electron
energies close to the Fermi level are equa to those of
electron states associated with atoms located at the
cathode surface.

Surface states are common to various materials.
Their parameters, including energy, depend on the
material, the surface treatment method, etc. Leaving
these factors outside the scope of this study, we note
that some surface states can contribute to electron tun-
neling. It is obvious that the voltage drop associated
with astrong external field must lower the surface-state
energy levels. This biasing effect can shift the system
into or out of a resonant state. In Fig. 1, the resonant
states in zero and nonzero external fields are depicted
by solid and dotted lines, respectively.

It should be noted that the calculation of the phase
factorsin bracesin expression (4) isavery difficult task
requiring additional analysis, including amore accurate
determination of the barrier profiles. However, no
knowledge of this kind is required in the case of reso-
nant tunneling through two barriers. Previoudy, analo-
gous resonant mechanisms were discussed with regard
to the states that arise on cathode surfaces as aresult of
adsorption of various molecules [1, 2] and to carbon
cathodes (e.g., see[11, 12]). According to the model of
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Fig. 3. Tunnel current densities predicted by the Fowler—
Nordheim theory (dots) and by expression (5) for low-volt-
age emission through two potential barriers (solid curve).

emission center discussed in this paper, surface states
can be associated with clusters having diamond-like
electronic properties that form on the surfaces of well-
ordered graphite-like nanoscal e structures, such as car-
bon nanotubes or graphite nanocrystalites. In this
respect, the surface states described above are similar in
al low-voltage carbon cathodes. Therefore, conclu-
sions based on the present analysis apply to alow-volt-
age cathode of any type that contains these surface
states.

In what follows, we focus on resonant tunneling
with ¢, — ¢, = 2, where nis an integer. In this case,
the fourth term (classical analog of the tunneling prob-
ability through two barriers given by the product of the
respective tunneling probabilities) can be neglected,
and only the second term is retained. It can be shown
that the phase differences in the second and fourth
terms in (4) cannot vanish simultaneously [28, 29].
Then, taking into account image forces, we can use
expression (4) to derive the emission current density

e’ 1
8nth w T

eF 2.0
x exp%[ 038T[e FD (5)

exp 0. g5 4TL/2m29”" JxwEE

D h [3eF
This expression differs from that obtained in the con-
ventional FE theory (see [1-3]) by additional sum-
mandsin the preexponential factor and exponent. Using
the parameters adopted above for our phenomenol ogi-

=
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cal model (x =4.5eV andw=4A), wefind that thefol-
lowing relation holds for F <5 x 10°V/m:

< 1.

W /A/$
2 & eF
Thus, if theinner barrier is narrower than the outer one,
then this quantity contained in the preexponential factor

does not significantly modify the expression for current
density as compared to the Fowler—Nordheim formula.
However, the value given by (5) strongly dependson
the summand added to (x¥?w) in the exponent. Substi-
tuting the parameters specified above into (5), we see
that the emission current density can exceed those pre-
dicted by the Fowler—Nordheim theory for emission
from metals or semiconductors. Figure 3 compares the
field-dependent current densities calculated by using
expression (5) and the Fowler—Nordheim formula.

These results are obtained for an isolated emission
center, whereas electrons are actually emitted by
numerous emission centers located on the cathode sur-
face. Since the geometry of emission centersvaries, the
mean electric field strengths corresponding to the emis-
sion threshold vary accordingly [19]. The number of
emission centers on ametal or semiconductor cathode
surface must increase with voltage aslocal electricfield
strengths progressively exceed the threshold values
determined by local values of work function. The high-
est emission current density is reached when the mean
field strength is much higher than the local threshold
values, depending on the free-carrier concentration and
mobility, whereas the density of centers where emis-
sion is controlled by the mechanism discussed here
may decrease with increasing field strength. The latter
trend is explained by the possible saturation of the
emission current due to a limited density of resonant
surface states (whose number is obviously less than the
number of free electron in the cathode material). For
example, this effect is characteristic of emission from
nanostructured-carbon film cathodes [19]. This behav-
ior of carbonaceous cathodes at low voltages leadsto a
total emission current from macroscopic cathode sur-
faces containing numerous emission centers that is
even higher than that predicted by using expression (5)
for current density.

To elucidate the role played by the inner barrier, let
us consider theratio of the resonant emission current I
to the conventional field-emission current Iy given by
the Fowler—Nordheim formula as a function of the
inner barrier width w:

[P
len. O _9F_V\E|2
EI/5 2 J;(D ©6)
x exp @.954HFA/)_(V\H.
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Fig. 4. Ratio of resonant field-emission current to the emis-
sion current given by the Fowler—Nordheim formula versus

inner barrier width w for F = 2V/nm applied to an emission
center.

Figure 4 shows this function calculated for F = 2 x
10° V/m. It should be noted that estimates of this kind
are valid if w is much narrower than the outer barrier
width, i.e., if the inner barrier is easily passed by elec-
trons. The dependence of the emission current on the
barrier width illustrates the fact (paradoxical from a
classical-mechanics standpoint) that an increase in the
width of one potential barrier results in an exponential
increase in the tunneling probability through two barri-
ers. This guantum-mechanical effect is due to the exist-
ence of at least one quasi-steady resonant level between
the barriers. As noted above, the number of resonant
states contributing to the emission mechanism consid-
ered here depends on the presence of certain clusters
having modified el ectronic properties on a carbon cath-
ode surface. When the density of these resonant states
is much lower than the density of the free carriers that
may contribute to the emission current, the total emis-
sion current isstrictly limited even though the tunneling
probability may increase exponentialy. A more
detailed analysis of upper limits on resonant tunneling
current should be based on further experimental and
theoretical studies of resonant states on the surfaces of
nanocarbon materials.

4. CONCLUSIONS

According to the anaysis presented above, the
existence of resonant surface states can explain the
mechanism of low-voltage field emission from nano-
carbon materials. One essentia requirement is the het-
erogeneity of the surface properties of a curved graph-
ite-like atomic layer, which gives rise to twin potential
barriers. Accordingly, low-voltage emission of elec-
trons from various nanocarbon materials is character-
ized by a sharply resonant behavior and can be imple-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

mented when surface states occupy certain relative
positions. The current density dueto low-voltage emis-
sion is an exponential function of the thickness of the
surface layer having modified electronic properties.
Effective resonant tunneling requires that thisthickness
be comparable to the width of the potential barrier at
the material-vacuum interface. Formation of such nar-
row atomic layers is a unigue characteristic of carbon-
aceous materials due to the fact that carbon atoms can
organize into well-conducting graphite-like and dielec-
tric diamond-like structures.
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Peculiarities of the Magnetic State
In the System L ag 70Sr g3,MNO;_, (0 <y <0.25)

S. V. Trukhanov
Sate Research Institute of Solid-State and Semiconductor Physics, National Academy of Sciences of Belarus,
Minsk, 220072 Republic of Belarus
e-mail: truhanov@ifttp.bas-net.by
Received July 1, 2004

Abstract—The results of experimental investigation of the chemical phase composition, crystal structure, and
magnetic properties of the manganite Lag 705 30MNnO;_, (0 < y < 0.25) with perovskite structure depending
on the concentration of oxygen vacanciesare presented. It isfound that the mean grain size of the stoichiometric
solid solution of Lag 7oSrp30MnO3 amounts approximately to 10 um, while the grain size for anion-deficient
solid solutions of L&y 70Srg30MNO5_y is approximately 5 um. It is found that ssmpleswith0<y<0.13 have a

rhombohedral unit cell (with space group R3¢, Z = 2), while samples with y = 0.20 have a tetragonal unit cell
(space group 14/mecm, Z = 2). It is proved experimentally that the magnetic phase state of the manganite
Lag 70Sr0.30MNnO; _, changes upon a decrease in the oxygen content. It is shown that anion-deficient solid solu-
tions of Lay 705 30MNO; _, experience a number of successive magnetic phase transformationsin the ground
state from aferromagnet (0 < y < 0.05) to a charge-disordered antiferromagnet (y = 0.25) viaan inhomogeneous
magnetic state similar to a cluster spin glass (0.13 < y < 0.20). The mean size of ferromagnetic clusters (r =
50 nm) in the spin glass state is estimated. It is shown that oxygen vacancies make a substantial contribution to
the formation of magnetic properties of manganites. The generalized magnetic characteristics are presented in
the form of concentration dependences of the spontaneous magnetic moment, coercive force, and the critical
temperature of the magnetic transition. The most probable mechanism of formation of the magnetic phase state
in Sr-substituted anion-deficient manganitesis considered. It is assumed that in the absence of orbital ordering,
adecreasein the magnetic ion coordination number leadsto sign reversal inindirect superexchange interactions

Mn3*—O-Mn3*. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The discovery of giant magnetoresistance (GMR) in
orthomanganites with the general chemical formula
Ln, _,A,MnO; (Lnstandsfor atrivalent rare-earth cation
and A isabivalent akali-earth cation) stimulated intense
studies of their physicochemica properties [1-4]. The
essence of the GMR effect isthat the resistance of sub-
stituted manganites sharply decreases at the instant of
phase transitions to the ferromagnetic state after the
application of an external magnetic field. The magne-
toresistance of manganitesis many orders of magnitude
higher than that for multilayered filmsand granular sys-
tems; this effect is observed at room temperatures and
in weak magnetic fields [5]. This opened wide pros-
pects for practical applications of manganites. Phase
transformations associated with orbital and charge
states, which determine the type of magnetic ordering,
are also aninteresting feature of manganites. For exam-
ple, charge-ordered compounds are antiferromagnetic
insulators as a rule, while charge-disordered com-
pounds are ferromagnetic metals [6].

It iswell known that magnetic and electric states of
manganites are mainly determined by the concentration
ratio of tri- and tetravalelent ions of manganese. This

ratio can usually be changed by doping with an alkali-
earth metal. However, other methods such as substitu-
tion of magnetic and nonmagnetic ions with different
valences for manganese or the use of nonstoichiometric
oxygen also exist [7]. For example, it was found that
oxidation of LaMnO, leadsto atransition from the anti-
ferromagnetic state to the ferromagnetic state in which
the interdependence of magnetic and electrical proper-
tiesisclearly manifested [8]. The emergence of oxygen
vacanciesleadsto asharp increasein theion conductiv-
ity in manganites, which is interesting for technical
applications [9].

Substituted manganites are good model objects for
studying physical properties of strongly correlated
electronic systems. However, the genera level of the
theory does not permit an adequate description of all
the results of experimental studies. The nature of mag-
netic and electrical phenomenain manganites remains
the subject of heated discussion [10-12].

The compound LaMnO; forms the basis of all sub-
stituted lanthanum manganites. This compound is an
antiferromagnetic semiconductor with a magnetic
structure of the A type [13, 14]. The weak ferromag-
netic component is due to antisymmetric Dziaoshin-
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sky-Moriya exchange [15, 16]. The Néel temperature
for this compound is approximately 140 K. It should be
noted that the magnetic properties of all manganitesare
determined by the spins of manganese ions since the
orbital magnetic moment of these ions are “frozen” in
the crystal field of oxygen anions. The presence of
Jahn-Teller Mn3 ions with electron configuration

t5,€; (S= 2), which appear in the stoichiometric com-
pound La®*Mn3 05", is responsible for the O' ortho-

rhombic (c/ /2 <a<b) symmetry of theunit cell of this
compound. In the octahedral oxygen surroundings, the
d shell of the Mn* ion splitsinto adoublet and atriplet.
In the high-spin state, the triply degenerate level t, is
completely filled with three electrons, while the doubly
degenerate level g, contains only one electron. Such a
high-spin configuration is associated with a strong
Hund exchange coupling, which orients al electron

spins in the same direction. It is assumed that eé elec-

trons are localized at manganese ions and cannot move
freely over the crystal lattice.

The dependence of the magnetic properties of substi-
tuted manganites with perovskite structure on oxygen
stoichiometry has not been studied extensively. As a
result of removal of oxygen anionsfromthecrysta lattice
of asolid solutionLay, _, AS"Mn;”, ., Mni”, O3, the
Mn* ions are converted into Mn®* ions and their coor-
dination number decreases from 6 to 5 [17]. Of all the
3d-metal-based compounds, manganites are character-
ized by the widest interval of variation of oxygen sto-
ichiometry. For example, the oxygen index for manga
nites may vary from 2.5[18] to 3.29[19]. Titanatesand
vanadates amuch smaller deviation from stoichiometry
(from 3 to 3.08 and 3 to 3.05, respectively) [20]. Oxy-
gen vacancies in manganites can be ordered, as was
observed in the case of CaMnO,_,, this leads to inter-
esting peculiaritiesin the crystal structure and magnetic
properties, such asan increase in T and g [21].

The Sr-substituted manganite L&, 7St 30MNO; was
chosen as the object for investigation in this study. We
analyzed the influence of oxygen stoichiometry on its
crystal structure and magnetic properties. Earlier [22],
a number of La,_,Sr,MnO;_,, anion-deficient solid
solutions, which do not contain Mn** ions, wereinves-
tigated. Such a situation was realized by a matched
variation of two parameters, viz., the concentration
of (1) substituent cations Sr?* and (2) O? anions.
Interpretation of the magnetic properties of
La _,Sr,MnO;_,,, cannot be based on the double-
exchange mechanism model due to the absence of het-
erovalent Mn ions. In the system L&, 70Srg3MnO;_,,
the average valence of manganese ions gradually
decreases, leading to the formation of 20% Mn?* ions
for y=0.25. Thus, it isinteresting to follow the dynam-
ics and, whenever possible, separate the effects of dif-
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ferent contributions (double exchange and superex-
change) to the formation of the magnetic state of anion-
deficient manganites with a constant concentration of
Sr?* cations. A comparative analysis of the results of
investigation of two systems, La _,Sr,MnO;_,,, and
L3y 70Sr0.30MNO; _, indicates that the concentration of
oxygen vacancies is an additional parameter signifi-
cantly contributing to the formation of magnetic prop-
erties of systems with the same chemical composition
and varying valences of manganeseions.

Analysisof the crystal structure, magnetic and elec-
trical properties of anion-deficient compound
L&y 70Sr030MNO;_5 Was carried out in [23]. It was
found that a transition to orbitally ordered O' orthor-
hombic structure takes place in the concentration range
0.075 < 8 <£0.1; thisis quite astonishing since the pres-
ence of oxygen vacancies must break the symmetry in
the arrangement of the d orbitals of manganeseionsand
hamper the orbital ordering. The samples below T are
ferromagnetsfor 0 < d < 0.1 and orbitally ordered anti-
ferromagnets for 0.125 < 6 < 0.15. As the oxygen defi-
ciency & decreases, the Curie temperature aso
decreases together with spontaneous magnetization. It
was also found that the resistivity gradually increases
and becomes semiconductor-type, while the tempera-
ture of transition to magnetically ordered state is dis-
placed towards | ow temperatures. However, no mention
is made in [23] about the temperature- and magnetic
field dependences of magnetization. The magnetic tran-
sition temperature was determined in a quite strong
magnetic field of 0.5 kOe; the structural data are also
inadequate. However, the physical propertiesof manga:
nites are very sensitive to the method of their prepara-
tion and the unit cell symmetry. Hence we present here
detailed experimenta results on the chemical phase
composition, crystal structure, and magnetic properties
of Sr-substituted anion-deficient manganite
L3y 70Sr030MNO;_, (0<y< 0.25).

2. EXPERIMENT

The method for abtaining polycrystalline stoichio-
metric  Lay,Srg3oMnO;  and  anion-deficient
L3y 70S1030MNO;_, solid solutions is given in [22].
X-ray diffraction analysis was carried out on a diffrac-
tometer DRON-3in the K, radiation of Cr at room tem-
perature in the angular interval 20° < 20 < 100° with a
scanning step A8 = 0.03. A graphite monochromator
was used to filter out the K radiation. The oxygen con-
centration was determined by thermogravimetric anal-
ysis (TGA). The absolute error in determining the oxy-
gen index was +0.01, and the chemical formula of
anion-deficient solid solutions can be written as
L3y 70Sr0.30MNO; _y 4 .01 A significant feature of anion-
deficient perovskite-like solid solutions obtained by the
method of topotactic reactionsis the possibility of their
oxidation accompanied by restoration of the initial
composition, structure, and physical properties[24].
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Themicrostructure and chemical phase composition
of the sampleswere analyzed on aNANOLAB-7 scan-
ning electron microscope containing two mutualy
complementary X-ray anayzers. MS-46 (wave disper-
sion spectrometer) and System 860-50 (energy disper-
sion spectrometer). The sampleswere degreased before
the experiments by washing in ethyl alcohol in an ultra-
sonic bath for approximately 5 min.

The magnetic properties of anion-deficient samples
L3y 70Sr030MNO;_, were studied on a commercial
OI-3001 vibrating-coil magnetometer in the tempera-
ture range 4.2-350 K. The temperature dependences of
the specific magnetic moment were measured in weak
fields (up to 100 Oe) during heating after zero-field
cooling (ZFC) and in the field cooling (FC) mode; the
field dependences at low temperatures (5 K) were also
measured. The magnetic ordering temperature T,,,, was
determined from the temperature dependence of the
FC-curvefor specific magnetic moment in aweak mag-
netic field of 100 Oe as the temperature corresponding
to the sharpest decrease in the specific magnetic
moment (min{ dMg-/dT}). For samples with a blurred
magnetic phase transition, T,,, was determined as the
temperature at which the specific magnetic moment
became about 10% smaller than its maximal value. The
freezing temperature T; for magnetic moments of ferro-
magnetic clusters was defined as the temperature corre-
sponding to the peak on the ZFC curve for the specific
magnetic moment. Spontaneous atomic magnetic
moment M, was determined from the field dependence
by linear extrapolation to zero field.

3. EXPERIMENTAL RFESULTS
AND DISCUSSION

The phase composition and the unit cell parameters
were determined by X-ray diffraction technique using
the anion deficient samples of Lay 70Sr3MnO;_, as
objects of investigation. Powder diffraction patternsfor
some solid solutions are shown in Fig. 1. It was found
that all samples had perovskite structure. Within the
experimental error (less than 3%), impurity phases
were not detected.

An important condition for the emergence of the
ABO; perovskite structure is a favorable cation size.
One of the cations (A) must always be larger and must
have a radius nearly the same as the radius of the oxy-
gen anion, while the other cation (B) in the octahedral
coordination must be substantially smaller. The radii of
cations A and B must be within the limits roughly set,
on the one hand, by the conditions according to which
the coordination number must be 6 or 12. On the other
hand, these limits are determined by the so-called sta-
bility (tolerance) factor t defined by Goldsmith [25] as
follows:

_ _ O(A)O+ G(0)d
J2(0(B)O+ H(O)D)

(D)
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Fig. 1. Powder X-ray diffraction patterns obtained at room
temperature for the following solid solutions: (a) anion-
deficient Lay70Sr0.30MNOzg0; (0) L&y 7050.30MNO; g5,

and (c) stoichiometric Lag 79Srg 3o0MnOs.

here, [M(A)L] H(B)L] and [W(O)Uare, respectively, the
mean radii of theionsin the A and B positions in per-
ovskite ABO; and of the oxygenion.

Oxide compounds have perovskite structure if their
tolerancefactor liesin the limitsof 0.82 <t < 1.02. The
value of t must be equal to unity in theideal case. How-
ever, systematic study of oxides with perovskite struc-
ture revealed that the value of t is dightly lower in
actual practice. The limits of the numerical values of
this parameter (which determine the range of the per-
ovskite structure) are determined by the valence of cat-
ions and are found, for example, to be t.,;,, = 0.77 and
tnax = 0.99 for a perovskite of the CaMnO; type. If the
radius of ion A is so small that t < t;,,, a corundum or
ilmenite structure is formed most frequently. For t >
tax, @calcite or aragonite structureisformed [26]. The
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Goldsmith’stolerance factor (t), oxygen vacancy concentration (y), concentration of trivalent manganese ions, symmetry type

(), and unit cell parameters (a, ¢, a, and V) for anion-deficient solid solutions Lay 70 30MnO5_, (0 < y < 0.25)

Chemical composition t, A y Mn®*, % R a A c, A a vV, A3

L8y 70S70.3MNO5 10021 | O 70 5.464 60.44° | 116.82
L8 70S70.3MNOy.05 09766 | 0.05 80 R 5.478 60.31° | 117.39
Lag76S0.0MNOs5 57 09727 | 013 %6 R 5.501 60.00° | 117.92
L a.76S70.50M N0y 50 09675 | 020 90 T 3.959 7.642 119.79
L8 76570.30MNOs5 76 09649 | 0.25 80 T 3.978 7.644 120.98

Note: R stands for the rhombohedral symmetry with space group R3 ¢ and T indicates the tetragonal symmetry with space group 14/mem.
The values of the effective ionic radii are borrowed from [28]: r[La>*(12)] = 1.360 A, r[La>*(10)] = 1.270 A, r[Sr?*(12)] = 1.440 A,
r[Sr2*(10)] = 1.360 A, rMn2*(5)] = 0.750 A, r[Mn3*(6)] = 0.645 A, r[Mn3*(5)] = 0.580 A, r([Mn**(6)] = 0.530 A.

values of t for anion-deficient solid solutions
L3y 70Sr0.30MNO; _, studied here are given in the table.

An ideal perovskite unit cell possesses cubic sym-
metry with space group Pm3m. However, compounds
with cubic perovskite structure are encountered quite
rarely. The crystal |attice of a perovskiteis usually dis-
torted as a result of (i) mismatching between the sizes
of the cations and pores occupied by them and (ii) the
Jahn—Téller effect (JTE). Intheformer case, atransition
to the free-energy minimum is attained due to coopera-
tive rotation of oxygen octahedrons MnQOg. Tetrahedral
distortions (a=b # ¢, a = 3 = y) appear as a result of
rotation of the initial cubic lattice about the [100] axis,
orthorhombic distortions (a# b # ¢, a = = y) appear
asaresult of rotation about the[110] axis, and rhombo-
hedral distortions take place when the structure rotates
about the [111] axis(a=b=c,a =B =y# 90°). Inthe
second case, distortions appear asaresult of removal of
degeneracy of g, electron levels of the Jahn-Teller Mn®*
ions in the octahedral field of oxygen anions [24].

Theunit cell symmetry in anion-deficient solid solu-
tions Lay70Sro3Mn0O;_, changes with the oxygen
vacancy concentration. Samples with 0 < y < 0.13 pos-

sessarhombohedral unit cell (spacegroup R3¢, Z=2),
while samples with y > 0.20 have a tetragonal unit cell
(spacegroup 14/mem, Z = 2). Itisworth noting that such
X-ray reflections are displaced towards smaller Bragg
angles (Fig. 1) upon an increase in the oxygen defi-
ciency, which correspondsto an increase in the unit cell
volume.

It was found in [23] that the anion-deficient solid
solution Lag 705 30MNO; _ 5 in the concentration range
0.075 < 8 < 0.1 experiences atransition to the orbitally
ordered O' orthorhombic structure. This conclusion is
dubious since the presence of oxygen vacancies must
break the symmetry in the arrangement of d orbitals of
the nearest manganese ions and hamper the orbital
ordering. According to Goodenough [27], the O' ortho-
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rhombic symmetry (c//2 < a < b) is associated with
the cooperative static JTE, resulting in antiferrodistor-
tion ordering of d . orbitals of Mn®* ions. The JTE

means a decrease in the free energy of a degenerate
electron system due to a decrease in its symmetry as a
result of removal of electron level degeneracy. The nec-
essary condition for the emergence of the JTE is the
presence of adegenerate electron system. These can be
d® and d” ionsin alow-spin state or d*ionsin a high-
spin state. In the case of manganites, the degeneracy of
the g, levels of Mn3* in the octahedral surrounding of
oxygen anions is removed. For the La, _,CaMnO;_,
system with x ~ 0.1, atransition from O' orthorhombic

to O orthorhombic symmetry (a < ¢/./2 < b) was
detected earlier [28]. The unit cell parameters of anion-
deficient solid solutions L&, 7055 30MNO; _, considered
here are given in the table. The presence of the tetrago-
nal symmetry in samples with y = 0.20 indicates the
absence of orbital ordering in them.

Figure 2 showsthe results of investigations by scan-
ning electron microscopy. These results show that asto-
ichiometric sample of L&y 705rp30MNO; is characterized
by amean grain size of about 10 um, while anion-defi-
cient sample of Lay70Sr03MnO;_, have agrain size of
about 5 um. In this study, the grains are homogeneous
spatial regions separated by continuous boundaries. It
can be seen from the figure that the grain sizeis charac-
terized by a considerable spread. Thus it can be con-
cluded that the thermal treatment of polycrystaline
samples at lower temperatures decreases the mean size
of the grains and increases their porosity. It is aso
found that all the samples exhibit uniform distribution
of chemica elements corresponding to the basic chem-
ical formula Lay7oSrg30MnO;_,.

As the oxygen deficiency y increases, the unit cell
volume for anion-deficient samples Lay 70Sr,3,MN0;
increases monotonically (see table). Such abehavior is
due to the fact that the concentration of Mn*" ions
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Fig. 2. Photographs obtained using a scanning electron microscope for solid solutions of (@) stoichiometric compound
Lag 70Sr0.30MNO3 and (b) anion-deficient compound Lag 70Srg,30MNO5 gg-

increases in the system (r{Mn®(6)} = 0.645 A). The
effective radius of these ions in the octahedral sur-
rounding of oxygen anions is larger than that of Mn**
ions (r{ Mn*(6)} =0.530 A). The emergence of oxygen
vacancies leads to a decrease in the coordination num-
ber and hence to a decrease in the effective radius of
Mn3* ions. Oxygen vacancies are formed precisely near
Mn3* ions since the force of electrostatic repulsion
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between these ions is smaller than in the case of Mn**
ions. The effective radius of Mn®*(5) in the pentahedral
coordination is 0.580 A [29].

Figure 3 shows the temperature dependence of the
specific magnetic moment for some anion-deficient
solid solutions of La,7Srg30MnO;_, in the ZFC
and FC modes. The stoichiometric compound
L&y 705r030MN0O; is a ferromagnet [22] with a Curie
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Fig. 3. Temperature dependence of the specific magnetic
moment in a field of 100 Oe, measured upon increase in
temperature after zero-field cooling (ZFC) (dark symbols)
and in afield of 100 Oe (FC) (light symbols) for anion-
deficient solid solutions of (&) Lag70Stg30MNO, g,
(b) Lap,705r0.30MNO2 g7, and (c) Lag 70S1p.30MNO, g5. The

inset demonstrates the temperature dependence of the deriv-
ative of the FC curve.
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Fig. 4. Temperature dependence of the ZFC curve describ-
ing the specific magnetic moment in a field of 100 Oe for
the anion deficient solid solution Lag 7Srg 30MNO, 75.

H =1000e

temperature of about 350 K and a spontaneous mag-
netic moment on the order of 3.665 per structural unit.
The Curie temperature gradually decreases with
increasing concentration of oxygen vacancies. The
long-range ferromagnetic order ispreserved in the sam-
plesright up to y = 0.05; thisisindicated by the identi-
cal behavior of the ZFC and FC curves. The Curie tem-
perature for the anion-deficient solid solution
L8y 70Sr030MNO, o5 is about 282 K (Fig. 3c). The ZFC
and FC curves exhibit different behavior for samples
with y> 0.05. In al probability, thisis an indication of
the absence of long-range ferromagnetic order. The FC
curve for Lag705rp30MNnO,5; (Fig. 3b) is concave and
descends gradualy at a temperature higher than
approximately 49 K. Thetransition to the paramagnetic
state is quite broad. The ZFC curve exhibits a peak at
T, ~49 K. A similar behavior is observed for the
L&y 705r030MN0O, g9 Sample (Fig 3a). The peak of the
ZFC curveisslightly lowered and is observed at atem-
perature of about 43 K. Thus, anion-deficient samples
with y = 0.13 exhibit properties typical of cluster spin
glasses. Thisis aso confirmed by avery smooth varia-
tion of the temperature derivative OMg-/0T of the FC
curve (see inset to Fig. 3). A gradual decrease in the
value of T; with increasing y indicates a decrease in the
size of ferromagnetic clusters. The L&y 70Sr030MNO, 75
sample exhibits a behavior typical of an antiferromag-
net with Ty = 124 K (Fig. 4).

Figure 5 shows the field dependence of the atomic
magnetic moment for samples of the anion-deficient
series Lag 70510 30MNn0O; . A few sdient features can be
singled out on these curves. First, the magnetic moment
for sampleswith y> 0.05 is not saturated completely in
fields up to 16 kOe, which dlightly complicates the
determination of the spontaneous atomic magnetic
moment M. Second, M does not attain the theoreti-
cally attainable value of [(0.70 + 2y) x 4 + (0.30 — 2y) x
3]s per structural unit for any anion-deficient sample
under the assumption of complete ferromagnetic order-
ing of the Mn®* and Mn* ions. The value of M,
decreases continuously with increasing vy, although it
should increase according to the theory. A noticeable
field hysteresis is observed for samples of
La70S030MNO,g; (Fig. Sb) and Lag70Sro30MNO; g
(Fig. 5¢). These samples are also characterized by a
substantial residual magnetization and coercive force.

Figures 6 and 7 show the generalized results of mag-
netic investigations of anion-deficient samples of
Lay70Sr030MNO;_,. As the value of y increases, a
steady decrease is observed in the spontaneous atomic
magnetic moment from Mg = 3.66}g per structural unit
(y = 0) to 0.02ug per structural unit (y = 0.25). The
sharpest decrease in the value of Mg is observed for the
sample with y = 0.13. However, M, does not attain its
theoretical value for any composition. A considerable
increasein the coerciveforce was observed for y= 0.13.
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Fig. 5. Magnetic field dependence of the atomic magnetic moment for anion-deficient solid solutions of (8) Lag 7Stg.30MNO, g5,
(b) L80_70s|'0_30M n02_87, (C) L80_7os|'0_30M noZ'go, and (d) L30_70sro_30M n02.75 at 5 K. The dark Symbols indicate the results of
measurementsin a decreasing field and light symboals, in an increasing field.

Thisfact indicates that the magnetic anisotropy consid-
erably increases with oxygen deficiency.

Figure 7a shows the effect of oxygen vacancies on
the magnetic properties of Sr-substituted manganites.
The figure shows the linear interpolation of the
critical temperature of magnetic phase transition to
the paramagnetic state depending on the concentra-
tion of Mn3* ions for two series of samples: (i) sto-
ichiometric La, _,Sr,MnO; and (ii) anion-deficient
L3y 7Sr030MnO;_,. These two series have the same
concentration of Mn3* ions under the condition x =
0.30 —2y. It can be clearly seen that these two series of
samples reveal identica behavior of T,, upon an
increasein the concentration of Mn3*, Thevalue of this
temperature decreases, but the decrease is not the same
in both series. For the anion-deficient series, the
decrease is sharper. This leads to the conclusion that
oxygen vacancies are an additional parameter making
asignificant contribution to the formation of magnetic
properties of systems with the same chemical compo-
sition but with different valences of manganese ions.
The presence of oxygen vacanciesin the region with a
high concentration of Mn®* ions suppresses the ferro-
magnetic properties the more strongly, the larger the
ratio of concentrations of Mn®* and Mn* ions. The
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coefficient describing the effect of oxygen nonstoichi-
ometry on the decrease in the value of T, can be
obtained from the difference in temperatures T,,,(X)

M, pg per structural unit H,., kOe
4 T T T T T T 1.2
3 -

10.8
2 -

10.4
1 -
0 Le L 0

0 0.05 0.10 0.15 0.20 0.25

Fig. 6. Concentration dependence of the values of spontane-
ous atomic magnetic moment (dark symbols) and coercive
force (light symbols) for a number of anion-deficient solid
solutions L80_7OS|‘0_30M n03_y (0O<y<0.25)a5K.
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Fig. 7. (8) Critical temperature of the magnetic phase tran-

sition asafunction of (a) concentration of theM n* ionsfor
solid solutions of the stoichiometric composition
Lay -, Sr,MnO;3 (light symbols) and anion-deficient solid
solutions L&y 705rg, 30MNO3 _y (dark symbols) and (b) mag-

netic phase diagram for the system of Lag 70Srg 30MNnO3_y
anion-deficient solid solutions. F indicates a ferromagnet,
F + P stands for the mixed magnetic state formed by ferro-
magnetic clustersin the paramagnetic matrix, SG denotes a
cluster spin glass, A indicates an antiferromagnet and P, a
paramagnet. Solid symbols correspond to the temperature
of atransition to the paramagnetic state, whilelight symbols
correspond to the temperature of freezing of magnetic
moments in ferromagnetic clusters. The inset to Fig. 7a
demonstrates the difference in the critical temperatures of
the magnetic transition for the stoichiometric and anion-
deficient series as afunction of the oxygen vacancy concen-
tration.

and T,,(y) for the stoichiometric and anion-deficient
series, respectively, which is defined as

ATmo(y) = Tmo(x =0.30- 2y) _Tmo(y)- (2)
This coefficient isK ~ 470yK.

The  substituted lanthanum manganites
La, _,Sr,MnO;_, with an oxygen deficiency are inter-
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esting for experimental studies of the indirect 180°
exchange between manganese ions [30]. It should be
noted that La*, Sr?*, and O%"ionsare diamagnetic. This
fact considerably simplifies the interpretation of the
results of magnetic studies.

Zener worked out a specia theory of indirect
exchange interactions via charge carriers (double
exchange) to explain the magnetic properties of substi-
tuted manganites [31, 32]. This type of dependenceis
observed preferably for ferromagnets with metal-type
conductivity, but several facts cannot be explained by
the double-exchange theory [33].

The basic tenets of the theory of superexchange, a
specific type of indirect exchange interaction, were for-
mulated by Goodenough. He assumed that ferromag-
netism is due not only to a strong double exchange, but
also to the peculiarities of exchange interactions in the
system of Jahn-Teller Mn®* ions. In the absence of
static Jahn—Teller distortions, the orbital configuration
of 3d electrons is determined by the position of the
nuclei of manganese ions. In other words, a correlation
must be observed between the electron configuration
and vibrational modes of the nucleus so that the inter-
action Mn*-O-Mn** becomes ferromagnetic. This
assumption, known as the Goodenough quasistatic
hypothesis and based on virtual exchange of electrons
between manganese ions, predicts the anisotropic
nature of their exchange interactions [34].

Inthe general case, the energy of the exchangeinter-
action in the system of magnetic ionsis defined by the
Helsenberg Hamiltonian [35]

Hex = _Z‘]i,jgéi’ 3

i

where S and S; are the operators of the total spins of
theith and jth magnetic ions, respectively, and J; ; isthe
exchange integral defined as

Jij = I¢i*(1)¢f(2)|rle+r2|¢j(1)¢i(2)dr1dfz, (4)

where ¢;(1) and ¢;(2) are the wavefunctions of the ith
andjthionsin states 1 and 2, respectively, e, isthe elec-
tron charge, and r, and r, are the radius vectors of
states 1 and 2. A positive exchange integra (J; ; > 0) in
Eq. (4) corresponds to the ferromagnetic interaction
since the exchange energy minimum of the system is
observed for § 1t §. For J; ; < 0, antiferromagnetic
ordering of spins setsin.

The calculations of exchange integrals between the
total spinsof manganeseions are extremely tedious and
do not always lead to a value close to the one observed.
Consequently, it is ssmpler and more constructive to
seek possible magnetic phase states by writing the

No.1 2005



PECULIARITIES OF THE MAGNETIC STATE IN THE SYSTEM Lay70Sr030MnO;_,

exchange Hamiltonian of the system proceeding from
physical considerations and experimental results, and
treating various quantities being measured as phenom-
enological parameters. In this case, following Goode-

nough [30], it is assumed that J7 (in the absence of
3/2,3/2

orbital ordering) and J;’;
2,3/2 . : .
Ji’;° have negative signs (the superscripts correspond
to total spins S= 2 and 3/2 for the Mn* and Mn** ions,
respectively).
It is well known [36] that the superexchange inter-
actions Mn**-O-Mn3* are anisotropic in the orbitally
ordered phase. For (001) planes, the exchange integral

is greater than zero (J77(001) > 0), while along the
[001] direction, this integral is smaller than zero
(J72[001] < 0). Inthe orbitally disordered phase, these
interactions are isotropic, i.e., positive along all direc-
tions (377 > 0). The stoichiometric solid solution
L&y 705r0.30MNO; isnot orbitally ordered; consequently,
the superexchange interactions Mn®*-O-Mn*" are pos-
itive.

The emergence of oxygen vacancies reverses the
sign of the exchange integral for the interactions Mn3*—
O-Mn?. The superexchange interaction Mn*(5)-O—

Mn3*(5) for the pentahedral coordination of manganese
ions is antiferromagnetic. This is confirmed by the

compound Ca2"Mn3* O35, which is antiferromagnetic

[37, 38]. The Mn®*(5) ions in this compound are in the
pentahedral coordination of oxygen anions. Thus,
anion-deficient samples of Lay 70Sr3Mn0O;_, are fer-
romagnets with values of T,, and M, decreasing
dlightly uponanincreaseinyintheinterval 0<y<0.05.

For y > 0.05, the volume of the antiferromagnetic
orbitally disordered phase associated with the interac-
tion Mn3*(5)-O-Mn3*(5) begins to increase substan-
tialy, leading to a decrease in the spontaneous mag-
netic moment. The competition in the interaction
between antiferromagnetically and ferromagnetically
ordered clusters probably leads to the cluster spin glass
state with gradually decreasing freezing temperature
for the magnetic moments of ferromagnetic clusters. The
orientation of the magnetic moments of clustersin aspin
glass in the temperature range below T; does not exhibit
any spatial periodicity. This orientation changes in space
at random like the arrangement of atoms in an ordinary
glass. In contrast to paramagnets, in which magnetic
moments fluctuate in time, spin glasses are characterized
by “frozen” magnetic moments, i.e., by nonzero time-
averaged vector quantities. A state of the spin glass type
is often observed in heterogeneous magnetic systems
such as the aloys Co—Cu and Co-Ag [39, 40]. In such
dloys, ferromagnetic grains are implanted in a
nonferromagnetic matrix. The formation of the spin
glass state for the anion-deficient solid solutions

have positive signs, while
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L3y 705030MNO;_, is confirmed by the clearly mani-
fested peak on the temperature dependence described
by the ZFC curve. A gradual decreasein T; indicates a
decrease in the size of ferromagnetically ordered clus-
ters.

In this study, we obtained a quantitative estimate of
the mean size of ferromagnetic clusters formed upon an
increasein the number of oxygen vacancies. To do this,
we used the Bean-L ivingstone formula[41] connecting
the mean size of ferromagnetic inclusionsin adia- or a
paramagnetic matrix with the magnetic crystalo-
graphic anisotropy constant (whichisprecisely equal to
the volume energy density of magnetic crystallographic
anisotropy) and the critical temperature T;,

KOOV = kg Ty, ©)

where KOs the mean value of the magnetic crystallo-
graphic anisotropy constant for aferromagnetic cluster,
[Wis its mean volume, kg is the Boltzmann constant,
and T; isthe freezing temperature (corresponding to the
peak on the ZFC curve). The anisotropy constants can
be obtained from the equation [42] for the magnetic
crystallographic anisotropy energy in the (100) plane,

E, = K,sin’8 +K,sin'e, (6)

where K; and K, are the magnetic crystallographic
anisotropy constants and 8 is the angle between the
magnetization and the [010] axis. The magnetic crystal-
lographic anisotropy energy is determined by the area
between the M(H) curves measured for single crystals
along the [010] and [001] directions.

In [43], it was found that K, = 45.3 x 10* erg cm
and K, = 73.6 x 10* erg cm3 for a Lay744Bay 1566MNO;
manganitesinglecrystal at 4.2 K. Themean size of afer-
romagnetic cluster for samples of Lay70Srp3MnO;_,
(y= 0.13) with T ~ 49 K has been approximately esti-
mated at 50 nm (for the above data). Thus, we can state
that ferromagnetic clusters of a nanometric size are
formed as aresult of the concentration phase transition
to the spin glass.

When the concentration of oxygen vacanciesisy =
0.25, asample of Lay 70510 30MnO; _, becomesacharge-
disordered antiferromagnet. This sample contains 20%
of Mn?* ions. Asarule, Mn®* and Mn?* ions in manga-
nitesare ordered so that they are antiparallel [44]. Since
these ions have different magnetic moments (4 and
5ug per structural unit), this ensures a ferromagnetic
contribution amounting to 1y per structural unit. The
observed value of the moment equal approximately to
0.02ug per structural unit indicates that Mn?* ions are
probably eliminated by oxygen vacancies from the
exchange interactions. The vacancies must be predom-
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inantly located near the Mn?* due to the weakness of
electrostatic repulsion.

4. CONCLUSIONS

In this study, we have reported on the results of
experimental investigation of the chemical phase
composition, crystal structure, and magnetic properties
of a manganite with the perovskite structure
L3y 70Sr0.30MNO; _, (0= y< 0.25) for various concentra-
tions of oxygen vacancies. The stoichiometric solid
solution L&y 70Sr30MNO; was obtained in air by con-
ventional ceramic technol ogy, while the anion-deficient
compounds L&, 70Srg30MNnO;_, were obtained in vac-
uum using the topotactic reaction technique. The
microscopic structure and the chemical phase composi-
tion of al the samples were studied using a scanning
electron microscope. It was found that the mean grain
size in the stoichiometric solid solution
L&y 70Sr030MNO; obtained at 1550°C is about 10 pum,
while its value for Lay70Srg3MnO;_, anion-deficient
solid solutions is 5 um. Thermal treatment at lower
temperatures |eads to a decrease in the mean grain size.
It was found that samples with 0 < y < 0.13 possess a

rhombohedral unit cell (space group R3¢, Z=2), while
sampleswith y = 0.20 have atetragonal unit cell (space
group 14/mem, Z = 2). Experimental evidence is pro-
vided for the variation of the magnetic phase state of the
investigated manganite upon a decrease in the oxygen
concentration. It is shown that Lay70Srg3MnO;_,
anion-deficient solid solutions experience a series of
successive magnetic phase transformations in the
ground state from a ferromagnet (0 < y < 0.05) to a
charge-disordered antiferromagnet (y = 0.25) via an
inhomogeneous magnetic state similar to a cluster spin
glass (0.13 < y< 0.20). The mean size of ferromagnetic
clusters in the spin glass state was estimated asr = 50
nm. It is shown that oxygen vacancies make a substan-
tial contribution to the properties of manganites. The
generalized magnetic data are presented as concentra-
tion dependences of the spontaneous magnetic moment
and the coerciveforce. The magnetic phase diagram has
been constructed. The most probable mechanism of
formation of the magnetic phase state in Sr-substituted
anion-deficient manganitesis considered. It is assumed
that in the absence of orbital ordering, adecreasein the
coordination number of amagnetic ion leadsto the sign
reversal of indirect superexchange interactions Mn3—
O-Mn?,
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