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The remnants of hypernovae, which can correspond to cosmological gamma-ray bursts, are analyzed on the
basis of the Kompaneets equation in the strong explosion approximation. Exact solutions to the Kompaneets
equation are obtained, and the shape of shock-wave fronts from a noncentral point explosion in a medium
whose density decreases quadratically with the distance from the density singularity and tends to a constant at
large distances. The bending of the shock-wave front around a density singularity is discussed. The results are
compared with data on X-ray sources that can correspond to hypernovae. © 2002 MAIK “ Nauka/Interperiod-

ica” .
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The discovery of the cosmological nature of y bursts
[1] means that explosions that are much more powerful
than supernovae (with an energy of about 10> erg) can
occur in the Universe.! In its turn, this means that, like
the remnants of supernovae that exist tens of thousands
of years [2], the remnants of hypernovae can exist as
well [3]. In particular, objects NGC5471B and MF83
are now considered as such candidates [4, 5]. The
energy release of ahypernovais so high that the shock
wave, remaining strong, can reach distant stars or dense
clouds of the interstellar gas. In this case, the shock
wave must bend around obstacles (stars and clouds),
which should be manifested in the characteristic fea-
tures in the image of the supposed remnant. As an
example that describes this effect and alows an exact
solution for the shock-wave front in the Kompaneets
approximation [6], we consider a noncentral point
explosionin aspherically stratified medium whose den-
sity decreases quadratically with the distance from the
density singularity (similarly to the peripheral regions
of the solar wind and interstellar gas clouds) and tends
to a constant corresponding to the average density of
the interstellar medium. With this aim, we transform
the solution of the Kompaneets equation from a planar
stratified medium to a spherically stratified medium.

The Kompaneets equations for a shock-wave front
in the planar stratified and spherically stratified

1 The possibility of a collimated jet ejection toward the observer is
also discussed [1]. In this case, the energy of the explosion can be
lower; however, the search for its remnant still remains topical.

atmospheres have the form

oy 1o, 47 -

B a0 T = O 13
and

) S ) (g iy

B0 TR T T W)

respectively, and are related by the transformation [7]
z = zIn(R/a), r = zx. 2

The dimensionless densities §(2) and W(R) arerelated as

2

W(R) = ¢<zoln(R/a>)R3;. )

Correspondence is known between the solutions of the
Kompaneets equation [7, 8] for an exponential density
distribution in the planar case [6] and for a power den-
sity distribution in the spherical case [8]. For our case
of very large distances, this correspondence is insuffi-
cient, and a solution to the Kompaneets equation in a
medium whose density varies exponentially and tends
to a constant for negative z is required. Using Egs. (2)
and (3) and solutions for a planar stratified medium [9]
with the density distribution?

(@) = pe**+C, (4)

2 Seealso review [10].
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one can obtain solutions for a spherically stratified
medium with the following bi-power dependence of the
density on coordinates:

wR = BRRe oz ©
Qe R

2
Equations (1) involve the Kompaneets “time’

Ay’ —1)E dt
NYG)

where V(1) is the volume of the cavity bounded by the
shock-wave front, E is the explosion energy, t is the
timesince explosion, yisthe adiabatic index, A isaphe-
nomenological constant that takes into account the
deviation of the pressure immediately behind the front
from the average volume pressure, and p, is the
medium density at the explosion point. For az, = 2, we
obtain the desired coordinate dependence of the density
in the form

dy = (6)

+ &

W(R) O a% > @)

The general integral of Eq. (1a) [for density depen-
dence (4)], which involves an arbitrary function b(g), is
constructed as®

or

B = £/’ (Be+ ) -1,

_ or
= §, 5
(8a)

= IJEZ(Be“+C)—1dz+&y+ bE),
0

3 The Kompaneets equation for the shock-wave front has the same
structure as the eikonal eguation or Hamilton—Jacobi equation.
Therefore, the general integral is constructed by the same meth-
ods (see, e.g., [11]).
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where & = ¢(z v) is the function calculated from the
condition or/0€ =0, i.e.,

v [ EBe”+C) ., db
L JEX (e +C) -1

or _
3% - (8b)

dg’

Integrating under the condition that the waves are
spherical for small y and z (b(§) = 0) and applying trans-
formation (3) to the above solutions, wefind thefollow-
ing parametric expression for the shape of the shock-
wave front with regard to the coordinate dependence of
density (7) (z,=1):

1

All ce?

/ %]D
x Earccos - arccos% . C
9)

Y—(RE)—““E

xmm/iz(B+C)—1—J% B+CE -

where the upper and lower signs correspond to the
regions

X(R &) =

+XC§

R<R, —t <8<,
B(R/a)’+C

(10)

Ofq_ [RD RO

y = J/BH +c2 R aCCos—p,

and
1
R=R,, B+C<E < oo,

(11)

0[R2 a0
y = J/BO E%E —1+Carccos§—+lé,

respectively. The boundaries of the regions R, follow
from the condition that solutions are real and continu-
ous. In the general case,

— = <%
[3(R/a)2+c<E a

In the intermediate region R, = R > R_, the shock-
wave front is described by the solution with b(&) # O,
where b(€) is calculated from the condition that X and y
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Fig. 2. (a) Image of the supposed remnant of the MF83
hypernova [13]; the arrow indicates an object that can cor-
respond to the density singularity. (b) Calculated shape of
the shock-wave front. The origin of coordinates corre-
sponds to the density singularity. The shock-wave front
bends around the density singularity. The crossisthe explo-
sion point located at a distance of 500 light years.
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are continuous at the boundary R_ (cf. discussion in
[7.9]):

1

J1-C&?

-C
O _csd _Cs4
xmccos% %+ arccos %
0 N B O N O

§(R &) =

(12)
YRE = §
2
XDDJEZ(B+C)—1+J%§E B+CE ~ 15+ XCE.
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Fig. 3. Sections of the shock-wave front at three timesy.

In the case of energies corresponding to a hypernova,
an ultrarelativistic shock wave expanding with the
speed of light arises at the initial stage of expansion.
For this reason, solutions must be joined. This proce-
dureis simple because both the joining fronts are spher-
ical inthe uniform area of wave propagation. Theinitial
expansion is analyzed by using the Blandford—McKee
formula [12], which describes the behavior of the
ultrarel ativistic shock-wave front in auniform medium,
2 = E/pc?V, where V = (41/3)(ct)® is the volume
bounded by the relativistic shock-wave front. In partic-
ular, the time t,, taken for the ultrarelativistic stage of
the expansion of the shock wave (I'2 > 1) is expressed
in terms of the explosion energy; the medium density,

ast, = 3/3E/4mc’p; and the total time taken for the
expansion of the shock wave is the sum of the times of
the ultrarelativistic and nonrelativistic stages.

y
o=ty P [NOF, a3
Ny -1)E;)

wherey,, isthey value at which V(y) = (41v/3)(ct,,)3.

Figure 2a shows the presumed remnant of an explo-
sion of ahypernoval[4, 5, 13, 14]. Figure 2b shows the
shape of the shock-wave front calculated at an instant
of “time” y = 8.5, which corresponds to the real time
t ~ 30000 years since the explosion that had energy E ~
10% Jand occurred at adistance of 500 light yearsfrom
the density singularity. It is seen that the shapes of
shock-wave fronts bending around the singularity,
which can correspond to the interstellar gas cloud with
sizeR~0.5light years and density p ~ 102 kg/m?, are
consistent with each other. Similar structures are also
observed in the left-hand part of Fig. 3.4

4The salf-intersection of the shock-wave front bending around a
singularity was discussed in [7, 10].
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Polarized vector-meson production in semi-inclusive electron-nucleon scattering with longitudinally polarized
electron beam has been investigated. A Drell-Yan-like representation for the spin-density matrix elements of a
vector meson that takes into account the leading radiative corrections is derived. The calculations have been
performed for two widely used reference systems, the Gottfried—Jackson and the helicity systems. © 2002
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1. Theinvestigation of the hadron final statesin semi-
inclusive deep-inelastic scattering (DI1S) has become of
topical theoretical interest, as diffractive vector-meson
production at high Q? (Q? is the negative square of the
virtual-photon 4-momentum) gives information on the
relative contributions of hard and soft processes as well
as on vacuum-exchange dynamics [1]. Measurements
of exclusive vector-meson production in ep scattering
at high energy

e (k) +p(p) —e(k) +V(p) + X(p) (D)

hasled to considerable progress towards an understand-
ing of diffraction in terms of QCD [2].

The measurement of spin observables gives very
important information on the structure of strong inter-
actions [3]. The polarization of the vector meson is
experimentally accessible via decay angular distribu-
tions. In recent years, the vector-meson spin-density
matrix elementsin reaction (1) have been measured for
the elastic electroproduction of p and ¢ mesons in the
kinematic range Q° > 2.5 GeV? [4]. A discussion of
recent results on the diffractive production of the vector
mesons p°, ¢, and w, reported by the H1 and ZEUS col -
laborations at HERA, can be found in [5]. Recently, the
HERMES collaboration has found a significant (=20%)
double-spin asymmetry in vector-meson electropro-
duction [6]. This result is quite intriguing since it was
not expected within the models of vector-meson pro-
duction processes based on convenient mesonic and
pomeron exchanges.

Standard data analysis requires taking into account
all possible systematic uncertainties. One of the impor-
tant sources of such uncertainties are the electromag-
netic radiative effects caused by the physical processes
that take place in higher orders of the perturbation the-

TThis article was submitted by the authorsin English.

ory with respect to electromagnetic interaction. In this
paper, we cal culate the model -independent QED radia-
tive corrections (RC) by means of the electron structure
function method [7]. Our approach is based on the
covariant parametrization of the vector-meson spin 4-
vector interms of the 4-momenta of the particlesin pro-
cess (1) [8, 9] and the use of the Drell-Yan-like repre-
sentation [10] in electrodynamics, which allows one to
sum the leading-log model-independent RC in al
orders.

2. We define the cross-section of the process (1),
taking into account RC, in terms of the leptonic L, and
hadronic H,,, tensor contraction

- 0(2 vaHpvd_?)_k_Zd?’DZ
avien)?® q & B

)

where V = 2k;p;, €, (E,) is the energy of the scattered
electron (detected vector meson), and q is the 4-
momentum of the virtual photon. Note that only in the
Born approximation does g = k; —k,. The hadronic ten-
sor can be expressed via the hadron electromagnetic
current J,,

Huv = (ZT[)SZ Et! p2; px|‘Jp(o)| pl[| (3)

x [T, Pa; Py,(0) P8 (q+ py— P2 — Py),

where p, is the tota 4-momentum of the undetected
hadron system, T is the polarization index of the vector
meson, and the summation is done with respect to all
the possible states in the undetected system X. The
expressions for H,,,(U) (the spin-independent part of
the hadronic tensor) and H,,,(V) (the part of the had-
ronic tensor depending on the vector polarization) can
be found in [9]. The expression for H,,,(T) (the part of

0021-3640/02/7603-0119%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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the hadronic tensor depending on the quadrupole-
polarization tensor) is givenin [11]. Thus, in the gen-
eral case of alongitudinally polarized electron beam
and an arbitrary polarization state of the vector meson
produced, reaction (1) is characterized by 41 real
structure functions. In the case of an unpolarized elec-
tron beam, only the symmetrical (in u, v indices) part
of the hadronic tensor, which contains 28 structure
functions (4 structure functions from H,,,(U), 8 from
H,v(V), and 16 from H,,,(T)), makes the contribution
to the observables.

Let us represent the transition current y*N — VX
entering into Eq. (3) in theform

[T, ps; peld(0) pd = UL Hp,, p 300 pd (4)

where Uf;) is the polarization 4-vector of the vector
meson. We can define the following tensor

Hi = (2107 Do pI50) P
X

X TPy, Py I5(0) a0 (q + py— P2 — Py,

which will be used later for the calculation of spin-den-
sity matrix elements of the vector meson produced in
reaction (1).

The hadronic tensor Hf}; must be constructed using
4-momentap;, p,, 4-momentum of thevirtual photon q,
and completely antisymmetric pseudotensor €,s. It
must be gauge invariant in W, v indices, and it does not

contain p,, P2 because of the condition p,, U = 0.

The P- and T-invariant form of thistensor satisfying the
hermiticity condition is

o _ 1 . . .
Hﬁv = é{ _gpc[glguv +0, plu P 03 p2u Poy

+0a(P1P2)y * 106l 1Pl ] ~ (POP2PL [ Ge(PiN)y
+ig,[piN] w gS(E)ZN)pv +igo[ P2N] wl

[ ~ e .
——(POPA)[910(P:1N) y +1922[ P1N] y + F12(P2N)
m

. ~ i - ~ o~
+i053[ PoN] ,, — E](po'pzN)[gmguv * 015P1 Py
+ Q16 P2y P2y + 917(P1P2) y *+ 1918l P1P ]

O a
qpqc 3gp0|:q2 (—Flz'g)—{]i|[glgguv + gZO plu plv

+ Gt P2y P2y + 922(P1P2) y *+ 19230 P1 P ]
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(P:1P2)

O - I
|:plp Pis— 3ngDV| —Di|[924guv * O25P1, Py

+ Q26 P2y P2y + Gor( P 52);1\; +i0.6[ P1P2) wl
PP, pzq]} ©6)
m? U

2
+ [plpqo + P1gly =~ 50po$IP1

X [G20Gyv + Ga0P1Pry + a1 P2y Pay + Faa(P1P2) 10
+ 19l P1Pol o] + (AN) o[ Gaa( PNy +i0as[ P1N]
+Gas(P2N),,y +i9a7[ P2N] ]
+ (P1N) o[ Gas(PLN),y + 1930l P1ND
+ 9ao(P2N),y +19a[ P2N] 1}
N, = €uasPwP20s = (LP1P29),
(ab),, = a,b,+a,b,

[ab]pv = apbv_avbp! @uv =

(qpiz)qp, =12

biu = piu_

where m (M) is the vector-meson (target) mass and g,
(i = 1-41) are the real structure functions that describe
in a model-independent way the process of vector-
meson leptoproduction by longitudinally polarized
electron beam. These functions depend, in general, on
four invariants which can be taken as g2, (gp,), (ap,),

and (p.Py).
The hadronic tensorsH,,, and H};; are connected by
= PopHi

the relation H,,, w » Where py,, is the covariant
spin-density matrix for the spin-one particle, which in
our caseis

P2, P 30
- %uv 2 ZZ\D 2m uvpos P2g + Squv

()
qu = vav Quu = 0! pZHQHV = 0’
wheres, isthe 4-vector of the vector polarization of the
vector meson (s? = -1, sp, = 0) and Q,,, is its quadru-
pole-polarization tensor. The parametrization of the
hadronic tensor Hp; is chosen so as to obtain previ-
ously used hadronic tensor H,, [9, 11] when convolut-

ing hadronic tensor HJ}) with tensor p,,. At this point,
wefollow [12] very closely, where the matrix elements
of the vector meson in reaction e'e- —» VX have been

studied.
The model-independent RC exhibit themselves by
means of the corrections to the leptonic tensor. The
JETP LETTERS  Vol. 76
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expression for this tensor with regard to RC can be
foundin[8].

The spin-density matrix of the vector meson pro-
duced in reaction (1) can be defined as

o - 0 LI,
™ av(em?® q* g B

where gV isthe differential cross section of reaction (1)
for the case of al (except electron beam) unpolarized
particles, and the 4-vectors U™ , m= +1, -1, 0, charac-
terize the production of the vector meson with definite
helicity m (initsrest system). In this system, the vector
meson has three polarization states and its production
can be completely characterized by the spin-density
matrix p,,,, which may be obtained from experiment. It
is convenient to discuss the angular distribution of the
vector-meson decay in two widely used reference sys-
tems which differ in their choice of spin-quantization
axis (z axis): the Gottfried—Jackson system, where the
z axisisthe direction of the incident photon in the vec-
tor-meson rest system and the helicity system, where
thezaxisis equal to the direction of flight of the vector
meson produced in the overall y* N center-of-mass sys-
tem [13]. Depending on the production mechanism, the
spin of the vector meson may be aigned along the z
axisin one of these systems[14]. Then, the system that
givesthe simplest description of the vector mesonis (1)
the Gottfried—Jackson system for t-channel helicity
conservation or (2) the helicity system for s-channel
helicity conservation.

Combining equations for the cross-section (2) and
spin-density matrix elements (8) and using the defini-
tions of the radiatively corrected lepton [9] and hadron
tensors, we can write the following representation for
the unpolarized cross section of the process (1) and for
the spin-density matrix elements

ki, k
oY = SzEzdg( 113 2)
d’k,dp,
dx, dx do (ki k
- [[= Lo eE i luke) g
d’kod’p,

dxy(x Z’D(xl)D(xz)é‘;pin(Rl, k),

o pmn(klv k2) - II

where k1 = x;k;, ko = ki/X,, D is the electron structure
function, index B means that the corresponding quan-
tity is calculated in the Born approximation (for details,
see[9]). In the discussion of the cross section, we omit

the hadron 4-momenta. The cross section 6LBJ = og (Rl :

ko) and oy (k, , k, ) can be derived substituting 3(x — 1)
instead of both D-functionsin the first equation in (9).
JETP LETTERS  Vol. 76
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In theoretical calculations, it is useful to parameter-
izethe polarization state of the particle (specifically, the
4-vectors Ug“)) in terms of the particle 4-momenta[8,
9]. In our case, we have four 4-momentato express any

4-vector US" in asuch way that

Up” = Ug"(Ky, Kz, Py, Po).- (10)
Let usimaginefor amoment that the chosen parametri-
zation on the right side of Eq. (10) is relatively stabi-
lized by the substitution

kl — Rly k2 - RZ!

UE)m)(kll k21 p1! p2) = Ul(:)m)(Rl! RZ! p11 p2)

Later, we will label this stabilized parametrization by
theindicesa =1, t, and n. In this case, the expression
for the spin-density matrix elements (taking into
account RC) isjust described by Eqg. (9).

If the 4-vector U f)m) isunstable under the above sub-

stitution, it can be expressed alwaysin terms of a stabi-
lized one by means of some linear combination

U (ky, Kz, Py, P2)
= A(ky, Ky, pr, p)US (ks ke, Py, p2)-

Using the last equation, we can write the master rep-
resentation for the spin-density matrix elements of the
vector meson produced in the process (1) in the foll ow-
ing form:

(11)

0 Pm ky, K p ) = m n dx,dx
’ n( 1, Ko, P1, P AEX ) A( )J’J’ 1YA2

x D(x,) D(%) 65 pep(Ki, k2, Py, P2,

where we bear in mind the summation over indices q,
B=1I,tn.

This representation is the electrodynamical ana-
logue of the Drell-Yan equation, which is well known
in QCD formula[10] and was applied earlier to calcu-
late QED RC for various processes [9]. It is obvious
that in the framework of the leading accuracy one needs
to find adequate parametrizations of the stabilized

4-vectors USY, calculate the coefficients AJ™, and
derive the spin-density matrix elements in the Born

. . . . . (a)
approximation for a given parametrization U," .
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3. The following set of invariant variables com-
pletely describe process (1):

2 2k 2
_ Fi;pzl 2, = bzpz, y = plq,
2
_ =9 _
= , =k, —k,.
2p.q q 1=Ky

Therefore, to calculate RC we have to find a set of
stabilized axes and to write them in covariant form in
terms of 4-momenta of the particles participating in the
reaction. Further we will use the following stabilized
set of the 4-vectors[9]:

(13)

qll) _ ZP2y— 2T,P1y
md, '

qlt) ds 1Ky + (221, = 2) P,y + (21, - 22)) plp
d,

2€ oo Kia P1o P
n — urpo 1 M1p Moo
s . , (14)

= Z—411, db = Vedi, @ = z2z,-1,-1,7,

2 2

dg = QJV3, T, = MV T, = %

One can verify that the set §'"" remains stabilized
under the scale transformation and

Sfla)sﬁm = —8up, Sﬁa)pzu -0, ap=ltn

Any vector-meson pol arization 4-vector U flm) corre-
sponding to a certain helicity m can be expanded over
the stabilized set of the 4-vectors S (a =1, t, n). Let
us define such an expansion

u” = AT+ AMS) + AV (15)

Then the spin-density matrix elements p,,, (in the helic-
ity representation) can be expressed in terms of the
spin-density matrix elements pqg (in the representation
of the stabilized set)

P = 5 AP AP, B =Ltn,  (16)
a,B
where
0oy, = —& LooHboS S dhedp,
av(2n)® q g, E;

The spin-density matrix elements in the Born
approximation can be represented as

0
p|| 3Hl|:|Hl 12

UJ
+2diH4+4w1H5}%

_dV2 Ou,
Pt = T2d,H, et

B]3H3—%de2G%

. U
—513H5 d1V G +|(nG2+n3H2)E

Y 0
Pin = T2md, dyH, - 181H3+ Veq

+d %]H5+—V Gy +im(ndiH, - N:G2) O
0

_ 14 MUK vV
P = 3H1BH1 quV Gs* 1o,

[ 3E~Blpl 4xyt,— (2, - 21)2E

(17

0
H3|:B£3_4xy'[2 (21—22)%—de4_2qJ1H5 U
0 yd; . -

1

_ _1_D nns vV
Prn = 3H1BH1 swv Gt 11,
[Hs%——‘lxwz (z,— 22) -2y, H }
_ vi O Vo o
Pin = 12d2d3H1%nn3H3+ 7 (N3—din")Gs
+iv(diG, + 9,6
U
Prt = Pins Pt = Piny Pu = Pits
where the following notations are used
2X
H, = __ygl"'(1_y_XyT1)92+(lez_xyrz)g3

+(z,+z(1-y) —Xyz)g,— AN gs,
Hi(gi — Gi+13), Hs = Hi(g —0i+1),
Hi(di — Gi+23), Hs = Hi(9 — i 2s),

T T
B N
| |
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G, = -n[(2-Yy)gs + (21 + 2,)Gg] =A (N 197+ N29s),
G, = Gi(g —0i+4)) G3=Gy(g —>Gi+2):
G, = Gi(gi — Gi+32):

16
N = sgn[(p;Pokiky)] /W(plpzklsz,

( pl p2k1k2) = euvpo plp p2v klpk20’

16(p, pzklkz)z
v
+2xy[2(z, + (1 -Y)) — 22,2,T, — 2(1 - y) 1]

~(z-7,(1-y))?,

= X2y2(4T1T2 - 22)

N1 = Y[Z-2(1-y) = xz(2-y) + 2X(z, + 2,)14] ,
N2 = (z1—2)(z—z(1-Y))
+XyZ(z, + 2,) = 2xy(2 - Y) Ty,
Y; = (z,-2,) —2y1,,
Ns = —YZZ, + 22,(2, — 2,) T, — U, — XY(Z' — 41,1,),

where the quantity A isthe degree of longitudinal polar-
ization of the electron beam. One can see that the con-
dition p, + py + Py = 1 is sctisfied.

Let us consider the two reference systems men-
tioned above.

The helicity system. The z axis is opposite to the
direction of the system X produced in the vector-meson
rest system (i.e., equal to the direction of flight of the
vector meson in the overall y*N c.m.s.). Then, the vec-

tor-meson wave functions Uflm) with definite helicity m
can be represented as

1

U = (24 21-2)Pay — 20 P —0), ],

d’ = (z2+2,-2,)° - 4T,[y(1-X) + 1],

" 9 L €unoo o
U = ¢i2(ufl’iluﬁy)), U = Gwe O P2p P1

/2 o
1
UEJX) = D_l(al plp + a2p2u + a3qp)1

3
2 _ V-
D* = 3 (18)

X [XY(22 —411,) +y2(z, - 2) —y2T2 -T4(z —22)2] :
a; = (2,-2)(2+2,-2,) + 2y1,(2x-1),

a, = yz(1-2x)—(y +21,)(z, - 2,),
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a3 = —Z(z2+2,-2,) + 21,(y + 214),

Di =-V{ Tlaj + Tzag +yag(a; — Xay)
+3,[(z,-2)a; + zay]} .
Then, the coefficientsin the expansion of the vector-
meson wave function with definite helicity over the sta-

bilized set of the 4-vectors (see Eq. (15)) can be repre-
sented as follows:

2
© _ 8 L0 _ YNy L0 _ VTN
AT Gar A T mda, M T mady
2
Al(ﬂ) = +4./2 mD y
d,D,V
i (19)
(9 = s Y[y By iy a0
224,00, "'V DD
2
(#1) _ 4 Vv s _ .\ Nq]
= t—2N—7FiV .
" 4A/§d3% D, DU

Thewavefunctions U™ havethefollowing formin
the vector-meson rest system:

u? = (0,1, u¥ =), uY =(on),

=P Pexa
X Py > q

t = [q q:)xpl_pl l:pxq]
|q Chkp1 —p1 hyal’

where q, p;, and p, are the momenta of the virtual pho-
ton, the target, and the undetected system X, respec-
tively. Choosing the coordinate axes as follows: z || I,
y|In, and x || t, we get for the wave functions the fol-
lowing expressions:

(20)

0) _ (#1) _ — 1 .
u® = (0,0,0,1), U%Y = +72(O,1,il,0). (1)

The Gottfried—Jackson system. In the Gottfried—
Jackson system, the z axis coincides with the direction
of flight of the incoming photon in the vector-meson
rest system. Then, the vector-meson wave functions

U™ with definite helicity m can be represented as
v = I
po= r[ 1,0, — (21— 2) P2yl »
2 _ 2
r* = Vi,[4xyT, +(2,-2,)7],

UED = J_ri(u(x)ﬂu(y)) U = Ewpoth P2oPio
u po =Y/ u
2

72 b
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X 1
Ul = R, (D1Pu + boPay + D50,

(22)
b, = —(21—22)2—4Xy'[21

b3 = lJ-,lv
R? = —V{1,b5+1,b5
+ by (ybs + zb,) + bs[ (2, —2,)b, — xyb,] } .

Then, the coefficientsin the expansion of the vector-
meson wave function with definite helicity over the sta-
bilized set of the 4-vectors (see Eq. (15)) can be repre-
sented as follows:

b, = y(z, -2, + 2x2),

Vi,y V1,n
© _ VWi o _ _VTNs
AT = mrd, ' A rd, '’
Va & 4,/2t,D?
AEO) - _ dz , Al(il) -z 25/2,
rds d,R,V
(23)
v -y VDN, Vndg
22d,0R 2D
(1) _ B] b, - Vnaj_
" Zﬁd 2DU

In the vector-meson rest system, the wave functions
U™ (22) have the same form as given by Eq. (20). But

for the Gottfried—Jackson system the vectors|, n, and t
are

_ [Ip.0—p4]

| = q _ bxXxq _
llp; O —py

g’ " 7 lpexd’

Choosing the coordinate axes asfollows: z||1, y||n, and
x||t, we get for the wave functionsin the vector-meson
rest system the form given by Eq. (21).

4. Let us expand the spin-density matrix elements
into the terms according to the polarization state of the
virtual photon. This expansion is the standard proce-
dure when analyzing the cross section and polarization
observables for inelastic lepton scattering. The form of
this expansion for the case of alongitudinally polarized
electron beam is

OB Pmn = Prn + £COS(2Q) Py + ESIN(2Q) P,
+epn + /2e(1+€)cosQp,,

+J2e(1+€)sinp, + AJ1—€prt

+A2e(L—¢€)cos@p,. + AJ/2e(1—€)SINQP Py,

(24)

GAKH, MERENKOV

whereet=1-2(q? /oA)tan?(64/2) and 6, and g, arethe
electron scattering angle and virtual-photon 3-momen-
tum in the laboratory system. The quantity € represents
the degree of virtual-photon linear polarization. The
angle @ is the angle between the electron scattering
plane and the plane (g, p,) (vector-meson production
plane). This expansion is a consequence of the one-
photon exchange approximation and the validity of the
conservation of the electromagnetic current describing
the y*"N — VX transition and the P-invariance of the
hadron electromagnetic interaction as well. The mean-
ing of theindicesisthefollowing: U (L) is determined
by the transverse (longitudinal) current component, Tis
caused by the transverse current component and deter-
mines the asymmetry due to the linear polarization of
thevirtual photon, | isdetermined by theinterference of
the transverse and longitudinal current components,
and P (') meansthat thisterm is dueto the vector-meson
(electron beam) polarization.

For the stabilized set of 4-vectors S, where a =1,
t, n, we have in the Born approximation

N
pi = 3
O U ]
XRe* F[Bw_l —WiRy + ZdiR% + 4qJ1R31}D,
0 Tl0d; O 0
2
nsVN
Pa = L1+3—:R21,
120d>
2
n°“vN
p:n Ll"'Tlkazln pILtJ = poNiLy,
U _ u _
Pin = P3NiLo,  Pre = P1NKR,

plB = eipgﬂ(el =1,01 =019 = Uxn =0 =0),

=y

Pop = 2——" ‘;q Pap(Gi —= Gi+2),
pi =0, py = -y1p,VdPg, plﬂ = i
P _ nvd, nsVv
plt - _Vl 6d2 L3’ y16d d
e _ .,V
pnt y16d1

' \
|~ (P + WiP) + (13— din®) P,

Pup = Pup(Gi —= Giv1),
Pep = Pap(Y1 —> Y2 & —= Gi+2 € =0,6,=1),
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Pap = Pap(Ti—= Giv1),
Py = 3e,
O ]
8 %\/3 * F Bw_l YLV, + Zdivze + 4¢1V31}D1
0 1 O O
2
[ ns;ve, [ n Vel
=L, + -———-——-V , = Vo,
Pt 4 Vl12ljJ 3d1 21 P y112L|Je 21
plt p2V1e3|-51 pln les |—5, pnt lel V21’
pii = %"’
0 lIJl [ 2 [
X[Q+ 1‘2‘— [(B— —WiQe +2d1Q,, + 4W,Qu [0,
0 T2 O d O 0
2y 2
ns;Vv L nv
= Lgt y nn — Lg+ aAn. y
ptt 6 V31 qulng p 6 Vslzpolg
pILt = szsEQO'*' lg_lelg + ng%, (25)
1
Lo U2 0 Lo
Pin = psVaBQO‘*' EQB-’-QZED’ Prt = Y3P1Q19,
1

N V
L, = imRg+ w—lezl"' Ra1s
d
2

. V
Ly = 1Py + m(wlpm + dipss)i

€Y1

L, = 3e, [Vg o1 (L|—'1V21+d1V26+2l|J1V31)}

g
_21V21 +Va,
1

Ly = imVyg+

Le = %[Ql - %Tz(wleg + diQ24 + Zqung)}-

R = efgi—Zgi_z, Pi = €40 *+ €,0; 2,

Vi = &0 + €40 .1,

g
Q= - q_ogl + €011+ 266,03+ €742,
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_ nV3d1
12md,” ™~ 12md.’

=

= -2e
Y1 3 %

0, = nnsVv 0, = I']3V2dl
YT o12d,pt TP

Y, = 4XyT2+(Zl—Zz)2a Ny,

2
Vs = 2N,
Go
o’ 1 1 dkd’p,
4 2m)°*vQ*(1-¢) €2 E’

Y2 = 2e.65N,,

Ny, =

e = |pjsind, e, = |p2|cose+ |q|

W — M+

—quql,
2q

where W is the invariant mass of the VX system.

To use the Drell-Yan representation, we have to
express all the variables and quantities in both sides of
Egs. (24) and (25) through invariant variables. The cor-
responding formulae read

W= N(T+y-xy), |pd = 2%

2 _ Vy(y + 4xt,)
4T +y—xy)’

1-2x [ vy
2 NT+y(1-x)

2(1—-y—xy1)
1+ (1-y)*+2xyt,
yz(1-2x) — (2, - 2,)(y + 21,)
d./y(y + 4xty)

and the azimuthal angle ¢ can be obtained from the
equation

e; = -W|p,|lq/sin®, e, = -

q° = —xyV,

Go =

cosf =

(26)

n T +y(1-x)
dsinB xy(1-y—xyt,)’

Note in conclusion that we obtain a rather compact
formula for taking into account the leading-order RC
for the process of semi-inclusive vector-meson el ectro-
duction. The results obtained do not depend on the par-
ticular choice of model for the process investigated. All
the dynamics of the reaction under consideration is
contained in the structure functions g;.

sing =
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The predicted value of the higgs mass my, is analyzed assuming the existence of the fourth generation of leptons
(N, E) and quarks (U, D). The steep and flat directions are found in the five-dimensional parameter space:
my, My, Mp, My, Me. The LEPTOP it of the precision electroweak datais compatible (in particular) with my ~
300 GeV, my ~ 50 GeV, mg ~ 100 GeV, m + mp ~ 500 GeV, and [my —mp| ~ 75 GeV. The qudlity of fits dras-
tically improves when the data on b- and c-quark asymmetries and new NuTeV dataon deep inelastic scattering

areignored. © 2002 MAIK “ Nauka/Interperiodica” .
PACS numbers: 12.60.Fr; 14.80.Bn; 12.15.L k

It iswell known that, in the framework of the Stan-
dard Model, thefit of electroweak precision dataresults
in the prediction of light higgs, the central value of its
mass being lower than the direct lower limit set by LEP
[1 [1]. One possible way to raise the predicted value of
my, is to assume the existence of the fourth generation
of leptons and quarks [2, 3]. Implications of extra
guark— epton generations for precision data were stud-
ied in a number of papers [2—7]. Leptons of the fourth
generation (E, N) should be very weakly mixed with the
ordinary ones, while in the quark sector (U, D) mixing
islimited only by the unitarity of the 3 x 3 CKM matrix.
In particular, it was noticed in [2] that the predicted
mass of the higgs could be as high as 500 GeV. That
conclusion was based on a sample of 10000 random
inputs of masses of fourth-generation leptons and
guarks. However, the sets of the lepton and quark
masses were presented independently (see Fig. 7 in
[2]). Thus, it is not clear how they were combined.

In this letter, we try to develop a systematic
approach to the problem by using our LEPTOP code[8]
to find steep and flat directions in the five-dimensional
parameter space: my, my, Mgy, Mg, My. For each pointin
this space we perform athree-parameter fit (m, a, @)

and calculate the X2 of the fit. It turns out that the X2,
depends weakly on m;, + my and my, while its depen-
dence on m; — mp, Mg and my is strong. We limit our-
selves to the values of my larger than 50 GeV because,
according to the experimental datafrom LEP |1 on the
emission of initial state bremsstrahlung photons, my >
50 GeV at 95% c.l. [9, 10].

We analyzed Summer 2001 precision data ([1],
which are also given in Table 1 in [3]). Figures 14

TThis article was submitted by the authorsin English.

show xﬁqm (crosses) and constant x? lines correspond-
ingtoAx?=1, 4,9, 16, ... on the plane my, m, —m, for
fixed values of m, + my =500 GeV, m, = 120 (Figs. 1,
3) and 500 GeV (Figs. 2, 4) and me = 100 (Figs. 1, 2)
and 300 GeV (Figs. 3, 4). We aso performed fits for
my = 300 GeV.

The above choice of massesisbased on alarge num-
ber of fits covering a broad space of parameters:
300GeV <my + my <800 GeV; 0 GeV < my —mp <
400 GeV; 100 GeV < mg < 500 GeV; 50 GeV < my <
500 GeV; 120 GeV < my < 500 GeV. Concerning
quarks, m; + my is bounded from below by the limit of
direct searches, while from above, by triviality argu-
ments. Since the x? dependence on m; + m, is very
weak, our choice of the intermediate value m, + mp =
500 GeV represents atypical, almost general case. For
this choice, |[m; — mp| cannot be larger than ~200 GeV
because of the limit of direct searches mentioned
above.

Concerning the charged lepton, its mass is taken
above the LEP Il bound. We present fits at two values
of me (100 GeV and 300 GeV), and one can see how the

fit worsens as mg goes up.

Concerning the value of my, we vary it from the
lower LEP I1 limit up to the triviality bound, and, since
the dependence of observableson my, isflat, one can get

the X2 behavior from two limiting points: m, = 120 and
500 GeV.

For mg = 100 GeV, we have a minimum of x? at
my = 50 GeV and

for my =120 GeV:

Imy, —Mp| ~50 GeV, X2 /Nyos = 20.6/12;

0021-3640/02/7603-0127$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Exclusion plot on the plane my, my — mp for fixed
values of my = 120 GeV, my + mp = 500 GeV, and mg =

2
100 GeV. X, shown by two crosses corresponds to
lend_o_f_ = 20.6/12. (The left-hand cross is slightly below
my = 50 GeV.) Borders of regions show domains allowed at
thelevel sz =1,4,9, 16, etc. The plot was based on the old
NuTeV data. The new NuTeV data preserve the pattern of

the plot but lead to xﬁﬂn/nd_olf‘ = 27.7/112. If A,EB and
A,C:Buncertainties are multiplied by factor 10, we get

xﬁﬂn/nd.o_f. = 19.1/12 for new NuTeV, and xrznin/nd.olf. =

11.3/12 for old NuTeV with practically the same pattern of
theplot.

for my, =300 GeV.

Imy—mp| ~75GeV,  Xin/Nyos = 20.8/12;
and for m, = 500 GeV:

Imy—Mp| ~85GeV, Xin/Nyos = 21.4/12.

Thus, we have two lines (my > my and m; <mp) in
the (m, — mp, my) space that correspond to the best fit
of the data. Along these lines, the quality of the fit is
only dlightly better for the light higgs (m, ~ 120 GeV)
than for the heavy one (m,, ~ 300-500 GeV).

Note that the ny ¢ is 12, unlike the case of the Stan-
dard Model, where it was 13 [3]. This change occurs
because in the present paper m, isafixed rather than fit-
ted parameter (hence, 13 becomes 14), while my and
my, — My are two additional fitted parameters (hence, 14
becomes 12). (Asis well known, ny,; is equa to the
number of experimentally measured observables minus
the number of fitted parameters.)

NOVIKOV et al.

550
500
450
400

100 150 200

-150 —-100 =50 0 50
my—mp (GeV)

Fig. 2. Exclusion plot on the plane my, my — mp for fixed
values of my = 500 GeV, my + mp = 500 GeV, and mg =

100 GeV. szin shown by two crosses corresponds to

X%Ngos = 21.4/12. (The left-hand cross is slightly below
my = 50 GeV.) Borders of regions show domains allowed at

thelevel sz =1,4,9, 16, etc. The plot was based on the old
NuTeV data. The new NuTeV data preserve the pattern of

the plot but lead to X2, /g o1 = 28.3/12. If ALy and A,
uncertainties are multiplied by a factor 10, we get

xﬁﬂn/nd.o_f. = 21.2/12 for new NuTeV, and xrznin/nd.olf. =

13/12 for old NuTeV with practically the same pattern of
theplot.

For me = 300 GeV, we have aminimum of x2at m;, —
my = 25 GeV and

for my = 120 GeV:

My~200GeV, XZin/Nyos = 23.0/12;

for my, = 300 GeV:

My~ 170 GeV, Xain/Nyos = 24.0/12;

and for m, = 500 GeV:

my~ 150 GeV, X2 /Ngos = 24.4/12.

Thus, the best fit of the data correspondsto the light
me = 100 GeV and my = 50 GeV. The significance of
light my (around 50 GeV) was first stressed in [5]. An
increase in mg leads to an increase in my and to the fast

. 2
worsening of Xin -

Although the inclusion of one extra generation
improves the quality of the fit (compare x%/Ngqs =
JETP LETTERS  Vol. 76
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23.8/13 for the SM from [3] and X%, /Ngor = 20.6/12
from Fig. 1), it remains pretty poor. The poor quality of

the fit is due to the 3.30 discrepancy in sl2 = SN0
extracted from leptonic decays and from A';‘BC [11]. If

one multiplies the experimental errorsin AﬁB and Afg

by afactor of 10, one gets agood quality SM fit [3, 11]
but with extremely light higgs, having only asmall (few
percent) likelihood of being consistent with the lower
limit from direct searches. We provethat the fourth gen-
eration allows one to have higgs as heavy as 500 GeV

with a perfect quality of the fit: xfnm/nd_o_f_ = 13/12, if
one usesthe old NuTeV data (see caption to Fig. 2).
To qudlitatively understand the dependence of m; —m

on m, inthe case of mg = 100 GeV at xﬁqm , let usrecall
how radiative corrections to the ratio my/m, and to g,
and R=g,/g, (the axial and theratio of vector and axial

couplings of Z-boson to charged leptons) depend on
these quantities [6]:

O [l
0ilep
9 ° B ot
I~ L H
oV = -0 < DInDnZD
0, 0
Os +=0
0”790
. )
E:LQG ZmU_mDE
my +m
+4(mU_mD)2+ 0 v DD
- O ,
3 m U 0
5 2My=My 5
O 9my+mp (O]

wherei =m, A, R, while £2 = 0.23. Correctionsto other
observables can be calculated in terms of &V'. In the

vicinity of xﬁqin, the third term in brackets is much

smaller than the second one. This fact determines the

smallness of the left—right asymmetry in the plots in
Figs. 1 and 2. Since 13132 =+ é = &, theincreasein

my, is compensated by anincreasein |m; —my|, and we
have avalley of X2

Captionsto Figs. 1 and 2 reflect the recent changein
NuTeV data (from m,, = 80.26 £ 0.11 GeV [12] to
my, = 80.14 + 0.08 GeV [13]), which resultsin adrastic
worsening of the fit even in the presence of the fourth
generation.

Thus, we see that the 4th family scenario is better
than the Standard Model, because the latter can pro-
duce agood fit only when the mass of the higgsis much
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Fig. 3. Exclusion plot on the plane my, my — mp for fixed
values of my = 120 GeV, my + mp = 500 GeV, and mg =

300 GeV. szin shown by the cross corresponds to

xﬁﬂn/nd_o_f_ = 23.0/12. Borders of regions show domains
allowed at the level Ax? =1, 4, 9, 16, etc.

0

my (GeV)

150 200

NSNS T T T )

=50 0 50 100
my—mp (GeV)

A\
—150 -100

Fig. 4. Exclusion plot on the plane my, my —mp for fixed
values of my = 500 GeV, my + mp = 500 GeV, and mg =

300 GeV. xﬁqin shown by the cross corresponds to

xﬁﬂn/nd_o_f, = 24.4/12. Borders of regions show domains
allowed at the level Ax2 =1, 4, 9, 16, etc.

lower than the lower limit of LEP I, even when exper-
imental data on heavy quark asymmetries and new
NuTeV data are ignored.
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Notethat the parameters S, T, and U originaly intro-
duced in [14] are not adequate for the above analysis,
because they assume that all particles of the fourth gen-
eration are much heavier than my, while in our case the
best fit correspondsto my ~ m,/2. In paper [2], modified
definitions of Sand U were used in order to deal with
new particles with masses comparable to m,. However,
let us stress that both original and modified definitions
of S T, and U take into account the radiative corrections
fromthe*“light” 4th neutrino only approximately, while
the threshold effects, which are so important for my =
50 GeV, can be adequately described in the framework
of functions V'.

In conclusion, let us stress that, in the framework of
SUSY with three generations, the radiative corrections
due to loops with superpartners also shift the mass of
the higgs upward in the case of not too heavy squarks
(300400 GeV, see Table 1 in [15]) or light sneutrinos
(55-80 GeV, see[16]).
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Mechanisms of the depolarization of ultracold neutrons in traps reflecting from the trap wall are considered.
One is due to neutron spin-flip elastic or quasielastic incoherent scattering from protons of surface hydrogen
contaminations. According to the second one, significant depolarization may take place because of a sudden
change in the neutron trajectory on reflection from the wall when the neutron moves even at large adiabaticity
parameters in nonuniform magnetic field. © 2002 MAIK “ Nauka/Interperiodica” .
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1. An investigation of angular correlation coeffi-
cients in neutron beta decay is important for determin-
ing the fundamental coupling constants of weak inter-
actions [1]. It is important to improve the accuracy of
these measurements with the aim of searching for new
physics beyond the Standard M odel with increased sen-
sitivity [2]. One of serious difficultiesin increasing the
precision of these measurementsisthe reliable determi-
nation (with a high accuracy) of the polarization of
decaying neutrons.

It was proposed [3] that significant progress can be
made by the use of polarized ultracold neutrons (UCN)
[4] stored in closed volumes or flowing through the
decay region. Neutrons transmitted through a suffi-
ciently high magnetic potential barrier must have a per-
fect 100% polarization in the direction opposite to the
magnetic field. The first experimental data on neutron
depolarization in traps were published in [5]. A surpris-
ingly large depolarization (~10° per UCN collision
with the wall) was observed for all tested surface mate-
rials, and it was shown in a special experiment that this
value of depolarization hardly depended on the UCN
loss coefficient, which was changed by additionally
depositing a water layer on the cooled surface. It was
also stated that the depolarization due to the large gra-
dient of the magnetic field was impossible, which was
confirmed by numerical evaluations.

The objective of this paper is to consider the possi-
ble mechanisms of the depolarization of UCN in traps
without having in mind an exact quantitative interpreta-
tion of the existing experimental data.

2. The obvious and trivial reason for UCN depolar-
ization in traps is neutron spin-flip scattering from
hydrogen. The most promising materials for UCN
chambers, namely, Be, C, glass, and fluoropolymers, do
not contain nuclei with a significant spin-flip cross sec-
tion. UCN upscattering from hydrogen contaminations

TThis article was submitted by the author in English.
Lemail: pokot@nf jinr.ru

of the trap surface is the usual and the main reason for
the abnormally large losses of UCN from the traps [4].
The UCN cross section for upscattering from a bound
proton of aroom temperature sampleis g,,s = (4—7)b x
2200/v (m/9)[6], depending on the chemical bond of
the hydrogen atom (v isthe UCN velocity). The elastic
(or quasielastic in the case of diffusing protons or/and
in the presence of the hyperfine splitting of the hydro-

gen atom) spin-flip scattering cross section o4 = % X

80b. Therefore, the ratio of spin-flip to UCN—hydrogen
upscattering loss probabilities is ~(1.5-3) x 102. In a
trap with UCN, the loss probability due to upscattering
from hydrogen equals ~4 x 10~ (rather good value),
and the spin-flip probability is~107°, which is not quite
satisfactory for the neutron decay correlation coeffi-
cient.

The energy splitting of magnetic sublevelsin para
magnetic atoms is usually much larger than the UCN
energy. Therefore, after spin-flip paramagnetic scatter-
ing, neutrons must leave the storage chamber. Anyway,
the cross section of paramagnetic scattering is of the
order of 1 b, and the probability of spin-flip on reflec-
tion from the wall is ~10~" even in the case when all
atoms of the wall are paramagnetic. Thisis hardly pos-
sible for typical wall materials.

3. The effect of magnetic field inhomogeneities on
the spin relaxation of neutral particles with magnetic
moment was considered in [7, 8]. It was assumed in
these works that the applied magnetic field is a super-
position of awesak spatially varying field upon a much
stronger homogeneous field, and the problem was
solved with the use of the perturbation method. Accord-
ing to [3], thisis not the case when UCN are polarized
by transmission through a magnetic potential barrier
and then are stored in an experimental chamber. The
fluctuations of the magnetic field for a slow neutron
moving in the chamber are not random and small in this
case, but the adiabaticity parameter—the ratio of Lar-
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mor frequency to frequency of rotation of magnetic
field in the neutron reference frame—can be large
enough, so that the spin relaxation probability for a
freely moving neutron must be exponentially small. It
will be shown here that, nevertheless, the depolariza-
tion may be significant, because the time derivative of
the magnetic field is discontinuous if the wall collision
takesplacein atimethat is short compared to the period
of Larmor precession.

Let a neutral particle with a magnetic moment (in
particular, an ultracold neutron) move in a nonuniform
magnetic field inside a trap, reflecting from the trap
walls. We place the neutron reference frame at the
reflection point, so that the x axisis along the magnetic
field line.

With constant H, # 0, H, = 0, H,=tH, H >0and
following the paper by V.V. Vladimirsky [9], we obtain
the equation for the spin wave function

ip+woy+ato, =0, Q)

where w = pH,/%, a = pH /4, and p is the magnetic
moment of a neutron.

The equations for each spinor component look as
follows:

o+ (w’ —ia+a’t’) = 0, @
Y+ (0 +ia+a’t)x = 0.
Substituting @ = 72U, X = €??v, z=-at?, and introduc-
ing o = w?/4ia, transform (2) to the confluent hypergeo-
metric equations

zu" + ——%u
%v 8}+ v =0.

The solutions of these equations are

au = 0,
(©)

ZV+

o) = €*7[c,F(a, 1/2, -iat) @
+CiwtF(a + 1/2, 3/2, -iat?)],

and
X(t) = € [ciiwtF(a +1,3/2,~iat)
+c,F(a +1/2,1/2,-iat’)],

where F(a, v, z) are Kummer functions.
Asymptoticsat t — +o are
([(t) - Jﬁe—anSa

[ Cy + % Cy
Fr(2-a) 2,/ial (1-a)lt

©)

(6)

}(at ) e - |at/2
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and

X(t) _ ,\/_,__[ _nof/8a
()

|: W Cy

C,
2.- ar(1+0()|t| F(1/2+a)}
If the z-component of the magnetic field varies

accordingtoH,=—tH, H >0, the equations and solu-
tions for spin components interchange.

On reflection from the surface at t = 0, the particle
suddenly changes its trgjectory and then follows on
with a different value of the gradient of the z-compo-
nent of the magnetic field. The condition that this tran-
sition is “sudden” is fulfilled if the reflection time is
much smaller than any characteristic time parameter of
the problem: t,s < T, amor- 1t Will be shown below that
the typical value for ultracold neutrons t. = 107° s,
which is sufficient for any practical case.

Now, we match the solutionswith different val ues of
aatt =0 corresponding to different trajectories of apar-
ticle in a magnetic field before and after the reflection
from the wall. When the signs of dH_/dt are the same,
the matching means @(a); - o = @®(a"); = o, When the signs
are different, we use @(0);-o = X(0");=o- We put
X(=0) = 0, |@(—0)]? = 1 (initially, the particle is polar-
ized opposite to the z axis) and obtain the expressions
for |@(+o0)

(at )O( —iat /2

e, 1n
[H]
e 40 (8)

2

|@(+e0)|* =

y 1 o 1
M2+a)r(12-a') 4,/aal(1+a)l(1-a’)

for the cases when the signs of the change in the H.(t)

component of the magnetic field are the same before
and after the particle reflection from the wall, and

i, 1n
& a0

lp(+o0)|* = e (9)

y 1 i’ 1 2
M2+a)f(V2+a’) 4./aal (1+a)l(1+a’)

when these signs are different; e.g., the particle returns
after the reflection from the wall to the region of the
magnetic field of the same sign of H,. In these expres-
sions, a' corresponds to the particle motion after the
reflection.

_‘*’
4

_nof/a

When in Eq. (8) a = o', we get |@(+»)]> = e
which corresponds to the result of [9] for the probabll-
ity of spin reversal when the particle movesfreely with-
out changing its trajectory. For ultracold neutrons, the
adiabaticity parameter |a| > 1, |@(+o)? — 0 (expo-
nentially small) practically in al cases, and the neutron
spin followsthe direction of the magneticfield. Thecal-
culation according to Egs. (8) and (9) show that thisis
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not the case when the particle reflects from the wall.
The probability of spin reversal with respect to the
magnetic field increases drastically. Fig. 1 shows the
results of acomputation of this probability for different
cases of reflection as afunction of |o'|.

In practice, it is difficult to calculate the probability
according to Egs. (8) and (9) for |a'| > 1. Using asymp-
totic formulasfor the gammafunction makesit possible
in this case to obtain for Eq. (8)

o) = 2(E-E)’,
and for Eq. (9)

|@(+eo)|* = 1-11(8° + £”) - 188,
where & = 1/24|a, ' = /24|a’|.

Figure 2 shows the results of calculations according

to these formulas in terms of the probability of spin

reversal asafunction of the gradient of H,. The neutron

velocity along the z axis was taken to be equa to
300 cm/s, H, =5 Oe.

4. The interaction time of a particle reflecting from
a potential wall can be calculated in the spirit of the
Baz' [10, 11] idea by introducing a fictitious infinitesi-
mal magnetic field in the interaction region and calcu-
lating the rotation angle of the magnetic moment of the
particledueto theinteraction. Thereflectiontimein our
caseisdetermined asaratio of rotation angleto Larmor
frequency of precession of the magnetic moment in this
magnetic field. Let the incident wave polarized in the
x-direction reflect from half-space z = 0, in which the
magnetic field isdirected along z axis. The Schrodinger
equationis

2m
D+ uo-ZTuHogh = Ky,

(10)

(11)

(12)

where u, = 2mUy/%2, U, is the height of the potential
wall, k istheincident wave vector, and H is the value of
the magnetic field in the half-space z > 0. The incident
waveis

1 i itp+k2)
= —E=e . 13
The reflected waveis
Y = ei¢°[$+iAq)cZ%}ei(Kp_kzz). (14)
It follows[10] that
— dogm
Ap = duoDﬁzuHD’ (15)
and, asit is easy to show, that
dp _ kK,
du, UK’ (16)
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Fig. 1. Probability of UCN spin reversal on reflection from
the trap wall as afunction of the adiabaticity parameter 3 =
|a’| after the reflection (before the reflection, 3 = |a| = 10):
(1) the signs of the time dependence of H(t) are the same
before and after the reflection and (2) these signs are oppo-
site.

10 0.01 0.1 1 10

Fig. 2. Probability of UCN spin reversal on reflection from
the trap wall as a function of dH,/dz after the reflection:

before the reflection dH,/dz = 0.1 Oe/cm, (1) signs of the
time dependence of H(t) are the same before and after
reflection, (2) these signs are opposite; before reflection
dH,/dz=1 Oelcm, (3) signs of time dependence of H(t) are
the same before and after reflection, (4) these signs are
opposite; in both cases v, = 300 cm/s, H, = 5 Oe.

where K = ,/uy— kf, we obtain from w = 2uH/# and
wmk,/AugK = wt the reflection time
_hk,_#h
At = 0.k Doy 17)

which at U, ~ 107 eV givesAt ~ 107 s,
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A system of two plane traps disposed one above the other and confined atomic Bose condensate is considered.
The possibility of entraining atoms of one of the traps by the atoms of the other trap upon the rotation of the
latter is studied. The average angular momentum induced by the rotation of thefirst trap is found for the atoms
in the second trap. © 2002 MAIK “ Nauka/lnterperiodica” .
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The discovery of the Bose condensation of trap-
cooled atoms [1-3] has motivated the study of a hum-
ber of new physical phenomena (see reviews [4, 5]). A
system of two adjacent traps is an interesting physical
object. In particular, this system offers promise for the
Josephson effect, etc. In thiswork, the effect of atomic
drag in a system of two plane spatially separated traps
situated one above the other and confining the atomic
Bose condensate. We assume that these traps are sepa-
rated by adistance for which theinteratomic interaction
in different traps cannot be ignored (vertically coupled
traps). The two-dimensionality of traps signifies that
the separation between the size-quantization levels
(hw,) along the smaller sizefar exceedsthe characteris-
tic energies of a two-dimensional Bose gas such as
chemical potentia | p, KT, €tc. In terms of characteris-
tic lengths, thisimpliesthat the characteristic atomic de

Broglie wavelength A = 7/ /mE , where E is the above-
mentioned characteristic energies (1,p and kT), islarger

than the trap vertical sizel, = ,/A/mw,. The confining
potential in the two-dimensional traps can be written as

2 2 2 2
mw;, X~ mwi, Yy
Vjext(X! y) = 2]X + 2Jy ’

Two drag mechanisms may be considered for two
adjacent traps.

(1) The drag effect, where only the normal compo-
nent in the second trap is entrained by the atomic
movement in the first trap.

(2) Let the confining potential of the (for definite-
ness) lower trap be anisotropic in the xy plane. Let us
rotate the confining potential of the lower anisotropic
trap (with an angular velocity Q). Let Q be so small that
no vortices appear in this trap. Under adiabatic condi-
tions, the atomic density has the symmetry of the rotat-

=12 (1

1 This effect may occur for an arbitrary trap shape and will be con-
sidered elsawhere.

ing trap. The essence of the predicted effect becomes
more clear when it is assumed that the confining poten-
tial of the second trap is isotropic. It is shown below
that, due to the interatomic interaction between the dif-
ferent traps, an anisotropic effective confining potential
appearsin the upper trap with the same angular velocity
asthe lower anisotropic trap. Thisgivesriseto the rota-
tion of the upper atomic system, i.e., to the induced
angular momentum M,, = J,,Q. Our goal isto calculate
the drag coefficient J,, (“mutual moment of inertia’) as
alinear response of the upper trap to the rotation of the
lower trap. Interestingly, both the superfluid and the
normal components should be entrained in the anisotro-
pic case considered.

In thiswork, we consider the above-mentioned sec-
ond effect, i.e., the effect of entrainment due to the
anisotropy of Bose gas in the first trap and induced
anisotropy in the second trap. Let the Bose gas be
rotated about the z axis in anisotropic trap 1 and the
confining potential intrap 2 isisotropic in the xy plane,
and let the gasin thistrap be initially at rest. For adis-
tance between the traps larger than between the minima
of interatomic potentials, the interatomic interactions
between the different traps can be described by the van
der Waals potential

Os
[(r=r)*+D7"

Ur-r) = @)

For the typical experimental situation of a rarefied
Bose gas at atemperature lower than the Bose-conden-
sation temperature, the number of atoms in the trapped
Bose condensates far exceeds the number of noncon-
densed particles. We a so assumethat the trapped atoms
obey the Thomas—Fermi approximation.

The Gross—Pitaevski-type equation for the conden-
sate (initially quiescent) in the second trap interacting

0021-3640/02/7603-0135%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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with the first trap is written as?

G L0))
Ihﬁ
202 o 3)
= |:_ om +V2ext_p'2+gnc+zgn+uli|¢v
where
Oy(r) = Iwi(r')U(r—rwl(r')dr', (4)

L|JI and Y, arethefield operators for the first (rotating)
trap, |, is the chemical potential, n, is the condensate

density, and n isthe density of noncondensed particles.
The effective interaction constant g (and the ground
state) in the two-dimensional Bose gas were studied in
[6, 7]; thevalue of gis

N 1
= [Izla—

m J2m
wherep,, = (p; —p,)/2 istherelative momentum of two
atoms, a is the s-scattering 3D amplitude, and |, =
JA/mo,. It was shown in [8] that the dependence on

the relative momentum can be ignored in a rarefied
Bose gas and the effective scattering length

-1
L)

g ln(npilf)} )

2 2
My - 22T, (6)
m m

can be introduced.

One can see from Eq. (3) that the influence of atoms
of thefirst trap (where gasisrotated) on the second trap
is reduced to the appearance of an auxiliary effective
potential U,(r), which, in our approximation, is
reduced to an addition to the confining potential Ve
To understand the character of the change in the state of
the Bose condensate in the second trap, one should find
the effective potential in explicit form. In the Thomas-
Fermi approximation, it iswritten as

Ol(r) = InTF(rll HuU(r —r)dr’, (7)
where
Nee(r', 1) = %ﬁt(rt) (8)

Asisseen from theformulafor the density ny, theinte-
gration is over the region V,(r, t) < Y, which depends
ont. To calculate thisintegral, let us passto therotating
system of coordinates, where the first trap is at rest. As
aresult, the integration region is fixed in time, and the
time dependence transfers to the interaction potential

2 Equation (3) is obtained from the set of two Gross—Pitaevski cou-
pled equations for coupled traps. The influence of the second trap
on the first rotating trap is negligible because the induced anisot-
ropy of the second trap is small compared to itsinitial value.

DEMIN et al.

U(r —r"). Equation (7) can berewritten in thefollowing
form:

Ui, 9)
2 a2 2 2
_ IIgé(Zulimwlxx —~moo1yy ldxdy, 9)
29((x —=%)*+ (y ~)*+ D?)

where X = xcosQt —ysinQt and y = xsinQt + ycosQt.
Since the interaction potential between the traps at a
distance of |r —r'| = D decreases amost by an order of
magnitude: U(0)/U(D) = 8, it can be changed to amore
convenient form,

.
U@ —-r) = op°

EO, a |r—r'|>D.

a |r-r|<D
(10)

Let the longitudinal size of the rotating trap be larger
than the size of the second trap (in other cases, the
results are qualitatively the same) and D < R, where
R, is the horizontal trap size. By calculating the
induced potentia (9), one obtains

A~ o~ a,
Ui(x, y) = D426
vy ()
+ - ~
x|:2|-11—m ((JOZX wly)_m(wfxxz_'_wiyyz)]

Therefore, we see that the effect of the first trap U;
changes both the chemical potential of the Bose gasand
the effective confining potential in the second trap:

ff TtOg sz(wix + wiy)
= u,+ - 12
M2 Mo o' [ 2 4 }1 (12)
2 2 2 2
Vi (xy) = Tt T2
o (13)
s 26 [m(w?, X -, 7)1 .

As aresult, the equation for the Bose condensate in the
second trap takes the form

#20°
- 2m

if

a_q’z[
ot

VI -+ gn + 2gﬁ}¢. (14)

Let us study the effective potential V5. (r) in more
detail. It is quadratic with respect to x and y:

Vie(xY) = S@C+bxy+ey’),  (19)
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where
a = Wi, —y(uh,oos Qt + wl,sn’Qt),
¢ = why—y(uh,sin’Qt + wj,cos’Qt),
b = y(0,—wi,)sin2Qt,

y = moy/Dg.

Let us now consider the potential as a function of trap
parameters.

| Let both traps be isotropic; i.e., t,, = w,, = w, and
Wiy = Wyy = . Then, after substituting these parame-
tersin Eq. (15), we obtain
(16)

m
Viai(%¥) = S(@5 =y @) (X +Y).

Therefore, we see that the effective confining potential

is merely deformed as ws' = .Jw5—yw;. No drag
effect occurs. Thisiswhat is expected, because the dis-
tribution of atomsin the rotating Bose condensateis not
anisotropic.

. 1f wy, # wyy, the effect is basically different. Let
usturn our system of coordinatesin such away that the
cross product disappears. The rotation angle ¢ can be
found from the equation tan2¢ = b/(c—a). The effective
confining potential in the new system of coordinates
has the form

Vi, 9) = S(@55° +@5,5), (27)
where
G5, = acos'd + csin“d —bcosh sing, a8
@5, = asin’¢ +ccos’¢ + bcosp sing .
Thus,
tan2¢ = BEZTZS(?QI (19)

where B = (005, — 05, )IY(W3, — w5, ). Let us consider
two cases.

(@) If 6y = 03, = ,, then 3 = 0. Then, we obtain the
expressions for the rotation angle ¢ of the system of
coordinates and the angular velocity Q, = ¢ of the sec-
ond trap: ¢ = Qt and Q, = Q. One can then see that, if

the second trap isinitially isotropic in the xy plane, then
its effective confining potential (17) is deformed (with

the coefficients G, Wo—yuh, and Gy

Jo3 —y 6%,) dueto the effect of thefirst trap, becomes
anisotropic, and rotates with the angular velocity of the
first trap.
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L et usnow find the drag coefficient (mutual moment
of inertia) J,;. The moment of inertia of agas, in accor-
dance with the theory of linear response, characterizes

the response to the perturbation —Q J, in the Hamilto-
nian of the system and is determined by the relation
oo

®=Q,

(20)

between the mean angular momentum [/ and angu-
lar velocity Q. In[9], it wasfound that, at small angular
velocities Q and in the absence of noncondensed
component (i.e., at T = 0), the moment of inertia of the
trapis

2

2
W) —
Wy + W,

(21)

where ©,;; = mNX? + y?[liis the moment of inertia of a
solid body with the trap parameters w,, . Substituting
into thisformulathe effective frequencies of the confin-
ing potential of the second trap, we obtain

2

2 2

Wy — 0y
Iy = vz[ ; }eng. (22)

2('-)3 - y( (*)ix + wiy)
Aty < 1, the mutual drag coefficient is
2 2

Wy, — W

J21 - 2[ 1x 1y] @,ig. (23)

(b) If 0, # Wy, i.€., the upper (second) trap is ini-
tially anisotropic, then B # 0. This signifies that the
angular velocity Q, of the upper trap and the parame-
ters @y, and @y, of the effective confining potential
depend on time. Let us consider the possible values of 3.

(b1) At B > By, the motion of the confining potential
of the second trap is oscillatory. The value of 3, is

found from the condition c,, (t) > G,y (t). Hence, By =
2. The angle of rotation ¢ changes within the limits

1 1 0

—= arctan (p< arctan
O m O J—D

The time dependence of angle ¢(t) is shown in
Fig. 1. The parameters of the effective confining poten-
tial changein accordance with Egs. (18). The quantities

W,y () and 6, (t) depend on time periodically with the
rotation period of the lower trap T = 21/Q (Fig. 2).
(b2) At 0 < B < By, the mation is more complicated;
the effective confining potential of the lower trap
rotates with a variable angular velocity Q,(t), and its
parameters ,, (t) and o, (t) also oscillate (out of
phase) with frequency Q about their mean val ues.

(24)
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Fig. 1. The trap rotation angle as a function of time for dif-
ferent =2, 3, and 4.

1 | | | |
b 2n 3n 4n
Qt

Fig. 2. The effective frequencies of confining potential as a
function of time for  ~ 4.

Thus, one can distinguish four rotation regimes of
the confining potential for the lower trap:

[. B = O (the lower trap is initially isotropic); the
atoms in the lower trap rotate with a constant velocity
and time-independent parameters.

1. B < 1 (weak anisotropy of the lower trap); the
atomsin the lower trap rotate with the angular vel ocity
Q,(t) = Q[1 — Bcos(2Qt)].

DEMIN et al.

[11. B > 1 (strong anisotropy of the lower trap); the
atoms in the lower trap rotate following the law ¢(t) =
1sin(2Qt)

2 B '

I'V. Other values of 3 correspond to the intermediate
regime.

L et us now make numerical estimates for the coeffi-
cient y. Take N&* atoms as an example, for which the
s-scattering length isa = 2.8 nm.3 For iwy, = 7 nK (this
corresponds to the frequency of the confining potential
in the xy plane wy, = 21 x 145 rad/s) and w, = 10%w, the
effective scattering length is a = 0.041. The van der
Waals interaction constant for Na is ag = 3000 au,

wherelau=1ae. = €?a) =0.903 x 10-%° erg cm. Then,
the coefficient yis

y = 1.2x107Y/D* (25)

For distances on the order of D ~10° cm, y~ 104,

Thiswork was supported by the Russian Foundation
for Basic Research and INTAS.
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3 Similar effects can occur for the excitonic traps (the correspond-
ing exciton confinement may occur in a system of quantum dots,
due to inhomogeneous strain, to special potential profile, etc.).
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The formation of ahigh-energy (~35 keV) beam of negative hydrogen ions was observed in the expanding fem-
tosecond laser plasma produced at the surface of a solid target by radiation with an intensity of up to 2 x
10% W/cm?. The energy spectra of the H* and H™-ions show a high degree of correlation. © 2002 MAIK

“ Nauka/Interperiodica” .
PACS numbers: 52.50.Jm; 79.20.Ds; 52.70.Nc

1. In recent years, there has been extensive discus-
sion on the possibility of obtaining high-intensity ion
(primarily proton) beams using laser plasma produced
upon the interaction of femtosecond pulses with solid
targets [1-6]. Such beams can be used for isotope sep-
aration, the initiation of nuclear and fusion reactions,
etc. [7]. The energy of protons accelerated at the
plasma—vacuum boundary equals[1, 7]

E = m,c*m./Qar/A (1)

[0 is the hot-€electron conversion ratio, Q = IN%/(5.48 x
108 W/cm? um?), A is the laser wavelength, m, is the
electron mass, and r isthe radius of focal spot] and can
be as high as 10 MeV for intensities higher than
10 W/cm? [2]. lons with energies of tens of kiloelec-
tronvolts are observed even at “moderate” pulse inten-
sities| <2 x 10 W/cn?? [3, 4].

Thiswork reports on the observation of high-energy
negative hydrogen ions from plasma produced at the
surface of an Si target by laser pulses with intensities of
up to 2 x 10 W/cm?.

2. The experimental scheme is shown in Fig. 1.
Laser radiation (wavelength 616 nm and pulse duration
200 fs) was focused onto atarget by lens 1 with F/D ~ 6
providing an intensity of 2 x 10'® W/cm? [8]. The vac-
uum chamber consisted of two sectors joined together
by atube: interaction chamber 3 and recording chamber 4.
Residual pressure in the chamber was less than
1075 torr. The accuracy of focusing laser radiation onto
the target and the temperature of the hot electronic
plasma component were monitored by the hard X-ray
plasma radiation yield using a set of photomultipliers
with aNal scintillator [4].

The plasma ion and electron currents were mea-
sured by an energy-resolving time-of-flight spectrome-
ter [9] placed in the recording chamber normally to the
target surface at a distance of 50 cm. The spectrometer
was a cylindrical capacitor with a deflection angle of
180° and an average radius of 8 cm. The potential dif-
ference U between the capacitor plates was smoothly
varied from—8to 8 keV, allowing the detection of either
positively or negatively charged particles. The accep-
tance angle was 5 x 10™ sr. The particle flow pulse
passed through the spectrometer was detected using a
VEU-7 multiplier, whose signal was fed through aload

Fig. 1. Schematic of experimental setup; (1) lens, (2) target,
(3) interaction chamber, (4) recording chamber, (5) spec-
trometer, (6) VEU-7, and (7) photomultiplier set.

0021-3640/02/7603-0139$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 2. Time dependence of the arrival instant for (a) posi-
tively and (b) negatively charged plasma components with
energy of, respectively, 2.8Z keV and 3.5Z keV.

of 50 Q, into adigital oscillograph with a time resolu-
tion of 10 ns.

The spectrometer was calibrated using an electron
gun emitting a quasi-monoenergetic electron beam.
M easurements were made in the electron-energy range
up to 4 keV and demonstrated that the electron energy
E depended linearly on the voltage U, with the propor-
tionality coefficient

k = 0.23+0.005 [V/eV], )

and the spectrometer resolution was AE/2E = 4%.
Therefore, the spectrometer could detect charged parti-
cles with an energy of up to 35Z keV (Z is the particle
charge).

The typical form of a signal recorded in the regime
of measuring positively and negatively charged plasma
components is given in Fig. 2a (E = 2.8Z keV) and
Fig. 2b (E = 3.5Z keV), respectively. It is worth noting
that for the current of negatively charged particles the
voltage on VEU-7 increased from 1.2 to 2.5 keV, which
corresponded to an increase in gain of no less than
10° times. As was expected, at positive values of U, the
signal showed several peaks, each corresponding to
ions with a different charge-to-mass ratio Z/M but the
same energy per charge unit E/Z. Indeed, at afixed U,
the time between particle arrival and plasmaignitionis

VOLKOV et al.

t = 1J/M/ZJKI2U,

wherel isthe length of time-of-flight base, M istheion
mass, Z istheion chargein unitsof electron charge. The
first and most pronounced peak appears at times on the
order of 1 us after plasmaignition. It isformed by pro-
ton current, for which Z/M is maximal. This is con-
firmed by the estimate of the entire ion flight length |
from the arrival timet of the first peak as a function of
potential difference U: | ~ 73 + 0.7 cm, with the
expected | = 72 cm. The presence of protons in the
expanding laser plasmais due to the presence of hydro-
gen-containing impurities (in particular, water) at the
surface of the silicon target. The next peaks are due to
theheavier Si, O, and Cionsof different state of ioniza-
tion. The presence of the O and C ions can be dueto the
ingress of organic compounds and oil vapor from the
vacuum pump into the chamber.

Asthe potential U increases, the number of fast pro-
tons with energies of up to 35 keV becomes noticeable.
To construct the proton energy spectra, we measured
plasma current over a wide range of U values. The
resulting proton maxima were integrated over a peak
and normalized to the absolute transmission energy
width proportional to the deflecting voltage U. The
maximal proton energy was as high as 35 keV and
determined by the spectrometer range. At energies
higher than 3 keV, the proton spectrum is well approx-
imated by the exponential function with a “tempera-
ture” of 8 keV, in accordance with a temperature of
4.5+ 0.8 keV estimated for hot el ectrons by measuring
the hard X-ray plasma radiation yield [4]. Therefore,
the proton acceleration is primarily due to the presence
of a hot electron component in plasma. Note that the
estimation of proton energy by Eqg. (1) gives9keV (5=
0.01,r =1.5um, Q=0.0014).

Asis mentioned above, the typical signal shape for
negative particles leaving plasma is shown in Fig. 2b.
The first signal, which is at times smaller than 100 ps,
correspondsto the arrival of the electron at the detector.
We also observed the subsequent peaks corresponding
to other negative particleswith adelay timelonger than
100 ns.

A detailed analysis of the amplitude and time posi-
tion of the second peak as functions of voltage U
(Fig. 2b) suggests that this peak coincides in time with
the proton peak for the same, though positive value of
U. Thus, the Z/M ratio for this peak equals—1; i.e,, itis
due to the negative hydrogen ions. At the same time,
with allowance madefor anincreaseintheVEU-7 gain,
the peak amplitude is substantially lower than for the
proton peak. The maximum energy of the negative ions
H-! was equal to 35 keV, as for protons.

The energy spectrum of negative hydrogen ions, as
obtained by anal ogy with the proton spectrum, is shown
in Fig. 3. It is characterized by a high degree of corre-
lation with the proton energy spectrum. The tempera-
ture of negative ionsis also equal to 8 keV, their maxi-
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mal energy is the same, etc. This suggests that the neg-
ative hydrogen ions appear upon the recombination of
rapidly cooled expanding plasma. Note that the ionic
flow of negative plasma particles (Fig. 2b) also shows
peaks corresponding to singly charged silicon, oxygen,
and carbon ions.

The experimentswith lower laser intensities demon-
strated that the number of negative ions rapidly
increases with increasing intensity. The negative ions
were not detected by our spectrometer at an intensity of
10* W/cm?. At the same time, the proton signal was
detected with certainty at this intensity, and the maxi-
mum proton energy was found to be 2 keV.

3. The formation of negative ions in the expanding
laser plasma jet was earlier observed in [10, 11] in
experiments with irradiation of solid targets by nano-
second pulses with an intensity of less than
10 GW/cm?. Under these conditions, the equilibrium
plasma temperature T = 1 €V corresponds to the elec-
tron affinity e, for an atom (for hydrogen, e, = 0.75 eV
[12]) and provides the efficient formation of negative
ions. However, because of the low initial plasma tem-
perature, the kinetic energy of negative ions appearing
in plasma is lower than 4 €V. As the intensity of the
nanosecond laser pulse increases, the kinetic energy of
the negative ions increases and they are formed less
efficiently [10]. The maximal velocity of the negative
ions detected in thisinteraction regime does not exceed
10° cmis.

A different situation occurs in plasma formed by a
femtosecond pulse (I ~ 10 W/cm?). In this case, the
plasma el ectrons are heated with arate of 1-10 keV/ps,
whereupon the plasmalayer israpidly cooled asaresult
of expansion into vacuum and heat outflow into the tar-
get [13]. In this case, the plasma expansion velocity
may be ashigh as v, =5 x 107 cm/s, and theion kinetic
energy increasesto 1-10 keV/nucleon. Sincethe radius
r of aplasma spot is much greater than its thickness H,
the expansion at the initial stage has a one-dimensional
character. This expansion regime becomes three-
dimensional at timest = 2r/v,= 10 ps, when the plasma
becomes equilibrium. Calculations with the one-
dimensional model showed [14] that the plasma cools
down in thistime interval to atemperature on the order
of 30-100 eV. Thus, the metastable negative ions can
appear only at longer times.

The dynamics of three-dimensional plasma expan-
sion can be described using the self-similar solution for
the adiabatic expansion of a gaseous sphere into vac-
uum [15]. In this case, the particle concentration n at
any timeinstant is

n = ny(Ry/R)’, 3)

where ny and R, are, respectively, the initial concentra-
tion and radius of the plasma sphere and R =

t./2ZT,/M isits characteristic size (tistimeand T, is
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Fig. 3. Normalized spectra of (@) protons and (V) negative
hydrogen ionsand (solid line) their exponential approxima-
tion with an exponent of 8 keV.

the initial plasma temperature). The temperature T
depends on time as

T(t) = To(Ro/R(®)* 4)
(Y=cJc,).

Because we consider the formation of negative ions
inahot (T, ~ 100 eV) laser plasma expanding into vac-
uum, the necessary conditions for the formation and
existence of negative ions occur at rather long times
when the plasmatemperature drops to several electron-
volts. In turn, the recombination of negative ions is
decelerated because of the low concentration of elec-
trons and positive ions in expanding plasma. For low
plasma temperatures (T < 2 eV), the recombination
ratein collisonswith ionsis given by the formula[16]

ki =7x107°n/, Je, T s, ®)

where T and €, are in electron-volts, U is the reduced
mass of colliding ionsin units of proton mass, and n; is
the concentration of positive ions. The recombination
rate in electron collisions can be estimated using the
modified Seaton formula for the electron-impact ion-
ization rate [17]

_ T € —
ke =2 x 10 GZnie—iexpE—T’E s (6)

The dependences of k; and k. on the distance to the tar-
get, as obtained according to Egs. (3)—«6) on the
assumption that the initial plasma temperature is
100 eV and theinitial ion concentration in plasmais5 x
10% cm3, are given in Fig. 4. The left boundary on the
abscissa axis corresponds to the time instant at which
the plasma temperature becomes lower than 2 €V. One
can see from the figure that the negative hydrogen ions
mainly recombine in the collisions with silicon ions,
and the recombination rate becomes lower than 10° s
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Fig. 4. Recombination rate of negativeions as afunction of
the distance from the target, according to Egs. (5) and (6).
The solid line corresponds to k;; the dashed line, to ke.

at distances of 2 x 10°R,; for Ry ~ 10 um, thisis equal
to several centimeters.

Therefore, the interaction of a femtosecond laser
pulse with atarget surface at a pulse intensity higher
than 10 W/cm? gives rise at times on the order of 1 ns
to aplasmajet with ion velocities higher than 107 cm/s,
a plasmatemperature on the order of 1 €V, and a nega-
tive-ion lifetime of tens and hundreds of microseconds.
The reasons for the increase in the efficiency of gener-
ating negative ionswith increasing intensity may bethe
following. At low pulseintensity, theinitial equilibrium
plasma temperature is not high, and, hence, the “opti-
mal” temperature for the formation of negative ionsis
achieved at the earlier expansion stage with higher elec-
tron and ion densities, when the lifetimes of negative
ions are substantially shorter than 1 ps. By the time
instant when the plasma density becomes sufficiently
low, the temperature becomes|ower than 0.1 eV and the
formation efficiency of the negative ionsis reduced. A
detailed analysis of the formation of negativeionsin an
expanding plasmajet produced by afemtosecond pulse
should be carried out within the framework of aconsis-
tent three-dimensional plasma-expansion model taking
into account a number of processes such as the recom-
bination, heat conductivity, etc.

4. In summary, femtosecond laser plasma is a
unigue source of fast negative ions. The energy of neg-
ative hydrogen ions can be as high as 35 keV at alaser
intensity of 2 x 10'® W/cm?. The spectra of negative
ions also have singly charged ions of other atoms:. oxy-
gen, carbon, and silicon. The effect substantialy
depends on the conditions for the formation of a hot
dense plasma, because the negative ions are detected
only at intensities higher than the threshold of femto-
second plasma formation (10* W/cm?). In this connec-
tion, of great interest is the study of this effect for laser
intensities approaching the rdativistic limit 5 x
10 cm3, because the energy of negative ions may
achieve avaue of MeV/nucleon. At the same time, the

VOLKOV et al.

plasma heating, cooling, and recombination dynamics
greatly changes at such intensities; this can also affect
the formation of negative ion beams. It also seems that
the observed effect holds promise for the creation of pri-
mary ion beam in particle accelerators [18] and in the
evaporation of superthin films, nanostructures[19], etc.

Thiswork was supported by the Russian Foundation
for Basic Research (project nos. 00-02-17302, 02-02-
16659, 02-02-06104, and 02-02-06236) and the State
Scientific and Technical Program “Fundamental
Metrology.”
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Thepossibility of controlling the passage (from transmission to absorption) of ahypersound through alow-tem-
perature paramagnet using the resonance electromagnetic pumping of lower frequency is substantiated. The
effect has a quantum nature and is analogous to (though somewhat different from) the optical phenomenon of
electromagnetically induced transparency. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 43.35.Gk; 42.50.Gy

An analysis of the physics of coherent processes
indicates that microwave and optical coherent effects
have found acoustic analogues several years after their
discovery. This conclusion is confirmed, e.g., by quan-
tum acoustic phenomena such as acoustic paramagnetic
resonance (APR) [1] [analogue of electron paramag-
netic resonance (EPR)], phonon echo [2], and acoustic
self-induced transparency [3-5]. Acoustic fields usu-
ally act on electron and nuclear spins at low and super-
low temperatures [6, 7]. At liquid helium temperatures
(T ~ 1K), the self-absorption of hypersound with afre-
guency of ~10 GHz due to anharmonicity, defects, etc.,
is appreciably lower than the resonance absorption [1]
and, hence, can be ignored.

The discovery of electromagnetically induced trans-
parency (EIT) [8, 9] consisting in a sharp bleaching of
athree-level resonance medium for aweak optical sig-
nal at the center of absorption lineand in an appreciable
decrease in its group velocity in the presence of a pow-
erful optical pumping has given impetusto the vigorous
development of fundamental and applied areas of
research associated with this effect [10, 11].

On the basis of this parallel, one can conclude that a
search for the effect of acoustic induced transparency
(AIT) in asystem of electron (or) nuclear spinsis also
reasonable. Considering that both EPR and APR transi-
tions can occur between the Zeeman sublevels in an
external magnetic field, one can assume that AIT may
occur upon the combined (el ectromagnetic and acous-
tic) action on a crystal. Note that, contrary to optical
transitions, the resonance absorption line profile for
Zeeman transitions is mainly due to inhomogeneous
broadening [6]. This fact, in turn, should cause certain
distinctions between AIT and EIT, which will be estab-
lished below.

It iswell known that Group V111 paramagnetic ions
with spin S= 1 interact with lattice vibrations the most
strongly [1, 6]. Due to the Zeeman effect in an externa

magnetic field B, a three-level equidistant quantum
state is formed. The equidistance can be eliminated,
e.g., by applying astatic strain eig) aong B, (zaxis) [1,
12]. Below, we consider a system of such ions diluted
asimpuritiesin acubic crystal. Let B, be directed along
one of thefourfold symmetry axes. In this case, the lon-
gitudinal hypersound signal propagates perpendicu-
larly to B, (along the x axis, which is aso a fourfold
axis) and the electromagnetic microwave pumping pro-
ceeds along By, (Fig. 1).

Then, the Hamiltonian of a spin interacting with the
acoustic and electromagnetic fields can bewritten as[1,
3,6, 12]

Hs = ﬁwoéz + §Gll(é§52) + §€xx)
2 (1)

- guB(SBx + ASYBy)a

Fig. 1. Geometry of the assumed experiment. (1) Paramag-
netic sample, (2) dielectric material (transparent to the elec-
tromagnetic pumping) producing static strain; u — and
Y — indicate the propagation directions for the hyper-
sound and electromagnetic pumping, respectively.
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wheret: isthe Planck’s constant, |ig isthe electron Bohr
magneton, g is the Lande splitting factor, wy = gugBy/#
isthe Zeeman frequency inthefield By, G,, isthetensor
component of the spin—phonon interaction connecting
the paramagnetic ion with the longitudinal strain com-
ponent [1, 3, 6], €,, = du/ox isthe relative crystal strain
caused by the hypersound, u is the corresponding dis-
placement of |attice sites, B, and B, are the components
of a magnetic field of microwave pumping, and the
expressions for spin matrices in this geometry are
. ,00t10p . go-104
S = 2D101D S = BHL 010
0o 1 0 D

~

O
00100
2

O O

S= o000

DO 00 al

000-10
Note that the spin—phonon interaction that is linear in
spinfor S= 1isoneor two orders of magnitude weaker
than the quadratic interaction [6] and is ordinarily

ignored.

Hamiltonian (1) should be supplemented by the
Hamiltonian of classical hypersound field

- %[[ p%p + pal(du/ax)? dr, (3

where p isthe average crystal density, a is the velocity
of longitudinal sound in the absence of paramagnetic
impurities, and p isthe momentum density of the oscil-
lating crystal sites.

In accordance with the semiclassical approach [12—
14], the equations of motion for the acoustic field can
be written as

u = dH/dp, p = —dH/du,

H = Ha+ZD:|SD' 4

where TA{] = Sp(B &) isthe quantum average of Hs
and p is the density matrix of effective spin with
dimensionality 3 x 3; the summation is over all para-
magnetic ions [theindex j in Eq. (1) is omitted]. Here-
after, the partial time derivativeisindicated by an upper
dot.

From Egs. (1)—<4), onefinds
S..)— 26 Q - 9611n 6
¢ B8hp 9y
+o0 (5)
X I (P2 + Par + p31) F(A)dA,

SAZONOV

where Q = (3G,,/4h)e,,, N = jcr(r —r;) isthe con-
centration of paramagnetic ions, &(r —r;) is the delta
function, r is the coordinate of the jth ion, and A =

wg% — Wy, isthe detuning of the hypersound frequency

wy; from the central frequency w310 of the inhomoge-
neous contour f(A)for the 1 < 3 transition.

The dynamics of effective spin will be described
quantum-mechanically using Neumann equation for p

with Hamiltonian (1). In so doing, we use the following
representation:

Q = uexp[i(wst—KkgXx)] +cC.C.,

gue(By+iBy)/A = Wexp(iwgt),

P31 = Ry exp[—i(wyt—KsX)], (6)
P32 = Ryexp[—i(wst)],

P21 = Ryexp{—i[(ws —wa)t —ka;X]} .
Here, u and Y are the real Rabi frequencies of the lon-
gitudinal hypersound and the circularly polarized
microwave pumping resonant with, respectively, 1<— 3
and 2 —— 3transitions; R;;, Ry, and R,; arethe dlowly
varying amplitudes (in the standard meaning) of the
respective density matrix elements, ks, is the acoustic
wavenumber for the frequency ws; close to the fre-
guency wso = 20,; the pump frequency ws;, according
to the resonance conditions, is close t0 sy = Wy +

(3G,1/2) €, and the frequency of theinactive 1~ 2

transition is expressed as Wy = Wy — (3G1,/2h) €.
From Egs. (6), one can seethat the term p,, ontheright-
hand side of Eq. (5) can be ignored.

In Eq. (6), the electromagnetic wavenumber for the
frequency ws, is taken to be zero, because the corre-
sponding wavelength A = 21c/w,, ~ |, > |, where |, (1))
is the size of paramagnetic sample across (along) the
magnetic field. Indeed, one ordinarily has in the APR
experiments |, ~1-2cmand I, ~ 34 mm [3, 7]. At the
same time, one has for w;; = 20y =5 x 100 st A =
4cm> |,

As a result, one can ignore the relatively rapidly
varying oscillatory terms and arrive at the set of consti-
tutive equations:

Pas = iU(Ry — R3y) +1W(Rep— R3) =T (Pas — W),
P11 = 1U(RS — Ry) =T (P13 —Wy),
IURZ, +iW(pss—P22), (7)
Rar = —i(Agy —iYa;)Ray + 1U(Pas — Prg) — i WRy,
Rt = —i(Ay —iYs)Roy + IURS, —1WRyy,

—i(Ag—1Y3)Rer—

Ra
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wherel” = 1/T; istherelaxation rate of the diagonal ele-

ments of p (for the sake of simplicity, the approxima-
tion of asinglelongitudinal relaxation rateisused [15];
it is shown below that this approximation is not crucial
in our case); Vs, Ya1, and Yy, are the transverse relax-
ation rates for the corresponding transitions; Ag, = Wsy
— Wsp, Agp = Wy — Wy, AN Ay = U0 — Wy + Wy A€,
respectively, the detuning between the field and atomic
frequencies; w, (o = 1, 2, 3) are the equilibrium popu-
lations of atomic levels; and the diagonal components
of p arerelated to one another by the expression p; +
P22+ Pz =1

The induced magnetic dipole transitions 1 ~—— 2
can be ignored if the Rabi frequency of microwave
pumping is lower than the detuning between the transi-
tions 2 ~—— 3 and 1 ~—— 20 P < |ty — Wyl =

(3Glllﬁ)e$) . The nonequidistance can be assumed to
be appreciable if |y — Wyg] ~ 0.10y,. Taking G4 ~
1072 erg for the Ni2* ionsin aMgO crystal matrix [1, 3,
6], one obtains that the detuning is |y — Gyy0| ~ 101 st

for the static strain e(z(z)) ~ 1073, which correspondstoits
elastic limit; then the microwave pumping at ) < 10° s?
will mainly result in the transitions. Within the frame-
work of this model, the microwave field is a given
dynamic parameter; i.e., its decrease due to the reso-
nance absorption at the 2 < 3 transition is ignored.
Thisapproachisjustified if the pump energy density far
exceeds the energy density absorbed by the resonance
medium: #202/(4TRp3) > n(w, — wa)fioy. At T~ 1K
and 20, = 10" s, one has, according to the Boltzmann
distribution, w, —w; = 0.2. Then, one has Y > 10’ s for
adiluted paramagnet (n ~ 10*” cm3 [6]), which corre-
sponds to a microwave intensity | > 10° W/cm?. On a
decreasein temperatureto 0.1 K, the populations of the
second and third levels become negligible and the
microwave pumping is not exhausted for practically
any intensity.

In the steady-state regime (for which the time deriv-

atives can be ignored), one abtains from Egs. (7) in the
linear approximationinu

_ (D —iy)u
31 = ) )
(D1 —1Y2)(By —iYa) — UJZ
(W, —ws) ll-'z
X Wy —W3— 8
0 r(Agz + ng) + 4\/32l|J2 ®

|y3@D
%Vsz"‘r _|Y2DD

We first consider the case where the microwave
pumping is absent (Y = 0). Then, from Eq. (8) one has
Ra1 = —U(Wy — W3)/(Agy — iysy). Evidently, Ag; = 00310 —
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Fig. 2. Resonance profiles of the (top) absorption coefficient
and (bottom) refractive index in the (dots) absence and
(dashes) presence of resonance electromagnetic pumping.

Wy, = wg% — Wy +A=dw+ A, where dwisthe detuning
between the hypersound field and the center of inhomo-
geneously broadened contour of the 1 -<— 3 transition.
Let us further assume that the contour f(4) is Lorentz-
ian: f(A) = (Y)/(y2 + A%), whereyt = T, isthe dephas-
ing time for the p;; elements because of the inhomoge-
neous broadening. Asaresult and using Egs. (6) and (5),
one arrivesfor y > vy, [3, 6] at the dispersion relation

W dw+iy T2
Kay = 31[1 2n(w, - Ws)(*)gi)o > VZ} )
Yy +0ow

where the dimensionless parameter n =
9G2, n/16% wi) pa2. For the Ni2* ions in MgO, the
above parameters and [3] n~ 10 cm3, p 05 g/lcm?,
a= 10°cm/s, w) ~ 10 s, andy~ 108 s [3], onehas
N ~107 and W) /y~ 103. Hence, the second term in the
square brackets of the dispersion relation is much
smaller than unity, and one obtains the well-known [ 16]

dependences of the hypersound refractive index
No(dw) = aReky/wy, and absorption coefficient

Ko(dw) = Imks;, on the microwave frequency (Fig. 2)
[JA)
No(Be) = L+n(W; —Ws) stp—5——,
Yy +0w
v )
dw) = K0 ,
Ko(0w) = Kof ) sz

where Ky(0) = n(w; — wWs) 00310 /ya is the absorption
coefficient at dw= 0. Substituting the above-mentioned
parameters for Ni%* in MgO, one finds k4(0) ~ 10 cm™,
which isin good agreement with Shiren’s experimental
dataat T= 1.8K [3].

Let now Y # 0. As is mentioned above, y ~ Ag, ~
Doy > Yoo, Voq, Ya- 1N addition, yz, > I [3, 6]. We also
assume that Y = y. Under these conditions, the expres-
sioninbracesin Eg. (8) is, with agood degree of accu-
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racy, w; —Ws — (W, —Wsy)/2 = (3w, — 1)/2. Let the micro-
wave frequency exactly coincide with the center of the
contour of the2-——- 3 transition; i.e., Wy, = oog% Then
Ay = 0w+ A. Taking this and the above estimates into
account, one obtains for the hypersound refractive
index N(dw) and absorption coefficient kK(dw) in the
presence of pumping

3w, -1

2

(36’ +y* —yp*)dw

N(dw) = 1+n

X Wi ,
(qu + y2_6w2)2 + 4y26w2
o (10
K(6 (A)) O(O)Z(W W3)

2 lsz + y +3W

(wz + yz —5(02)2 + 4y26w2
At T~ 0.1 K and 2w, ~ 10" s, one has to a good
degree of accuracy w, =w; =0. Then, (3w, —1)/2=w; —

w; = 1. An analysis of Eq. (10) showsthat at Y < y/./3
the curves for N(dw) and K(dw) are qualitatively the
same as in the absence of the microwave field [see

Egs. (9)]. Aty >v/./3, asmall dip appearsin the center
of resonance absorption ling, and if Y >y, then both
dependences become qualitatively the same as those
typical of EIT [8, 11] (Fig. 2). True enough, these
curves are smoother because of the inhomogeneous
broadening. Two absorption regions appear, which are
symmetrically shifted on both sides of the contour cen-
ter. The shiftisd = @ (Fig. 2). The half-widths of both
absorption lines do not differ from the halfwidth of the
central line in the absence of pumping and are equal to
y. Their amplitudes are smaller than the amplitude of
the central line by afactor of 2. The value of K in the
center of resonance line has aminimum and is equal at
T~0.1K tok(0) = Ko(0)[1 + (YY), whereas k(d) =
K(P) = Ko(0)/2. Taking Y ~ 10° s (this corresponds to
amagnetic component of ~10° Oe and the intensity | ~
10" W/cm? of the microwave field) and y ~ 108 s%, one
concludes that a powerful microwave pumping is capa-
ble of reducing the hypersound resonance absorption
coefficient by two orders of magnitude. For the MgO
crystal with impurity Ni?* ions, onefindsk(0) ~ 0.1 cn.
Therefore, aparamagnetic sample of size~1 cm[3] that
absorbs the resonance hypersound well at a length on
the order of 1 mm becomes practically fully transparent
to the hypersound in the presence of a powerful micro-
wave pumping applied to the sample perpendicularly to
the hypersound propagation direction. At the same
time, whereas the hypersound frequency in the absence
of pumping lies outside the absorption contour (|dw|>
y), in its presence (¢ = dw) the absorption coefficient
K(dw) = Ko(0)/2 ~5cm?, so that the paramagnetic sam-
pleisno longer transparent to the hypersound.

X

SAZONOV

From Eq. (10), onefindsfor the group velocity v, at
ow=0

0) 2_-1
Vg = a[l L U*)slqj ]
g 2 D llJ

Sincen ~ 107 and wiih /Y ~ 102, v, virtualy coincides

with a. This is probably the strongest qualitative dis-
tinction between AIT and EIT, where theratio v/c (Cis
the speed of light in vacuum) can be ashigh as107-1072,

Thus, the microwave field modulates only the
hypersound absorption coefficient. The paramagnetic
sample acts as a gate (filter) controlled by the electro-
magnetic pumping.

The role of static strain plays an important role in
our case. In the absence of strain, wWyg = W = Wy [3].
Then, the electromagnetic field will excitethe 1 ~— 2
transition and will be strongly absorbed.

The physical essence of the effect consdered in this
work isthe ssme asfor the EIT; i.e,, it is due to the inter-
ference of “dressed” quantum states [10]. Apart from the
above-mentioned quantitative distinctions, thereisaqual-
itative distinction caused by the fact that the signd (probe)
field and the pump are physically essentialy different.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 02-02-17710a.
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The dynamic structure factor Sk, w) in liquid cesium near the melting point at T = 308 K is studied by means
of Zwanzig—Mori’s memory function formalism. The spectra of Sk, w) are calculated on the basis of the idea
of time-scale invariance of relaxation processes in liquid metals, which appear on the fourth relaxation level.
The spectra of Sk, w) obtained are compared with the results of an inelastic neutron scattering measurement.
For the description of memory effects we use the statistical presentation of the non-Markovity parameter €,(k,
w). We find that collective excitations at |ow wave-vector values have a non-Markovian nature. © 2002 MAIK

“ Nauka/Interperiodica” .
PACS numbers: 61.20.Gy; 61.20.Lc

The study of collective effectsin simple liquids has
been the subject of intense interest over the last few
yearsin Inelastic Neutron Scattering (INS) experiments
[1], Molecular Dynamics (MD) simulations[2, 3], and
different theories [4]. According to these methods, lig-
uid akali metals have distinct collective excitations in
awide range of wave-vector values and also outside the
hydrodynamic region. This fact was obtained from a
careful analysis of the dynamic structure factor Sk, w)
spectra. High-frequency peaks are appreciable in
Sk, w) for low k values (approximately, up to half the
position of the first maximum of the static structure
factor), and these peaks do not exist in high-k regions.
Understanding the microscopic mechanism responsi-
ble for the propagation and damping of these excita-
tions is still a challenge in liquid metals, where the
dynamics is conditioned by interacting electron gas
effects. So, arecent INS experiment on liquid cesium
near its melting point was carried out by Bodensteiner
et al. in Grenoble [5]. The results of their experiment
have shown that high-frequency collective excitations
exist in this system for wave vector regionk < 1.1 A=,
MD simulation performed by Kambayashi and Kahl
[2] validated fully thefindings of INSin liquid cesium.
The analysis of collective excitations that extend
beyond the hydrodynamic limit is a great contribution
to the development of theoretical models of the liquid
state [6].

For asystem composed of N particles of massm, the

TThis article was submitted by the authorsin English.

density fluctuations are given by

p(k, t) = N‘lz explikr;(0)],
j=1

where r(t) is the coordinate of the jth particle and k is
the wave vector. Then, the main dynamical quantity of
interest is the density—density correlation function F(k,
t) = [p* (k, O)p(k, Y)Ip(K, O)PLIwhere [p(k, )= S(K)
is the static structure factor. The angular brackets
denote an equilibrium ensemble average at temperature
T and density p = N/V with V being the volume of the
system involved. If F(k, t) isknown, the dynamic struc-
ture factor follows from

Sk, @) = [SK)/T lim Re[F(k, i +e)].

According to the memory function (MF) formalism and
the projection operator method [7], we can find thetime
evolution of F(k, t) in the following way:

dF((jI:, ) _ _Qij’d-[ M, (t —T)F(K, T). 1)

Here, we introduce the first general relaxation fre-

guency parameter Qf and the MF of the first order
M,(k, t). However, by using the same method, we can
define the time evolution of the high order MF M, (k, t),
M,(k, t), .... Thus, a set of interconnected relaxation
processes corresponds to an arbitrary relaxation pro-

0021-3640/02/7603-0147$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Theoretical (solid line) and experimental (0) values
of the dynamic structure factor for liquid cesium near the
melting point.

cess (for example, to a density fluctuations in liquids),
which can be easily taken into account by MF formal-
ism.

According to the definition, for ergodic processes
the correlation functions My(k, t) = F(k, t), M,(k, 1), ...,
M;(k, t) have the following properties:

limMk ) = 1, limM(k,t) = 0. @)

Thus, the correlation functions M;(k, t) have character-
istic time scales, which can generaly be defined at
fixed k by the equation

T, = Re[Mi(0)], Mi(S) = IdtMi(t)e_St. ©)

Here, Re[...] denotesthereal part of [...].

These time scales T; characterize the corresponding
relaxation processes and can have different numerical
values. Nonetheless, on a certain level (for example, on
the ith level), the scale invariance of the nearest inter-
connected relaxation processes can exist. Physically, it
implies the existence of the time-scale invariance (TSI)
of relaxation processes on the nearest ith and (i + 1)-th
relaxation levels. Such an approach alows one to
receive an approximation of the form M, ,(k, t) =
Mi(k, t), which is actually the closure of the chain of
integro-differential equations similar to 1. As a result,
only thefirst (i — 1) variables are necessary for the full
description of the system investigated. In the case of
simpleliquid metals, by analogy with the hydrodynam-
icsregion, we propose that only three variables, namely
local density, loca momentum density, and local
energy density, are sufficient to reproduce its spectral
features at the microscopic level. These variables are
implicitly presentin F(k, t), M;(k, t), and My(k, t). From
the above reasoning, one can write the following clo-

YULMETYEV e« al.

sure: My(k, t) = Ms(k, t). By means of the Laplace trans-
formation of the corresponding equations for My(k, t) =
F(k, 1), My(k, t), My(k, t), we abtain an expression for
the dynamic structure factor in which the static struc-
turefactor Sk) and general relaxation parameters of the

ith orders Qi2 (i=1, 2, 3, 4) are contained:
stk o) = Soialol4o]-of) 0]
+ W (Q105—20%05-Q10% + 2070203 (@)
—Q20302+ Q102 + w'(QF-20%0°
+20502-2050%+ Q303%) + W’ (Q5-Q%)}.

Now, we use the theory proposed above for the eval -
uation of Sk, w) inliguid cesium near its melting point
at T = 308 K. The quantities needed for the calculation
are SK) and Q7 (i = 1, 2, 3, 4). The numerical static
structure data were obtained by Bodensteiner et al. [5],
and we use these Sk) datain our calculations. Thefirst

two relaxation parameters Qf and Q§ are defined as
Q% = KgTI[MYK)], Q5 = wf — QF, where o} =
3039K) + N/MVIdrg(r)[l — cos(kr)] D2 u(r). Here,

KgT isthe thermal energy, g(r) isthe radia distribution
function, and u(r) is the pair interparticle interaction
potential (the z axis is chosen in the direction of the
wave vector k). However, to calculate the second fre-

guency parameter Qﬁ, we use the known Hubbard—
Beeby approximation [8] Q2 = 3Q?S(K) + wi[l —
3sin(X)/x — 6cos(x)/x2 + 6sin(X)/x%] — Q7 . Here x = kR,

with R, = 4.8 A and the Einstein frequency > istaken
to be 4.12 ps™, which is the value obtained by Boden-

steiner [5]. The theoretical formulas for Q3 and Q3

cannot be used in calculations for one reason. The final
result of these calculations has gross errors. Therefore,
these parameters can be defined by comparing theoret-
ical and experimental results. Namely, we found the

third and the forth rel axation frequency parameters(Qg

and Qi) were found by us from two mutually indepen-

dent conditions: the behavior of Sk, w) in the points of
central (w = 0) and side (w # 0) maximumes.

We have calculated Sk, w) in the low-k region k =
0.4 ~ 0.9 A1, where high-frequency peaks were exper-
imentally observed. The results for the representative
wavevectorsareshowninFig. 1. Itisclear inFig. 1 that
our theory describes adequately the collective density
excitations in spectra of Sk, w) for liquid cesium. For
the investigated wave-vector region, we have achieved
agood agreement with the experiment [5]. In Fig. 2, we
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SCk0)/S(k) (s)

Fig. 2. Dynamic structure factor calculated on the basis the-
ory for liquid cesium at 308 K.

report a set of normalized dynamic structure factors,
Sk, w)/YK), as calculated from our theory for the wave
vector region 0.4 < k < 1.8 AL, In this figure, one can
see certain changes in the position and altitude of the
central and side peaks at different values of the wave
vector k. Ascan be seenin Fig. 2, side peaks persist up
tok~1.1 A, i.e., very closeto the position of the first
pesk in the static structure factor (k ~ 1.4 A-Y). This
again shows that the liquid supports collective excita-
tions for wavel engths comparable with the mean inter-
particle spacing, a distinctive characteristic of liquid
metals[6].

To understand the nature of the collective excita-
tions below k = 1 A=, we have studied the behavior of
the frequency-dependent non-Markovity parameter
€,(k, w). This parameter was at first entered [9] on the
basis of parameter £, = 14/1;, Where the relaxation times
Tp and 1, are calculated by Eq. (3). By this non-Marko-
vity parameter [10], all relaxation processes can be
divided into a Markovian scenario, when ¢, — 0, a
quasi-Markovian scenario at €, > 1, and a hon-Mark-
ovian scenario a €, ~ 1. The generalized parameter
€,(k, w) isdefined at fixed k by the expression

g(w) = [%Tlg;))}m

() = {Re[J’dthei‘*’t]} 2

)

Here, (w) is the power spectra of the ith relaxation
level that was introduced. In Fig. 3, we present the
results of calculations for the frequency-dependent
non-Markovity parameter €,(k, w) at several values of
wave vectors k. It can be seen in Fig. 3 that the values
of &;(k, w) show an alternation of maxima and minima.
In addition, &,(k, w) and Sk, w) maxima in the low-k
region are located on approximately the same frequen-
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Fig. 3. Frequency dependence of non-Markovity parameter
g1(k, w) for 4 <k <12 nm™,

cies that are associated with collective excitations in
liquid metal. The amplitudes of these peaks quickly fall
as k increases. Thisis due to the amplification of non-
Markovity effects. The occurrence of g,(k, w) peaksin
the region of collective excitations indicates an essen-
tial amplification of quasi-Markovity on propagation of
ion density fluctuations. High-frequency collective
excitations disappear smoothly with increasing k, and
simultaneously non-Markovity is further enhanced.
Similarly, anincreasein g, (k, w = 0) means an enhance-
ment of randomness in the thermal motion of particles.
Thus, the frequency behavior of the parameter €,(k, w)
observed consists in a consecutive alternation of quasi-
Markovian and non-Markovian relaxation scenarios of
behavior. Such an alternation cannot be received within
the framework of any other theory.

In this Letter, we have presented the theory, based
on Zwanzig—-Mori’s MF formalism [7], and the idea of
TSI, which allows one to describe the dynamic struc-
ture spectra in all experimentally investigated regions
of the wave vector. The long-range memory and the
short time correlations have affected the analysis of
non-Markovian properties of the collective dynamicsin
liquid cesium. In thisway, we are going to establish the
non-Markovian nature of collective excitations in lig-
uid cesium at low k values.

This work was partialy supported by the Russian
Foundation for Basic Research (grant no. 02-02-
16146). The authors are grateful to Prof. A.G. Novikov
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tering data and to Dr. L.O. Svirina for technical assis-
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It is shown that Cherenkov radiation can be observed at TESLA in electron collisions with optical laser pulses.
The prospectsfor it to be observed at SLC, LEP, LHC, and RHIC are discussed. The conclusions are compared
with results for pair production. © 2002 MAIK “ Nauka/Interperiodica” .
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The problem of collisions of very-high-energy
charged particles with laser beams is widely discussed
now, mostly in connection with e"e-pair production
(see latest references [1-4]) at SLC and TESLA X-ray
laser facilities [5—7] and with some other issues of fun-
damental physics.

Spontaneous particle creation from vacuum induced
by a strong external field was theoretically considered
in many papers beginning with [8-10]. However, very
powerful high-frequency lasers are needed for this pro-
cess to be observed. Thefirst observations of this effect
weredoneat SLC[11, 12].

Here, | would like to note that optical lasers can be
used for studies of Cherenkov radiation. It iscrucial for
its observation that the main background process of
Compton scattering does not contribute to the kinemat-
ical region of Cherenkov radiation. The principal possi-
bility of such a process was first mentioned by V. Ritus
in [13]. The results can be, in general, applied to verify
our ideas about the properties of the “ photon medium”
in the region where new physics concepts can become
essential and to measure beam energy and laser bunch
parameters.

X-ray lasers have been proposed for usein e*e~-pair
production studies because the quantum energies are
high enough to reach the threshold energy, which in
c.m.s.isequal to m+ 2m,, where m, isthe el ectron mass
and mis the mass of the accelerated particle (equal to
m, at SLC, LEP, TESLA, to the proton mass at LHC,
and to the nucleus mass at RHIC). At the sametime, for
studies of Cherenkov radiation, other characteristics of
a laser, namely, the ratio F/F, of the electric field F to

its “critical” value Fj = mi /e or, equivaently, its peak
power density S are important. They determine the
index of refraction n of the “photon medium” in laser

bunches. The difference of n from 1 is proportional to
the density of photonsinalaser pulse, i.e., to S Itisthis

TThis article was submitted by the author in English.

difference that defines the threshold of Cherenkov radi-

ation and its emission angle and intensity.1 The param-
eters F/F, and Sare higher for optical lasersthan for the
presently available X-ray lasers. That is why they
would be preferred for Cherenkov radiation studies
nowadays. Besides, the energy limitations also favor
optical lasers for this purpose.

The necessary conditionsfor Cherenkov radiation to
be observed are an excess of the index of refraction n
overl,i.e,

An =n-1>0, (D)
and the real emission angle, given by the formula
cos® = 1/Bn, %)

where B = vic= /1 —m*/E* and mand E are the parti-
cle mass and energy. For small values of m/E and n, one
gets

8= J2An—m%E? = J2Aan—y72. ©)

Hence, the condition for the energy to exceed the
threshold for Cherenkov radiation E, iswritten as

ym = E2Eq = = Yeem. (4)

m
24N
Itiseasily seen that the threshold can become very high
for small An.

Equation (3) can be rewritten as

1
0<0 = A/vz—vét/vvus% = B (Y — ). (5)
t

1An anal ogous problem was considered in [14] for particles tra-
versing the cosmic microwave background radiation. The den-
sity of relic photons is, however, extremely low and, therefore,
the index of refraction is so close to 1 that the threshold energy
istoo high for this effect to be observable.

0021-3640/02/7603-0151$22.00 © 2002 MAIK “Nauka/Interperiodica’
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It is seen that the emission angles of Cherenkov radia-

tion increase from O at the threshold to 6,4, = Yo, for
y — o, However, aready at E = 2E, this angle is
very closeto (6(2Ex) = 0.8666,,,,).

The number of Cherenkov photons emitted by asin-
gle particle with the electric charge e in the interval of
frequencies dw from the path length dl is given by the
common expression [15]

dN,/dwdl = 2aAn, (6)

where the fine structure constant a = 1/137. Thus, al
the physical characteristics of the process are deter-
mined by the value An. The intensity of radiation (6)
decreases as the threshold energy (4) increases:

dN, _ 9.Ln_2 - a 7
deodl Eét V?:t

The value of An is uniquely related to the polariza-
tion operator of y—y-scattering. For high energy elec-
trons (protons), the laser field can be considered as the
constant crossed (or null) field. The refractivity index
can be expressed in terms of the photon mass acquired
insuch afield. It hasbeen calculated in [13, 16], and its
graphical representation can be found in [17] (for other
approaches see also [18-20]). According to the results
of [13, 16], the value of An depends on the photon mass
K and its energy w in the following way:

An = —Rep’/2w’. (8)

The photon mass depends only on theinvariant variable
- 2wF

K = .y 9

The value of Rep? is negative2 in the region about

0<k<15 (10)

and has a minimum at K = 5 with Rep? = —0.2am?.
According to Eq. (8), therefractivity index exceeds 1in
this region, and, consequently, Cherenkov radiation is
possible at these values of K. The perturbation theory is
still applicable [13] because ak?2 < 1.

At afixed laser intensity, i.e., afixed ratio F/F,, the
index of refraction does not depend on w at low ener-
gies

An= 14a F/45TF), (11)

because Rep? isproportional to k? at small k2. Thus, the
ratio F/F, defines there the main features of Cherenkov
radiation.

The Cherenkov threshold yq is also completely
determined by thisratio as seen from Egs. (4) and (11).

2We consider the value for transverse polarized photons. For
other polarizationsiit differs by afactor less than 2, and this does
not change the general conclusions.

DREMIN

It is the same for electrons and protons. Therefore, the
threshold energies E., are approximately 2000 times
higher for protons than for el ectrons. Equations (3) and
(11) show that, in principle, by measuring the angle 6,
one can get the energy of the particle beam and the
strength of the laser field or its peak power density.

The magnitude of An decreases at higher values of K
and becomes negative at k > 15, so that Cherenkov radi-
ation isimpossible there.

Even though it can again become positive at extreme
energies where the hadronic channels are important,
thisregion is completely inaccessible in collisions with
laser beams.

Here, we recal that the energy threshold for the
e*e -pair production processes in high energy head-on
collisions of a particle of mass m with laser quanta is
given by

En = me(m+me)/c,. (12)

It depends on the energy of laser quantaw, and ismuch
lower for X-ray lasers than for optical lasers. It is
approximately 1000 times higher for protons than for
electrons. In particular, the threshold for yy-collisions
followsfrom (12) at m= 0.

The condition for Cherenkov radiation threshold to
be below the pair production threshold imposes the
restriction on the laser quanta energies

m - m,
w, < A/2Anme%L + E% = ycﬁme%l + ﬁ%'

The condition (13) differs for electron and proton
beams only by afactor of about 2 in the right-hand side.

For optical and X-ray lasers, according to [2], we
assume, respectively, wy = 1.2 eV (actualy, it varies
from 0.12 eV for CO,-laser to 2.35 eV for Nd:glass
laser) and 3.1 keV, the ratios F/F, = 3 x 10* and 10
or, equivalently, the peak power densities S = 3 x
10?2 W/cm?® =5 x 10% eV4 and 8 x 10'° W/cm? (with a
possible goal of 7 x 10%° W/cm?).

At these parameters, the laser field can be treated as

a constant crossed (or null) field because its invariants
(see[13])

(13)

M F.
w Fy’

- b
X =2y = (14)
are large. For optical lasers with F/F, = 3 x 104, one
gets x = 125, and at TESLA energiesy = 106, x = 600.
Thus, the wavelength L/wy, is much larger than the for-
mation length mJ/eF.

Electromagnetic processes under these conditions
are extremely interesting. New physics concepts may
be necessary here because the effective expansion
parameter [17, 21, 22] ax?? exceeds 0.5. In particular,
this would indicate that the constant field alows the
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interaction with field quanta of arbitrarily low energies.
Radiation effects should be reconsidered.

At F/IF, = 3 x 1074, Egs. (9) and (10) impose the
upper limit w < 12 GeV. Only this region of compara-
tively low energiesis accessible for Cherenkov quanta
in such strong fields.

Using these characteristics, one also concludes that
condition (13) is satisfied for optical lasers with F/F, >
3 x10° (S>3 x 102 W/cm?) and is not valid for the
presently available X-ray lasers. To satisfy it for X-ray
lasers, one must achieve a peak power density as high
as 10°” W/cm?, which is, nevertheless, within the pro-
claimed goals|[2].

It follows from Egs. (6) and (11) that one should
deal with the most intense laser fields to get a higher
intensity of Cherenkov radiation. Thus, in what fol-
lows, we discuss only optical lasers, briefly referring to
X-ray lasers for some estimates.

The numerical value of An for y-quanta in the opti-
cal laser field with F/F, = 3 x 10 is given by

An = 0.65x 10" (15)

Therefore, thetypical angles and threshold y-factorsfor
Cherenkov radiation are

B, = 1.14%10°, y. = 8.8x10% (16)

This implies that the energy threshold for Cherenkov
radiation is exceeded at LEP2 and TESLA, since it is

Ef:et) =45 GeV and iscloseto the upper energy of SLC.
Only with afurther increase in the laser power would it
be possible to study this process at SLC.

The pair production threshold for optical lasers is
about 430 GeV. Thus, SLC and LEP energies are well
bgow it, while TESLA is just close® to the threshold
value.

For proton beams, the Cherenkov radiation thresh-
old E(C'? =83 TeV istoo high even for LHC. If optical
lasers with F/F, > 4 x 1072 (the peak power density S>
5 x 10 W/cm?) become accessible, one can hope to
observe this effect there as well. This energy is much

lower than the threshold for pair production at proton
accelerators, which is about 400 TeV.

Asto the X-ray laser facilities, the threshold for pair
production (12) iswell below the energies accessible at
all the high-energy accelerators.

Now, let us calculate the intensity of Cherenkov
radiation for electron beams and compare it with the

main background process of Compton scattering.? The
total number of Cherenkov quantaemitted in the energy
interval dw by a particle that collides with the laser

3However, notice the rather wide spread of available wavelengths
for optical lasers mentioned above.
4Thefinal results are valid for any charged particles.
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bunch of the coherent spikelength L is
dNc, 5 F?
= 20AnL = 1.1x10 L—. 1
I aAn x > (17)

0

Thisis the energy distribution at low energies as given
by Egs. (6) and (8). It isalmost constant at low energies
as demonstrated by Eq. (17) but should decrease
towards the cut-off at k = 15. For afixed value of the
ratio F/F,, the energies of emitted Cherenkov quanta
are proportional to Kk and limited according to Egs. (9)
and (10). However, already at K = 4 the magnitude of An
and, consequently, the intensity (6) are about twice as
low asthey are at kK = 0. Therefore, the effective values
of w, which are important in the distribution, can be
approximately estimated according to Eg. (9) as

Wy < 2My(Fy/F). (18)
For the values of the ratio F/F, adopted above, one gets

W <3.5GeV for optical lasers and w{Y < 100 GeV

for X-ray lasers. One can use Eq. (9) for an estimate of
An in these energy regions. The threshold and effective
energy of Cherenkov quanta decrease, while the emis-
sion angle and the intensity of radiation increase with
anincreasein laser fields F.

The absolute intensity can be evaluated according to
Egs. (6) and (17). For the coherent spike length L ~
1 mm, the number of quanta per 1 GeV is estimated as

dNg/dw=5 Gev ™. (19)

Thus, the emitted energy within the effective interval
should be of the order of 30 GeV per 1 mm.

To proceed with similar estimates for Compton scat-
tering, we consider first itskinematics. Thisleadsto the
following relation between the emission angle 6 and
energy w of the scattered quantum in the laboratory sys-
tem:

20,

-1
cosf = %H(—JO—L—E(B—LD il =1———(5- (20

E U0 EUO

The precise limits imposed by this relation on the
energy of emitted quantaaregivenby w, < W< E. Inthe
right-hand side of (20), we have taken into account that
the particle beam energy is much higher than the pho-
ton energies E > w > w, . At anglesthat are typical for
Cherenkov radiation (16), the energy of the backscat-
tered quantum obtained from Eqg. (20) is equal to w =
37 GeV, while Cherenkov radiation is much softer
(e, < 3.5 GeV) due to the cut-off imposed by the
behavior of An. Such “soft” photons are emitted at
larger angles at Compton scattering. Therefore, thereis
no overlap of the kinematic regions available for Comp-
ton and Cherenkov processes. By separating the rela-
tively soft quanta at the angle (16), one would be able
to get rid of the background due to Compton processes.
These processes contribute to completely different



154

energy ranges and, therefore, can be easily disentan-
gled.

The multiphoton processes would lead to even
harder quanta in Compton scattering. In other words,

they are effective at larger angles 6 > 2,/w /w. Thus,

even at high values of x, the usual Compton effect for-
mulas are needed to estimate its intensity at small
angles. Let us also note that these energies are much
lower than the threshold for pair production (12) equal
t0220 GeV forL =1.2 eV.

The total energy loss due to Compton scattering is
much larger than for Cherenkov radiation (19). It can be
aslarge as 16/63 of theinitial electron energy [13]. This
is determined by the extremely hard backscattered
quanta. The use of different lasers inevitably leads to a
change in the corresponding values of F/F, and S, and,
consequently, in the threshold energy Eg. Therefore,
one should treat estimates with caution. The practical
feasibility of observing such an effect at high energies
should be considered in close relation to the definite
conditions of a particular experiment. For example, one
cannot use the Nd:glass laser of SLC experiments [11,
12, 23] with F/F; = 2.3 x 10 at TESLA, because the
Cherenkov threshold energy becomes too high. The
optimum choice would be a laser with the highest
power density (see (17)).

Finally, let us note that, in principle, the heavy ion
accelerator RHIC can also be used for pair production
studies with X-ray lasers because the threshold energy
according to (12) is equal to 165 GeV per nucleon that
is available there. The Cherenkov radiation threshold is
the same as for proton accelerators if estimated per
nucleon. It has been discussed above in connection with
LHC and is not reachable at RHIC.
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A novel mechanism is proposed for magnetization reversal by the current of magnetic junctionswith two metal -
lic ferromagnetic layers and thin separating nonmagnetic layer. The spin-polarized current flows perpendicu-
larly to the interfaces between the ferromagnetic layers, in one of which the spins are pinned and in the other
they are free. No domain structure is formed in the ferromagnetic layers. The current breaks spin equilibrium
inthe freelayer, which manifestsitself in the injection or extraction of spins. The nonequilibrium spinsinteract
with the magnetization of the lattice due to the effective field of s—d exchange, which is current dependent. At
currents exceeding a certain threshold val ue, thisinteraction leads to magnetization reversal. Two threshold cur-
rents for magnetization reversal have been obtained theoretically, which are reached as the current increases or
decreases, respectively. Thus, the phenomenon of current hysteresisisfound. The calculated results arein good
agreement with experiments on magnetization reversal by current in three-layer junctions of composition
Co(1)/Cu/Co(l1) prepared in apillar form. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 75.70.Cn; 75.60.Ej; 75.60.J

The possibility of affecting the orientation of mag-
netization in a thin ferromagnetic film using a spin-
polarized current was first suggested and discussed in
1996 [1-3]. In recent years, this problem has attracted
increasing interest not only from the theoretical but also
from the applied viewpoint. At present, magnetic junc-
tionsare applied for reading information with the use of
the effect of giant magnetoresistance [3]. The experi-
mental detection of a significant influence of a polar-
ized current on the magnetic state would permit us not
only to read but also to write information.

The above effect of current was recently revealed
and experimentally studied [4-8] in three-layer mag-
netic junctions. The polarized current flowed perpen-
dicularly to the layer interfaces. In the literature, vari-
ous possible mechanisms of current effect have been
discussed. It issupposedin[1, 2, 9] that the magnetiza-
tions of layers 1 and 2 are noncollinear; in this case,
charge carriers, when intersecting the boundary of layer
2, should adjust to the new quantization axis. This
adjustment occurs at distances of the order of the quan-
tum wavelength. Thisresultsin atorgue that acts on the
magnetization and depends on the current. At current
densities exceeding a certain threshold, this torque
leads to magnetization reversal. It isimportant that the
magnetization reversa threshold in this case is deter-
mined by dissipative processesin layer 2.

Another mechanism, which is called NEXI (non-
equilibrium exchange interaction) by the authors of

[10], consists in the establishment of a strong indirect
exchange interaction of two ferromagnetic layers upon
the passage of a polarized current through these layers.
A specific feature of this mechanism is that the charge
carriersin layers 1 and 2 should have a common spin
wave function. Both mechanisms yield a value of an
order of 108-10° A/cm? for the threshold current den-
sity.

For “point” junctions with a diameter of the contact
of ~4-50 nm [4, 5], athreshold current density close to
that predicted theoretically was observed in experi-
ments (108-10° A/cm?). However, for metallic pillars of
larger diameters (~60-600 nm), the threshold turned
out to be much smaller, ~10'-108 A/cn?? [6, 7]. In addi-
tion, therelation of the measured threshold current with
the spin-dependent scattering of charge carriers from
the boundary of layer 2 and with dissipative processes
in layer 2 still remains doubtful [7]. Thus, the question
of the possibility of other mechanisms of influence of
current on the magnetic state retains its importance.

In this report, we suggest a new, spin-injection
mechanism of current effect on the orientation of mag-
netization in a magnetic junction. We consider a con-
ventional model of a magnetic junction with two ferro-
magnetic layers, 1 and 2, of which one (layer 1) is
pinned and the other (layer 2) isfree. The flux of polar-
ized charged carriers from layer 1 into layer 2 injects
spins into layer 2, i.e., breaks spin equilibrium and
increases the degree of spin polarization in this layer.

0021-3640/02/7603-0155%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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The nonequilibrium spins interact with the magnetiza-
tion of the lattice due to the effective field of s—d
exchange, which depends on the current. At a suffi-
ciently large current exceeding a certain threshold, the
effective field causes the magnetization reversal of
layer 2.

The current density through the junction depends on
the angle x between the quantization axes z; and z, of
layers 1 and 2. This dependence is universal, is deter-
mined by the rules of transformation of spin wave func-
tions upon rotation of the quantization axis, and hasthe
form[11]

- Jp+ la Jp_Ja

J > + = CosY, (D)
where j, , are the current densities for the parallel (x =
0) and antiparallel (x = 1) orientations of the magneti-
zations. An external field can changethe angle x, which
leads to the effect of giant magnetoresistance; its mea-
sureistheratiop = (j, —ja)/j, > 0.

The spin injection in layer 2 can conveniently be
characterized by the function

n,(y)—n

Py = HRZ0OD @
wherey is the coordinate aong the current, n, | (y) are
the densities of charge carriers with opposite spins, and
n=n,(y) + n,(y) isthe total carrier density independent
of the coordinate y in the case of metal because of the
condition of quasi-neutrality. By itsmeaning, P,(y) isthe
degree of spin polarization in layer 2.

We assume that in layer 1 the spins are completely
pinned. Therefore, the degree of spin polarization in
this layer is equal to the equilibrium degree P, and is
independent of coordinates. The flux of spinsinlayer 1
is uniform in space and is directed along the current,
i.e., adong the y axis. Upon the passage into layer 2,
only the projection of the spin onto the quantization
axis z, remains unchanged [1, 2]. The flux of this pro-
jection at the interfacey = 0 is J; = (A/2€)j P, cosy and
continuously passesinto the flux of spinsin layer 2

39) = 201,00 =1, )], 3

wherethe partial densities of currentsof charge carriers
with opposite spins are

. an, . (y)

JT,l(y) = _eD#"'enr,i(y)V- (4)
For simplicity, the drift velocity v and the diffusion
coefficient D in (4) are assumed to be independent of
spin. In essence, it is the existence of a spin flux at the
interface between the layersthat isthe cause of the vio-
lation of spin equilibrium in layer 2, i.e., the cause of
spin injection or extraction.

GULYAEYV et al.

The partial current densities satisfy the continuity
equations

lajT,l(y) - nT,l(y)_nf,l
e oy T

: ()

inwhich nf , are the equilibrium carrier densities and
Ts IS the spin equilibration time. Equations (2), (4), and
(5) permit usto obtain the equation for the sought func-
tion P,(y), which has the form

0’PAy) v OPLY) [Piy)—Pd _
oy> D oy D1s

where P, denotes the equilibrium value of P,(y). We
seek the solution to Eq. (6) that satisfies the following
boundary conditions: (1) the condition for the continuity
of the flux of spinsat y =0, namely, J; = J,(y — +0),
and (2) the condition for the restoration of spin equilib-
rium through the thickness of layer 2 equal to L, i.e,
the condition L, > |5, where I, is the spin relaxation
length. The condition L, > Iisin principle unimportant
and isimposed here for simplicity. With decreasing L,
all further formulas stop being dependent on the thick-
ness of layer 2, and for estimation we can merely
assume L, = Igin them.

The explicit expression for therelaxation length s is
determined by the relationship between the contribu-
tion of diffusion and drift to the current (4). The most
important contribution comes from currentsthat are not
too high, when

il < jo=2en DI, (7)

at which diffusion is dominating. Indeed, D ~ vﬁrp,
where the Fermi velocity is v ~10% cm/s, the time of
relaxation of the momentum is 1, ~ 3 x 10%° s, 1 ~
1073 s, and n ~ 10%-10% cm3. Then, we obtain jp ~
5.4 x 10 to 5.4 x 10 A/cm? Later in this paper,
we will consider much smaller currents, so that condi-
tion (7) is aways well fulfilled. In this case, the length
I is determined only by diffusion and can be estimated

aslg= /D1y ~17 nm.

Finding a solution to Eq. (6) and averaging it over
the thickness of layer 2, we obtain

0, (6)

L

_ 1 Y .y
P2= T [PaV)dy = P+ (Picosx —P)(i/jc). (8)
Y
0

where j; = enL /T,
The injection term proportional to current in (8) is
small, sincej. = (L,/29)jp > |j|. Therefore, the contribu-
tion that is proportional to current to the average mag-
netization of layer 2, which is equal to M, = M, +
JETP LETTERS  Vol. 76
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HsNP, where | is the Bohr magneton, should also be

small. The energy of magnetic anisotropy and the Zee-
man energy in an applied magnetic field H are deter-

mined by the magnetization M, . Therefore, the contri-
bution of the current and spin injection to these energies
should also be negligible. The situation with the energy
of the s—d exchange interaction is different. The aver-
age density of this energy (integral of the energy den-
sity over the volume of the layer referred to volume)
can be represented in the form

ES—d = —G M2|J.Bn|52. (9)

Energy (9) isproportional to the product of the mag-
netizations of the lattice and free carriers; the dimen-
sionless coefficient a that characterizes the efficiency

of exchangeisestimated asa ~ Aa¥ ué. A typical value
of the parameter A is 0.1-10 eV [12]. The parameter a
is of the order of the lattice parameter. We take avalue
a3~ 102 cm for the estimation. Then, we obtain o ~
1.8 x (10*-10°) > 1. Itisprecisely duetothelargevalue
of the coefficient a that the spin injection caused by the
polarized current substantially affects the exchange
energy and, through it, the magnetic state of layer 2.

The substitution of Egs. (1) and (8) into Eqg. (9)
yields the angular dependence of the energy density of
the s—d exchange in the form

where
T . .
Ay = aanMsz[l—é—e—nEL—y(JpJfJa)} (11)
B,y = “BEEpy (j, + ) ~Py(l,- il (12)
2el,
_ OpgMotPy o
Coa = ~or,— (ip=Ja): (13)

Let the easy axisliein the plane of layer 2 and make
an angle 3 with the quantization axis z; of layer 1. Then,
the anisotropy-energy density in layer 2 is

Ex = —Kcos’(X —B),

where K is the anisotropy constant.

If the external magnetic field is applied in the same
plane a an angle a to the axis z, then the Zeeman-
energy density in layer 2is

(14

E, = ~M2H cos(x —a), (15)
where M, = M, + pgnP, is the equilibrium magnetiza-
tion of layer 2 produced by localized spins and free
charge carriers. The total magnetic energy of the layer
isequal inthis case to the sum

Bt = Esq+ Ea+Ey (16)
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and can be considered as a function of the angle x at
givenaa and 3.

It can be seen from a comparison of (10) with (14)
and (15) that the s—d exchange energy is equivalent to
the appearance of an additional magnetic field H' =

By o/ M2, which is parallel to the z, axis, and that of an
additional anisotropy with an anisotropy constant K' =
C. 4 and an anisotropy axis parald to the z, axis. It is
known that changesin thefield or in the anisotropy con-
stants can lead to reorientation phase transitions in the
film. We show below that the polarized current, chang-
ing thefield H' and the constant K', al so leads under cer-
tain conditions to the magnetization reversal of layer 2.

Consider the simplest (and, apparently, the most
important [6, 7]) case where a = Ttand 3 = 0. We com-
pletely neglect the dissipative processesin the magnetic
subsystem of layer 2. Then, this subsystem under sta-
tionary conditions can be in a state of partial equilib-
rium in spite of the presence of a dc constant current.
The equilibrium angle X is determined from the condi-
tions of the minimum of energy (16)

2
0E(X) -0, 0 EtotZ(X) >0.
0X ox
After calculating the derivatives in (17) with Egs. (10)
and (14)—(16) taking into account, we find that the mag-

netic state is determined by the current-dependent
parameter

(17)

B, 4~ M2H
2(Cs g+ K)

At [x] < 1, two equilibrium anglesexist, x =0and x = Tg
at x > 1, thereis only one equilibrium angle, x = 11, and
at & <-1, thereasoisonly oneangle, x = 0.

The establishment in the junction of this or that
value of the angle x depends on the history of the mag-
netization process. Let first the current bej = 0 and a
sufficiently large (in absolute magnitude) field be

present (JH| > 2K/M3). According to (18), such asitua-
tion correspondsto & > 1, and the angle X = 1t Let now
the current increase in the positive direction, i.e., j/j. > 0.
Then, the charge carriers are injected into layer 2 and
increase, in accordance with (8), the degree of spin
polarization in this layer. According to (12), the coeffi-
cient B, 4increases, whereasthe coefficient Ce 4~ (j,—j )
is relatively small. In this case, the parameter &
decreasesand falsinto theinterval |§| < 1. Inthisrange,
the value of the angle x = Ttis equilibrium and, there-
fore, remains unaltered. This situation is retained until
we, with a further increase in the current, fall into
another interval, § < —1. At the boundary of this inter-
val, the equilibrium angle should change abruptly to the
value x = 0. Thereby, at this boundary, a discontinuous
reorientation of the magnetization occurs (magnetiza-
tion reversal). The threshold current density for such a
Pprocess, j, _ ,, can be found from the condition § = -1

3 (18)
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Current dependence of the differentia resistance dVv/d;: (a)
upon the antiparallel and (p) paralel orientations of the
magnetizationsin layers 1 and 2. Arrows show the possible
directions of current changes.

and, with Egs. (12) and (13) taking into account, is
equal to

h+h,

Jaap = JO(l_p)zpl_p(3P1+P2)1 (19)
where
~ 2
H K . . 81iM>
h= ——, h, = e = e .
M, T Jo = JegonM,

Asthe current changes to the opposite direction, we
againfall into theinterval || < 1, but now we havex = 0.
Sincethisangleisthe equilibrium angleinthisinterval,
it will be conserved. As the current decreases further,
the value j = 0 is reached and then the current changes
its sign. According to (8), this means that now the
extraction of spins occurs and a decrease in the degree
of spin polarization in layer 2. This continues until we
passinto theregion & > 1. At the boundary, the equilib-
rium angle returns abruptly to theinitial valuex =1t In
other words, a second magnetization reversal to theini-
tial orientation occurs at this boundary. The threshold
current density j, _, , for this processis found from the
condition |§| = 1, which yields

o h—h,
Jo-a = Joop 5P, —P)

Comparing formulas (19) and (20) with one another,
we see that the threshold currents do not coincide. This
or that threshold current can be obtained depending on
in which direction a change in the current occurs. In
other words, we obtained a current hysteresis. Note that
such a situation was observed experimentally in [6-8]
upon the investigation of pillar magnetic junctions of
composition Co(l)/Cu/Co(ll). In this connection, we
perform amore detailed comparison of our calculations
with the results of the above works.

It is convenient to represent the calculated depen-
dence of the differential resistance dv/dj on the current
density j, where by V we mean the voltage of the current
source. The result, naturally, will depend on the mech-
anism of conductivity inthejunction (ohmic conductiv-
ity, ballistic transport, effects of heating, etc.). For sim-

(20)
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plicity, we will assume that the conductivity is ochmic.
Then, dV/dj = R + r(X), where R is the interna resis-
tance of the source, and r(X) is the resistance of the
junction depending on the angle . These dependences
for two values of the angle X (x = tand x = 0) are
shown in the figure. Arrows indicate the character and
the direction of the change in the resistance depending
on the current. Jumps of resistance related to magneti-
zation reversal are seen. Qualitatively, this dependence
completely corresponds to experimental data [6-8].

For quantitative estimation, we will use the above-
cited numerical values of some parameters and addi-
tionally take the following parameters for Co films
[13]: M,~0.1T,K~0.4 Jcm3, n~ 102 cm=3, o ~ 1.8 x
10°, P, = P, =0.38, and L, = I, = 17 nm. The earlier-
introduced parameter of the magnetoresistance p can
bewritten asp = (r(m) —r(0))/(R+ r(1)). Sincein [5-7]
therelation R> r(x) = r(0) wasfulfilled, the parameter
p was very small. Therefore, upon the estimation of
threshold currents by formulas (19) and (20), we
assumep =0. Then, weobtain (ath=0)j, . ,=—a_ p~
3.4 x 10" Alcm?, which approximately corresponds to
the experimental estimate of the threshold currents. We
emphasize that, as in experiments, the threshold cur-
rents have different signs at h = 0 and coincide in abso-
lute magnitude. It is seen from our calculations that the
magnitude of these currents is mainly determined by
the magnetic anisotropy rather than by the dissipative
processes in layer 2. In complete accordance with
experiments, the threshold currents are shifted in the
positive direction upon the application of the magnetic
field h, and the symmetry in the location of the two
thresholds with respect to the point j = O isviolated (see
figure). It isinteresting that the theory predicts the dis-
appearance of one of the thresholds, namely, j, . , =0,
a h = h,. At given values of the parameters and anisot-
ropy constant K, this should correspond to a field
H=08T.

In conclusion, we consider our supposition on the
absence of adomain structure in layer 2. The character
of the domain structure in such cases and the effect of
the polarized current on this structure have been dis-
cussed in our previous papers [14, 15]. According to
[14], no domains should arise in very thin films, when
L, < 9, where d isthe width of adomain wall (typically,
0 ~5nm[16]). Itis precisely thisrelation that was ful-
filledin experiments[6-8], where L, = 1.5-10 nm. Note
that, according to [15], no current hysteresis arises in
the presence of a domain structure, and the switching
fromthe current j, to the current j , and vice versaoccurs
gradually rather than abruptly.
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The field dependence of the magnetic moment of square (100 x 100) SNS-type Josephson junction arrays was
studied by a SQUID magnetometer. A considerable differencein the behavior of this dependence was revealed
for the cases of the entry of magnetic flux into the array and its exit from it. The branches of the curve obtained
with increasing field strength had the form of regular periodic dependences with peaks corresponding to integer
and half-integer numbers of flux quanta per cell. The curves obtained with decreasing field strength had no
noticeable features and, in particular, no periodic structure. Magnetic flux avalanches were not observed in the
SNS-type arrays, although the critical parameter of the system was sufficiently great (L1/®y > 1) to satisfy
the necessary condition of the self-organized criticality. The quasi-hydrodynamic flux motion in the array
was explained by the considerable viscosity characterizing the vortex motion through the Josephson junctions.

© 2002 MAIK * Nauka/Interperiodica” .

PACS numbers: 75.70.Cn; 74.80.Fp; 74.50.+r; 74.25.Ha

The dynamics of magnetic vorticesin regular arrays
of Josephson junctions attracted the attention of
researchers years ago [1, 2] and has been intensively
studied in recent years with a view to obtaining a nar-
row-band coherent submillimeter radiation from a
Josephson junction array (JJA) with alarge number of
junctions [3]. Despite the fact that the vortex dynamics
in JJAs is the subject of numerous theoretical publica
tions, e.g., [4, 5], direct experimental studies of the
magnetic properties of JJAsare only represented by our
publication [6], which reports on the observation of
avalanches of tens or hundreds of flux quanta in Nb—
NbO,—Pb JJAs and the realization of a self-organized
criticality [7]. The presence of thelatter in chaotic JJAs
was predicted in 1994 [8]. It should be noted that the
possibility of the appearance of such avalanches dem-
onstrating the realization of the self-organized critical-
ity in the magnetization of aregular JJA was predicted
by none of thetheoretical publications (see, e.g., [4, 5]).
After the aforementioned publication of our results,
Ginzburg and Savitskayashowed that, inideal JJAS, the
self-organized critically is impossible, and the ava-
lanches observed in our experiment could be caused by
adglight violation of the array periodicity. The scatter in
thearray cell dimensionsthat is sufficient to cause such
an effect isabout 5% [ 9], which iswithin the technol og-
ical scatter of the parameters of our JIAS.

The purpose of the study described below was the
observation of the magnetic flux motion in the JJAs
with SNS junctions and, specifically, the detection of
the manifestations of the self-organized criticality, such

as the formation of avalanches, asin the SIS-type JJAs
[6]. Taking into account that, in SNSjunctions, one can
obtain large critical currents (and large values of the
critical parameter), we expected to obtain large ava-
lanche amplitudes with these devices. However, the
behavior of the magnetic flux in SNS-type arrays
proved to be noticeably different from that in arrays
with SIS junctions.

In our experiment, we studied square JJAs fabri-
cated using the same masks asin the previous study, but
in this case the arrays consisted of Nb—Cuyg g5Al05—Nb
junctions of the SNStype. Each junction had an area of
7 um?, a normal layer thickness of 200 nm, a normal
resistance R, ~ 10 Q, an inductance per cell L ~ 2 x
102 H, and acritical current Ic~1.5mA aa T=4.2K
(the corresponding critical parameter was LIJ/®, ~
9.3> 1, where @, is a magnetic flux quantum). The
array consisted of 100 x 100 cells whose size was a? =
20 x 20 um? (a piece of the array is schematically rep-
resented in Fig. 1).

The measurements were performed by a SQUID
magnetometer with a sensitivity of 10 A m2 The
magnetometer was designed in our laboratory, and its
characteristics are briefly described in our previous
publication [6] and alsoin [10].

Theresults of measurementsare presented in Figs. 2
and 3 displaying the hysteresis|oops of the dependence
M(H) for a number of temperatures. Owing to the
adjustment of the astaticism of thereceiving coils-sole-
noid system, the curves were recorded with almost
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Fig. 1. Geometry of a Nb—CuggsAlgos—Nb Josephson
Junction array.

complete compensation of the considerable contribu-
tion made by the superconducting films (banks) of the
Josephson structure under study in the SQUID magne-
tometer. This contribution was proportional to the
external field, and, at atemperature of 7 K in afield of
300 mOe, it exceeded the signal from the JJA by more
than an order of magnitude.

The curves M(H) reflect the specific critical state
arising in a regular Josephson structure. At tempera-
tures below 8 K, one can see pronounced regular peaks
with a temperature-independent period of approxi-
mately 60 mOe in magnetic field. In view of the fact
that the real field in the array region is reduced because
of the partial displacement of the field of the solenoid
by the superconducting film structure, this value corre-
sponds to the flux quantum per array cell AH = ®y/a? ~
52 mQOe. The periodic peaks of the magnetic moment
mean a sharp increase in the critical current of the
fluxon pinning (the depinning current) at integer frus-
trations f, when all cells contain equal integer numbers
of flux quanta and their distribution throughout the
array is most regular and stable. Exactly in the middle
between any two large peaks, one can notice small
peaks that correspond to changes of the magnetic flux
by a half-quantum per cell. Presumably, this situation
also corresponds to the relatively stable distribution of
the added flux quanta over the JJA in a checkered order
[11, 12]. At temperatures from 6 to 7.1 K in the field
interval +60 mOe, one also can see features corre-
sponding to flux changes by one third of the flux quan-
tum per cell. In the region where periodic peaks are
observed, their shape at A > a agreeswell with the cal-
culations [4].

The most intriguing fact seems to be as follows:. the
sharp regular peaksin the hysteresis|oops are observed
JETP LETTERS  Vol. 76
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Fig. 2. Magnetization curves of a Josephson junction array
for temperatures between 5.7 and 8 K.

only when the field strength increases while, when the
field strength decreases, they are practically undetect-
able and reappear when the field crosses the zero level.
Since the peaks in the magnetization curve reflect the
ordered filling of the JJA by magnetic flux, their
absencein the descending branch presumably indicates
the absence of ordering in the flux distribution over the
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Fig. 3. Magnetization curves of a Josephson junction array for temperatures between 3.7 and 5.7 K.

Josephson structure in the course of the field decrease.
Thus, the entry of fluxonsinto the array isaccompanied
by the formation of ordered structuresin their distribu-
tion, whereasthe exit from the array occursin arandom
irregular way. It should be noted that asymmetry of
magnetization was also observed in SIS-type JJAS [6],
but in that case, it was weakly pronounced and there-
fore was ignored in the cited paper. Hence, the asym-
metry can be accepted as a general property of the col-
lective motion of Josephson vortices in JJAS, and this
property is somehow related to the geometry of the sys-
tem but independent of the type of junctions.

Possibly, the asymmetry of the hysteresisloopsisto
some extent caused by the boundary potential barrier,
which hinders the penetration of fluxons into the array
and, thus, leads to a difference in the type of their dis-
tribution in the JJA at their entry and exit. The charac-
teristic features of magnetic dynamics may also be
determined by the fact that the profile of the potential
energy of pinning in the cells near the boundary of the
Josephson array is asymmetric due to the edge effects.
In[13], it was shown that the asymmetry of the pinning
potential can lead to an anisotropy of the pinning force,
i.e., akind of “diode effect,” when theforcerequired for
setting the vorticesin motion in onedirection issmaller
than the force required for their motion in the opposite
direction. It is natural to expect that the asymmetric
profile of the pinning potential varies along the bound-
ary and that, near the corners of the array, it is notice-
ably different from the profile at the boundary away
from the corners. Thismay lead to asituation wherethe
entry and exit of the flux occur through different
regions of the boundary, and hence these are accompa:
nied by different types of flux distribution in the array.
We assume that another important factor was that the
dimensions of the Josephson junctions in our structure

(~3 um) were fundamentally comparable with the
dimensions of the JJA cells (20 pm). In the theoretical
publications available to us, the modeling of the vortex
dynamicsin JJAswas performed by assuming the junc-
tion dimensions to be negligibly small, and this seems
to be the main reason why the asymmetric behavior was
not predicted by the theory.

In Fig. 2, one can notice two fundamentally differ-
ent magnetization curves obtained for a JJA at a tem-
perature of 7.1 K. The lower of these two curves exhib-
its no sharp peaks and no asymmetry observedin all the
other hysteresisloops. The curve was obtained by heat-
ing the JJA above the superconducting transition tem-
perature and then cooling it in a magnetic field of
=180 mOe. Such a procedure results in the freezing of
Abrikosov vortices in the niobium films forming the
banks of the Josephson junctions. Since the pinning
occurs in this case at randomly distributed defects, a
certain disorder is introduced in the magnetic system.
In the magnetic field range studied in the experiment,
the Abrikosov vortices do not move from their positions
because of the large pinning force in the superconduct-
ing films, but they noticeably affect the flux motion
through the Josephson array. This effect proves to be
greater than the effects of other factors, and therefore
the curve under consideration exhibits no asymmetry
and no sharp peaks at integer frustrations. All other
curves were obtained with the Josephson arrays cooled
in magnetic fields below 1 mOe, which guaranteed the
absence of Abrikosov vortices.

One can distinguish two temperature regions within
which the curves M(H) behave in different ways. In the
first region corresponding to higher temperatures
(Fig. 2), the depth of thefield penetration into the array,
A = dy/2m,l ¢, considerably exceedsthe array period a.
Every flux quantum (fluxon) with the diameter ~A is
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distributed over several cells, and their intrinsic fields
of currents are small (the weak pinning region). In this
limit, the magnetic flux is uniformly distributed over
the array. Within this temperature region, sharp peaks
of M(H) are observed in the ascending branches of the
hysteresis loops, every peak corresponding to a state
with an integer number of flux quanta per cell. At lower
temperatures, when A is much smaller than a (the
strong pinning region), each cell aways contains an
integer number of flux quanta, and their behavior can be
described by the discrete dynamics. In this case, the
intrinsic fields of the screening currents flowing in the
JJA are large, which results in a nonuniform distribu-
tion of fluxons over the array and manifestsitself as an
increase in the width of the peaks in the magnetization
curves and adecreasein their relative height, as one can
seefrom Fig. 3. Thisresult agreeswell with the conclu-
sions made in [14, 15], where it was shown that the
ratio of the peak amplitudes observed in the magnetiza-
tion curves at integer f (and, hence, the depinning cur-
rent) to the values obtained at intermediate f (at the
“pedestal” level) decreases with decreasing tempera
ture because of the growing sdf-field effect with
decreasing A. For the structure studied in our experi-
ment, the cadculated value of the fluxon size 2A
becomes equal to the structure period a = 20 um at tem-
peratures of about 6.5 K.

From the half-width of the magnetization hysteresis
loops, one can estimate the fluxon depinning current at
noninteger frustrations on the basis of the assumption
that the currents flow over the array along concentric
square circuits, in which case the hal f-width of ahyster-
esis loop is directly proportional to the current. For
square lines of current, a simple calculation yields the
following expression for the magnetic moment of the
array: M = 14,N%a?/6, where | 4, is the depinning cur-
rent, which is assumed to be constant over the entire
array. One can expect that real lines of current deviate
from sguare ones by “ cutting” the angles, and therefore
the simplest model provides a somewhat underesti-
mated value.

Figure 4 shows the temperature dependence of the
depinning current |, estimated by the af orementioned
method (on the logarithmic scale). The solid line shows
the theoretical dependence for a square array, which,
according to [12, 14] with alowance for the self-field
effect of currents, yields |4, = 0.11(1 + 1.5a/A), where
I isthecritical current of asinglejunction. Thetemper-
ature dependence of | for an SNS-type junction in the
“dirty” limit is expressed as I, = 0.1, (0)(1 -

T/T(;)Ze_‘“[T , where T, = 9.2 K is the superconducting
transition temperature of the Josephson junction banks
(see, e.g.,[16]). The coefficient a = 3.6 was determined
from the direct measurements of the critical current
through asingle SN'S Josephson junction with anormal
interlayer of the same composition. The value of the
factor 1,(0) = 3.6 A was determined by fitting to the
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Fig. 4. Temperature dependence of the depinning current of
a Josephson junction array.

experiment in the temperature region near T, and it is
closeto thevaluel(0) = 3.9 A obtained from the direct
measurements of the critical current of a single junc-
tion. One can see that above 3.7 K the experimental
data agree well with the theoretical dependence, but at
low temperatures, a noticeable discrepancy is observed.
Presumably, this occurs because of the considerable
curvature of the field lines and their concentration near
the edge of the array. As aresult, the magnetic field in
this region considerably exceeds the external field and
can noticeably suppressthe critical currents of the junc-
tions. The suppression is strongest for the currents cir-
culating along the edges, i.e., the currents that have the
maximal circuit areas and make the maximal contribu-
tions to the total magnetic moment. When the tempera-
ture is sufficiently high, the critical currents are small,
and the suppression does not manifest itself, because
the magnetic field rather easily penetrates into the
structure, and, hence, no field concentration at the array
edge takes place.

In closing, it should be noted that the study of the
mechanisms underlying the interesting phenomenon of
asymmetry in the magnetic flux dynamics requires
additional experimentswith regular Josephson junction
arrays of different types (SIS and SNS) and with differ-
ent junction characteritics, such ascritical current den-
sities, junction dimensions, and distances between the
superconducting banks.

Thiswork was supported by the Russian Foundation
for Basic Research (project no. 02-02-16564) and the
State program “High-Temperature Superconductivity”
(project no. 023-02).
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The crystals of (BEDT-TTF),K[Fe(CN)sNQ],, representing a quasi-two-dimensional organic metal with con-
ducting layers of bis(ethylenedithio)tetrathiofulvalene (BEDT-TTF) and nonconducting layers containing pho-
tochromic nitroprusside anions [Fe(CN)sNO]?-, were studied by the method of electron spin resonance. |llumi-
nated by light with awavelength of 514.5 nm, the organic metal crystals feature the formation of localized para-
magnetic centersin the conducting cation layers of BEDT-TTF. The phenomenon of electron localization in the
BEDT-TTF layers is related to the light-induced formation of long-lived metastable states of nitroprusside

anions. © 2002 MAIK “ Nauka/Interperiodica” .
PACS numbers: 73.21.Ac; 71.30.+h

The crystal structure of the quasi-two-dimensional
organic metal (BEDT-TTF),K[Fe(CN)sNQ], [1, 2]),
which is similar to the other conductors and supercon-
ductors based on bis(ethylenedithio)tetrathiofulvalene
(BEDT-TTF) [3], features the alternation of the con-
ducting layers of BEDT-TTF radical cations and the
nonconducting anion layers. The characteristic features
of the given organic metal arerelated to the fact that the
nonconducting layers contain nitroprusside (NP)
anions [Fe(CN)sNOJ? exhibiting photochromic prop-
ertiesin anumber of salts.

As is known, the NP anions [Fe(CN);NO]%,
exposed to the light with a wavelength of 350-540 nm
at asufficiently low temperature, exhibit atransition to
two long-lived metastable states, MS1 and MS2. It
should be noted that the fraction of NP anionsinvolved
in this transition does not exceed 30-50%. The reverse
transition from MS1 and M S2 to the ground state (GS)
takes place under the action of light with a wavelength
of 620—760 nm or on heating [4-10]. The transition to
the metastable states is accompanied by a reversible
variation of interatomic distances in the NP anion and
by achangein the anion geometry. An X-ray diffraction
study [8] showed that atransition to the M S1 state alters
coordination of the NO group with respect to the central
Fe atom. In both GS and M S1, the atoms of Fe, N, and
O forming a Fe{(N—O) group lie on the same axis, but
Fe atom is bound to nitrogen in the GS and to oxygen
in the MS1 configuration. Based on the X-ray diffrac-
tion data for Na,[Fe(CN):NO], - 2H,0 crystals, it was
concluded [8] that the Fe<(N—O) group inthe M S2 con-

figuration exhibits bond bending, whereby the Fe-N-O
angle amounts to 82° and both atoms of the NO group
are coordinated to iron. However, the nature of MS2
remains unclear and is still a subject for discussion [7,
8, 11-15]. The light-induced transition of NP anions to
metastable states modifies the optical properties of
nitroprusside crystals [16-18]. For example,
Na,[Fe(CN)sNO], - 2H,0 crystals exhibit a reversible
change of color. The photochromic properties of nitro-
prusside salts are of interest from the standpoint of pos-
sible applications in light-controlled data storage
devices with high-density recording [17, 18].

The structure of (BEDT-TTF),K[Fe(CN)sNQ], is
characterized by short contacts C---O, SN, and C---N
between BEDT-TTF cations and NP anions, whereby
the interatomic distances are smaller than the sums of
the corresponding van der Waals radii [2]. Therefore,
one may expect that the transition of NP anions to
metastabl e states in this quasi-two-dimensional organic
metal will modify the electronic properties of conduct-
ing cation layers. Unfortunately, until recently, investi-
gations were restricted to the properties of honconduct-
ing salts of NP and related anions[9, 19-21]. However,
preliminary DSC data [22] showed evidence of the
formation of metastable states of NP anions in the
(BEDT-TTF),K[Fe(CN)sNQ], crystals upon illumi-
nation. The aim of our work wasto study theinfluence
of the light-induced metastable states of NP anions on
the BEDT-TTF conducting system in the
(BEDT-TTF),K[Fe(CN)sNOJ, molecular metal by the
method of electron spin resonance (ESR).

0021-3640/02/7603-0165%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. ESR spectra (absorption at f = 9.4 GHz) of a
(BEDT-TTF)4K[Fe(CN)sNO], crystal measured at T = 6 K:
(2) signal beforelaser irradiation; (2) additional (difference)
signa D appearing after 300-min irradiation at 50 K;
(3) approximation of the signal D by a sum of Lorentzian
components D4 and D, (curves 4 and 5, respectively). The

difference spectrum was cal culated by formula (1) using the
Lorentzian parameters and the k values determined from
experimental data processed in terms of expressions (1) and
(2). The right-hand ordinate scale refers to curve 1 and the
|eft-hand scale, to curves 2-5.

M easurement procedure. The ESR spectra of sin-
gle crystal samples were recorded at 9.4 GHz on a
Bruker ESP 300 spectrometer equipped with an ESR
900 continuous flow cryostat (Oxford Instruments).
The measurements were performed using a cylindrical
microwave cavity of the ER 4115 OD type intended for
optical experiments. The sample crystal in the cavity
was oriented so that the long axis (corresponding to the
crystallographic axis a) coincided with the constant
magnetic field direction.

The experiments involving irradiation of the
(BEDT-TTF),K[Fe(CN)sNQ], crystalswere conducted
as follows. A single crystal sample was illuminated
insitu (in the cavity) with the light of an Ar laser a a
wavelength of 5145 nm and an intensity of
210 mW/cm?. The incident light was polarized so that
the dectric field vector was perpendicul ar to the Fe-N-O
linear bonds of NP anions. As is known, this polariza-
tion favors maximum popul ation of metastable statesin
Na,[Fe(CN)sNO], - 2H,0 [10]. The samples wereirra
diated at 50 K for 150 or 300 min, after which the ESR
Spectra were taken at a temperature of T = 3.3, 6, and
10 K and compared to the spectrameasured beforeirra-
diation. Another series of experiments with irradiated
crystals involved cyclic measurements upon annealing
the sample at a gradually increased temperature T,.
Each cycle consisted in a low-temperature annealing

KAPELNITSKY et al.

for 2min at apreset T, value, followed by the ESR mea-
surementsat T =6 K.

Results and discussion. The ESR spectrum of an
unirradiated crystal contains a single symmetric line
the position of which correspondsto g = 2.009. At room
temperature, the line width (determined as the distance
between peaks of the absorption derivative signal) is
AH,, = 34 G. As the temperature decreases, the line
width monotonically decreases (to AH,, = 1.0 G at
3.5 K). The room-temperature magnetic spin suscepti-
bility calculated using the integral intensity of the ESR
lineis 6.5 x 10~ emu/mol, which fallswithin the limits
typical of BEDT-TTF based conductors. The suscepti-
bility remains virtually unchanged when the tempera-
ture decreases down to 100 K (Pauli type of susceptibil-
ity). This behavior agrees with the metal-type character
of the temperature dependence of the conductivity of
(BEDT-TTF),K[Fe&(CN)sNQ], crystals [1] and indi-
catesthat the ESR signal observed isdueto the spinres-
onance of conduction electrons in the BEDT-TTF cat-
ion layers. As the temperature decreases from 60 to
3.5K, the magnetic susceptibility monotonically
decreases approximately by afactor of 3.

The laser irradiation of a sample led to very small
changes in the ESR spectra. It must be noted that the
penetration depth of the light with a wavelength of
514.5 nmin a (BEDT-TTF),K[Fe(CN)sNO], crystal is
as small as 0.3 um [23], which is significantly smaller
than the sampl e thickness (13 um). For this reason, the
ESR spectrum of a sample upon irradiation can be pre-
sented as

Srr = kSol + D! (1)

wherek=1, S, isthe spectrum beforeirradiation and D
is the difference spectrum. The difference spectrum
was approximated by asuperposition of two Lorentzian
lines,

D=D,+D, = (2A,/T)(AH,/(4(H —H,)* + AH?))
+ (2AJT)(BH,/(4(H —H,)? +aH%)), @

where H isthe constant magnetic field; A;, H,, and AH,
are the integral intensity, the resonance field, and the
full width at half maximum (FWHM) of the first
Lorentzian, respectively; and A,, H,, and AH, are the
analogous values for the second Lorentzian. The coef-
ficient k and the parameters of approximating L orentz-
ians were determined by least squares.

Figure 1 shows the spectrum of an unirradiated sam-
ple and the difference spectrum D = S;, — kS, obtained
for the ESR measurementsat T = 6 K after laser irradi-
ation for 300 min at T =50 K. The difference spectrum
can be interpreted as containing additional signal com-
ponents arising dueto the irradiation. Dashed lines 4, 5
in Fig. 1 present the two Lorentzian lines, the superpo-
sition of which is used to approximate the difference
signal D. The haf-width (FWHM) of the spectrum of
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Fig. 2. Evolution of the additional (difference) signal D in
the ESR spectrum of a sample irradiated for 300 min at
50 K and sequentially annealed at various temperatures T,

(indicated next to the curves). The spectrawere measured at
T=6K and the signal D was calculated by formula (1).

the unirradiated sample measured at T = 6 K iSAH =
3.3 G, while half-widths of the additional signal com-
ponents D, and D, arising after a 300-min laser irradia
tion amount to 7 and 10 G, respectively. The intensities
of the D, and D, signals increase with the irradiation
time.

One of the Lorentzians (e.g., that denoted by D,) is
characterized by the same resonance field as that of the
conduction electron spin resonance (CESR) (see
Fig. 1). When the constant magnetic moment is ori-
ented along the a axis, the g value corresponding to the
D, signal component is 2.009, while the value corre-
sponding to D, is g = 2.004. Coincidence of the reso-
nance field of the additional signal D, and CESR was
also observed when the constant magnetic moment was
No. 3
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Fig. 3. Variation of the A; and A, values (integral intensities
of the additional signal components D; and D5, respec-
tively) for asampleirradiated for 300 min at 50 K and then
subjected to stepwise annealing at a gradually increasing
temperature T, The ESR spectrawere measured at T=6 K
and the A and A, values were determined from the experi-

mental data processed in terms of expressions (1) and (2).
The curves are drawn for illustration.

oriented along the b axis, which is evidence that the D,
signal is dueto electrons of the cation layers of BEDT-
TTF. Elucidation of the nature of the second signal
component (D,) requires additional investigation.
However, we can point out that the results of ESR [12]
and magnetic susceptibility [21] measurementsfor var-
ious nitroprussides show that the [Fe(CN)sNOJ*
anions are diamagnetic in both ground and metastable
states.

Figure 2 shows the evolution of the additional (dif-
ference) signal D for the sampleirradiated for 300 min,
observed in the course of a sequential increase in the
annealing temperature T,. The ESR spectra were mea-
sured at 6 K and the difference signal intensity was cal-
culated by formula (1). As can be seen, the additional
signal varies rather dlightly for the sample annealed at
T, < 90 K; after annealing at T, = 280 K, signal D dis-
appears. Figure 3 shows plots of the A; and A, values,
representing the intensities of the additional signal
components D, and D, respectively, versus the anneal -
ing temperature T,. Intheinterval of 90K < T,< 130K,
a decrease in A, is accompanied by an increase in A;
the latter component disappears in the interval of
130K < T, < 280 K. The presence of two signals from
paramagnetic centers characterized by significantly dif-
ferent therma stability is probably explained by the
existence of two metastable states of NP anions in
(BEDT-TTF),K[Fe(CN):NQ], crystals, which are pop-
ulated in the course of illumination.

Here and below, we imply by MS1 and MS2 the
metastable states of NP anions possessing lower and
higher thermal stability, respectively. A decreasein the
D, signal intensity upon annealing at T, = 90 K can be
explained by the decreasein the M S1 concentration. An
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Fig. 4. The temperature variation of the A; and A, values
(integral intensities of the additional signal components D4
and D, respectively) for asample irradiated for 150 min at

50 K; symbols represent the experimental data, straight
lines correspond to the Curie-Weiss law for magnetic sus-
ceptibility. The A; and A, values were determined from

experimental data processed in terms of expressions (1)
and (2).

increase in intensity of the D, signal at the expense of
decreasing the D, signal indicatesthat (i) at least a part
of MS1 convertsinto MS2 and (ii) ametastabl e state of
lower energy (MS2) possesses a higher thermal stabil-
ity than the state of higher energy (MSL). In most nitro-
prussides, atwo-stage character of the thermoactivated
transition MS1—MS2—~GSis usually not detected
because the rate of the second stage (MS2—=GYS) is
much greater than that of thefirst stage (MS1—~MS2).
Previoudly, the thermoactivated MS1—~MS2 transi-
tion was revealed by IR spectroscopy in a photochro-
mic osmium mononitrosyl complex Na,[ Os(CN)sNO] -
H,0 [20].

The results of our ESR measurements indicate that
MSL1 possesses a lower thermal stability in (BEDT-
TTF),K[Fe(CN)sNO], than in Na[Fe(CN)sNO], -
2H,0 (the MSL lifetime of the latter complex at T =
140 K exceeds 10* s[5]). The lower thermal stability in
the former case is apparently related to the interaction
between NP anions and BEDT-TTF cations, which
results in the distance between Fe and N atoms in the
nitroprusside anion of (BEDT-TTF),K[Fe(CN);NQO],
[2] being significantly different from that in
Nay[Fe(CN)sNQ], - 2H,0 [8].

Figure 4 shows the temperature dependence of the
integral intensities A; and A, of the additional ESR sig-
nal components D; and D,, respectively, in a sample
irradiated for 150 min. As can be seen, the character of
this dependence differs from that of the CESR signal
measured before irradiation. The observed behavior of

KAPELNITSKY et al.

A, and A, (proportional to the corresponding magnetic
susceptibilities) agrees with the Curie-Weiss law. This
temperature dependence of the magnetic susceptibility
is evidence that the D, and D, signals are due to local-
ized spinsrather than the spins of conduction electrons.
The concentration of these spins can be estimated from
the additional signal intensity. Assuming that the D,
and D, signals are produced by spins S= 1/2 occurring
within the light penetration depth, we obtain 3% per
formula unit for a crystal irradiated for 300 min at
T =50K and 10% for the same exposure followed by a
single low-temperature annealing (30 min at 100 K).
Coincidence of theg value, corresponding tothe D, sig-
nal assigned to the localized magnetic moments, with
theg valuefor the CESR signal from BEDT-TTF cation
layers shows evidence for the localization of electrons
taking place in the conducting layers of the (BEDT-
TTF),K[Fe(CN)sNQ], organic metal.

A possible reason for the transition of conduction
electrons to the localized state may be the appearance
of a fluctuating potential (Anderson’s localization) in
the BEDT-TTF layers that isrelated to the transition of
apart of NP anionsto the metastable state as aresult of
the laser irradiation. At present, it is still unclear
whether a metal-insulator transition actually takes
place in the (BEDT-TTF),K[Fe(CN)sNQO], crystals
within the light penetration depth. However, it ishighly
probable that the illumination at low temperatures may
lead to reversible changes in the optical properties and
conductivity of this organic metal due to electron local-
ization in the BEDT-TTF layers.

The authors are grateful to R.P. Shibaeva and
S.S. Khasanov for fruitful discussionsof the resultsand
to I.S. Grigor'ev and G.G. Grigoryan for their help in
creating an optical attachment to the ESR spectrometer.
This study was supported by the Russian Foundation
for Basic Research (project no. 00-03-2200 NTsNI)
and by INTAS (grant no. 00-0651).
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The temperature and el ectric-field dependence of the electronic contribution to the thermal conductivity (TO)
of agranular superconductor is considered within a3D model of inductive Josephson junction arrays. In addi-
tion to a low-temperature maximum of zero-field TC k(T, 0) (controlled by mutual inductance L, and normal
state resistivity R,)), the model predicts the two major effectsin the applied electric field: (i) the decrease in the
linear TC and (ii) the giant enhancement of the nonlinear (i.e. OT-dependent) TC with Ak(T, E)/k(T, 0), reaching
500% for parallel electric fields E = Ey (Ey = $|0T| isan “intrinsic” thermoelectric field). The possibility of
experimentally observing the predicted effects in granular superconductors is discussed. © 2002 MAIK

“Nauka/Interperiodica” .
PACS numbers: 74.25.Fy; 74.50.+r; 74.80.Bj

1. INTRODUCTION

Inspired by new possibilities offered by cutting-
edge nanotechnol ogies, the experimental and theoreti-
cal physics of increasingly sophisticated mesoscopic
quantum devices (heavily based on Josephson junc-
tions and their arrays) is becoming one of the most
exciting and rapidly growing areas of modern science
[1-3]. In addition to the traditional fields of expertise
(such as granular superconductors [2]), Josephson
junction arrays (JJAs) are actively used for testing prin-
cipaly novel ideas (e.g., topologicaly protected quan-
tum bits[3]) in abid to solve probably one of the most
challenging problems in quantum computing. Though
traditionally the main emphasis in studying JJAs has
been on their behavior in applied magnetic fields,
recently special attention has been given to the so-
called eectric fidd effects (FES) in JJs and granular
superconductors [4-9]. The unusualy strong FEs
observed in bulk high-T. superconducting (HTS)
ceramics [4] (including the substantial enhancement of
the critical current, reaching Al (E)/1,(0) = 100% for

E = 107 V/m) have been attributed to a crucial modifi-
cation of the original weak-link structure under the
influence of very strong electric fields. This hypothesis
has been corroborated by further investigations, both
experimental (through observation of the correlation
between the critical current behavior and type of weak
links [5]) and theoretical (by studying the FEsin SNS
type structures [6] and d-wave granular superconduc-
tors[7]). Among other interesting field-induced effects,

TThis article was submitted by the author in English.

one can mention the FE-based Josephson transistor [8]
and the Josephson analogue of the magnetoelectric
effect [9] (electric field generation of Josephson mag-
netic moment in zero magnetic field). At the sasmetime,
very littleis known about the influence of electric fields
on thermal transport properties of granular supercon-
ductors. In an attempt to shed some light on this inter-
esting and important (for potential applications) prob-
lem, in this letter we present a theoretical study of the
electric-field and temperature dependence of the elec-
tronic contribution to the thermal conductivity (TC) k
of agranular superconductor (described by a 3D model
of inductive JJAs). Aswe shall see below, in addition to
a low-temperature maximum of zero-field TC k(T, 0)
(controlled by the mutual inductance L, and normal
stateresistivity R,), themodel predicts unusually strong
(giant) field-induced effects in the behavior of nonlin-
ear (i.e. T-dependent) TC. In particular, it is estimated
that the absolute values of the TC enhancement Ak(T,
E)/k(T, 0) can reach up to 500% for relatively low (in
comparison with the fields needed to observe acritical
current enhancement [4, 5]) applied electric fields E
that match an intrinsic thermoelectric field E; = §|OT|.
The estimates of the model parameters suggest quite an
optimistic possibility of observing the predicted effects
in granular superconductors and JJAS.

2. THE MODEL

To adequately describe the thermodynamic behavior
of area granular superconductor for all temperatures
and under the simultaneous influence of arbitrary elec-
tricfield E and thermal gradient T, we consider one of

0021-3640/02/7603-0170$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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the numerous versions of the 3D JJAs models based on
the following Hamiltonian

() = F(1) + FL() + FHe(), 1)
where
(1) = ZJij[l—COS%(t)] (2
ij
is the well-known tunneling Hamiltonian,
)
0o =3 St )

1]
accounts for the mutual inductance L;; between grains
(and controlsthe normal state value of the thermal con-
ductivity, see below) with ®(t) = (/2€)q;(t) being the
total magnetic flux through an array, and finally

He®) = p(HE 4

describes the electric field induced polarization contri-
bution, where the polarization operator

N
p() = -2 3 (O ©)

Here, n; is the pair number operator and r, is the coor-
dinate of the center of the grain.

Asusual, the tunneling Hamiltonian #((t) describes
the short-range interaction between N superconducting
grains arranged in a 3D lattice with coordinates r; =
(%, Vi, 2). The grains are separated by insulating bound-
aries producing the temperature-dependent Josephson
coupling J;(T) = J;(O)F(T) with

_ A AT
AT = 30 tanh[ZKBT}
and Jij(O) = [A(O)/Z](ROIRH), where A(T) isthe tempera-
ture-dependent gap parameter, R, = h/4€? is the quan-
tum resistance, and R; is the resistance between grains

in their normal state that is assumed [10] to vary expo-
nentially with the distance r;; between neighboring

grains; i.e, R} = R, exp(r;/d) (where d is of the
order of an average grain size).

Asiswell-known [2, 10], a constant electric field E
and a thermal gradient 0T applied to a JJA cause the
time evolution of theinitial phase difference (p?,— =Q-q
asfollows:

(6)

@) = ¢ +wy(E, OMt. @

Here, w; = 26(E — Eryj/fi, where Er = ST is an
“intrinsic” thermoelectric field with S, being a zero-
field value of the Seebeck coefficient.
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3. LINEAR THERMAL CONDUCTIVITY
(FOURIER LAW)

We start our consideration by discussing the temper-
ature behavior of the conventional (that is, linear) ther-
mal conductivity of a granular superconductor in an
arbitrary applied electric field E, paying specia atten-
tion to its evolution with a mutua inductance L;;. For
simplicity, in what follows we will limit our consider-
ation to the longitudinal component of the total thermal
flux Q(t) which is defined (in a g-space representation)
viathe total energy conservation law as follows:

imli 99
Q)= ugno[nqz%qm} &)

where %€, = 9%€,/ot with
_ l 3., .iqr
Halt) =  [oxeT I D). ©)

Here, v = 8rd® is the properly defined normalization
volume, and we made a usua substitution

1 1.3 -
NzijA(rii-t) — ;Id XA(r,t) valid in the long-

wavelength approximation (g —= 0).
Inturn, the heat flux Q(t) introduced aboveisrelated

to the appropriate components of the linear thermal
conductivity (LTC) tensor K, as follows (hereafter,

{0, B} =%y, 2):

17 0,0
w0 amn), . 0
where
NEE- [t Q.00 (12)

Here, V is a sample’'s volume, T is the characteristic
Josephson time for the network, and [l.. (denotes ther-
modynamic averaging over the initial phase differ-

ences ¢

Oy 11T 0 A/ Oy, —BHo
CA(@)0 = Z[l_l do; A(e;)e (12)
ol
with an effective Hamiltonian
dt o
Hol @] (13)

= J.?J’T %(l’ .
0

Here, B = VkgT, and Z = | |_|ij dcpf}e_BH° is the parti-

tion function. The averaging procedure defined above
allows us to study the temperature evolution of the
system.
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Fig. 1. Temperature dependence of the zero-field linear
thermal conductivity K, (T, 0)/k, for different values of the

dimensionless parameter (3 (0).

Taking into account that in JAs [11] L; O R;, we
obtain L;; = Loexp(r;;/d) for the explicit r-dependence of
the weak-link inductancein our model. Finally, in view
of Egs. (1)—(13) and making use of the usual “phase-
number” commutation relation [@, nj] =g, wefind the
following analytical expression for the temperature and
electric field dependence of the electronic contribution
to the linear thermal conductivity of a granular super-
conductor:

Kap(T, E) = Ko[OgpN(T, €) + BL(T)V(T, €) fog(e)],

(14
where
1
fap(e) = Z_[aaBA(E) —€q€5B(€)] (15)
with
2
Ale) = 253 e (16)
1+ €
and
4 4
B(e) = 318 =3, Siane. (17)

62(1 + 62)3 €

Here, Ko = Nd?S,Dy/VL,, B(T) = 2 (T)Ly/P, with
I(T) = (2e/#)J(T) being the critical current (we neglect
the possible field dependence of |, because, as we shall
see below, the characteristic fields where the thermal
conductivity exhibits the most interesting behavior are
much lower than those needed to produce a tangible

change of the critical current [4]), € = Je; + €. + e
with e, = E,/E,, and E, = #i/2edt isacharacteristic el ec-
tric field. In turn, the “order parameters’ of the system

SERGEENKQOV

introduced above, n(T, €) = Edp?jD and V(T, €) =
En@, are defined as follows:

- ]_-[_ﬂ' - 1 I2n+1(BE)
(e = 2 ”nZO(2n+1)2[ 1o(Be) } (18)
and
hE
V(T = BSE'?O(EE)' (19)
where
(T, 0) = BREL + Zran (20

Here, J(T) = J(O)F(T) with J(0) = (Ay/2)(RY/R, and
F(T) given by Eq. (6); 1,(X) stand for the appropriate
modified Bessdl functions.

3.1. Zero-field effects. Turning to the discussion of
the results obtained, we start with a more simple zero-
field case. The relevant parameters aff ecting the behav-
ior of the LTC in this particular case include the mutual
inductance L, and the normal state resistance between
grains R, For the temperature dependence of the
Josephson energy (see Eg. (6)), we used the well-
known [12] approximation for the BCS gap parameter,
which is valid for al temperatures, A(T) =

A(O)tanh(y./(T.—T)/T) withy=2.2.
Despite the rather simplified nature of our mode!, it
seems to describe quite reasonably the behavior of the
LTC for all temperatures. Indeed, in the absence of an
applied eectric field (E = 0), the LTC is isotropic (as
expected), Kqg(T, 0) = Oyek (T, 0), where k (T, 0) =
Ko[N(T, 0) + 2B, (T)v(T, 0)] vanishes at zero temperature
and reaches anormal state valuek,, = k, (T, 0) = (TV2)K,
at T = T.. Figure 1 shows the temperature dependence
of the normalized LTC k (T, 0)/k, for different values
of the dimensionless parameter 3, (0) = 21 (O)Ly/P,.
As is clearly seen, with an increase in this parameter,
the LTC evolves from a flatlike pattern (for relatively
small values of L) to alow-temperature maximum (for
higher values of 3,(0)). Notice that the peak tempera-
ture T, is virtually insensitive to the variation of the
inductance parameter Ly, while being at the same time
strongly influenced by resistivity R,.. Indeed, the curves
presented here correspond to the resistance ratio r,, =
R/R, =1 (ahighly resistive state). It can be shown that
adifferent choice of r, leads to quite a tangible shift of
the maximum; namely, the smaller the norma resis-
tance between grains R, (or the better the quality of the
sample), the higher the temperature at which the peak
is developed. As a matter of fact, the peak temperature
T, isrelated to the so-called phase-locking temperature
T; (which marks the attainment of phase coherence
between the adjacent grainsin the array and alwayslies
JETP LETTERS  Vol. 76
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below the superconducting temperature T, of a single
grain), which is usually defined via an average (per
grain) Josephson coupling energy as [13] J(T, r,) =
ksT;. In particular, for T = T, it can be shown analyti-
caly that T,(r,) indeed increases with r, as T,(r)/T, =
rod(L+r,).

3.2. Electric field effects. Turning to the discussion
of the LTC behavior in an applied electric field, let us
demonstrate first its anisotropic nature. For simplicity
(but without losing generality), we assume that E =
(E, 0, 0) and OT = ([, T, 0, T, 0). Such a choice of the
external fields alows us to consider both paralel
Kx(T, E) and perpendicular K,,(T, E) components of the
LTC corresponding to the two most interesting config-
urations, E || JT and E O OT, respectively. Theinset in
Fig. 2 demonstrates the predicted electric field depen-
dence of the normalized LTC k (T, E)/k (T, 0) for both
configurations taken at T = 0.2T, (with r, = 1 and
BL(0) = 1). First of all, we note that both components of
the LTC decrease asthe field E/E, increases. Secondly,
the normal component K, decreases more slowly than
the parallel one k,,, thus suggesting some kind of
anisotropy in the system. In view of the structure of
Eq. (14), the same behavior is aso expected for the
temperature dependence of the field-induced LTC; that
is, Ak (T, E)/k (T, 0) < Ofor al fields and temperatures.
Intermsof the absolutevalues, for T=0.2T.and E = E,,
we obtain [AK (T, E)/K (T, 0)]« = 90% and [Ak, (T,
E)/k. (T, 0)],, = 60% for the attenuation of LTC in an
applied electric field.

4. NONLINEAR THERMAL CONDUCTIVITY:
GIANT FIELD-INDUCED EFFECTS

Let us turn now to the most intriguing part of this
paper and consider the nonlinear generalization of the
Fourier law and the very unusual behavior of the result-
ing nonlinear thermal conductivity (NLTC) under the
influence of an applied electric field. In what follows,
by the NLTC we understand a OT-dependent thermal

conductivity Kgg (T, E) = Kee(T, E; OT), which is
defined as follows

l[am}DT¢O (21)

NL —_ =
Kap(T, B) == 3(0,T)
with [Q,[] given by Eq. (11).

Repesating the same procedure as before, we obtain
finally for the relevant components of the NLTC tensor

Kog(T, E) = Ko[8apn (T, €er)

(22)
+BUT)V(T, €ctr) Doplee) 1+
where
Dapleerr) = Foplear) + €¥ga[3y(€eff) (23)
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Fig. 2. Electric field dependence of the nonlinear thermal
conductivity K)':'XL(T, E) /K)’:‘XL(T, 0) for different values of
the applied thermal gradient et = S|OT|/Eg (e = 0.2; 0.4;

0.6; 0.8; 1.0, increasing from bottom to top). Inset: Electric
field dependence of the linear thermal conductivity ki (T,

E)/k (T, 0) for paralld (E || OOT) and perpendicular (E [1J T)
configurations.

with
1
guBy(e) = é[(éaﬁey + 6aye[3 + 6y[3€ot) B(E) (24)
+ 3e,€p€,C(€) ]
and
2 4 6
Cle) = 3+ 11e"—11e —3e —%tan_le. (25)

64(1 + 62)4 €
Here, e = €% — €7, Wheree, = E,/E,and €7 = ET/E,
with E7 = S0, T the other field-dependent parameters
(n,v, B, andf,z) arethesame asbefore but with e — €.

Asexpected, inthelimit E; — 0 (or when E > E;),
from Eq. (22) we recover al the results obtained in the
previous section for the LTC. Let us see now what hap-
penswhen the“intrinsic” thermoelectricfield E; = S0T
becomes comparable with the applied electric field E.

Figure 2 (main frame) depictstheresulting electric field
dependence of the parallel component of the NLTC ten-

sor K (T, E) for different values of the dimensionless
parameter e; = E;/E, (the other parameters are the same
as before). As is clearly seen in this picture, in sharp
contrast to the field behavior of the previously consid-
ered linear TC, its nonlinear analogue evolves with the
field quite differently. Namely, NLTC strongly
increases for small electric fields (E < E,), reaches a

pronounced maximum at E=E, = gET , and eventually

declines a higher fields (E > E,). Furthermore, as
directly follows from the very structure of Eq. (22), a
similar “reentrant-like” behavior of the nonlinear ther-
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mal conductivity will occur in its temperature depen-
dence as well. Even more remarkable is the absolute
value of the field-induced enhancement. According to
Fig. 2 (main frame), it is easy to estimate that near the
maximum (with E = E, and E; = Ey) and for T = 0.2T,

one gets Ak (T, E)/ K (T, 0) = 500%.

5. DISCUSSION

To understand the rather unusua results obtained
above, let us take a closer look at the field-induced
behavior of the Josephson voltage in our system (see
Eq. (7)). Clearly, strong heat conduction requires the
attainment of a quasi-stationary (that is nearly zero-
voltage) regime within the array. In other words, the
maximum of the thermal conductivity in an applied
electric field should correlate with a minimum of the
total voltage in the system, V(E) = (%/2¢e)de;(t)/ot0=
V(e — €7), where € = E/E, and V, = E,d = A/2et isthe
characteristic voltage. For linear TC (which is valid
only for small thermal gradients with e; = E{/E, < 1),
the average voltage across an array V|, (E) = Vo(E/Ep)
has a minimum at a zero applied field (where LTC
indeed has its maximum value, see the inset in Fig. 2),
whilefor nonlinear TC (with e = 1) we have to consider
the total voltage V(E), which reaches aminimum at E =
E; (in good agreement with the predictionsfor theNLTC
maximum, which appears a E = g
frameinFig. 2).

To complete our study, let us estimate the order of
magnitude of the main model parameters. Starting with
applied electric fields E needed to observe the nonlinear
field effects in granular superconductors predicted
above, we notice that, according to Fig. 2, the most
interesting behavior of NLTC takes place for E = E,.
Taking d = 10 pm and T = 10 sfor typical values of
the average grain size and the characteristic Josephson
tunneling time (valid for conventional JJs[14] and HTS
ceramics[10]), we get E, = A/(2edt) = 2 x 102V/mfor
the characteristic electric field (which is surprisingly
lower than the typical fields needed to observe acritical
current enhancement in HTS ceramics [4, 5]). On the
other hand, the maximum of NLTC occurs when this
field nearly perfectly matches the “intrinsic” thermo-
electricfield E; = S)|0T | induced by an applied thermal
gradient, that is, when E = E; = E;. Using § =
0.5 uV/K for the zero-field value of the linear Seebeck
coefficient [10, 14], we obtain |[OT |z = EyJ/S, = 4 X
10* K/m for the characteristic value of an applied ther-
mal gradient.

Finally, taking as an example [15] granular alumi-
num films with phonon-dominated heat transport (with
Kon(T) = 2% 107" W/mK at T =T, = 0.2T), let us esti-
mate the absol ute val ue of the zero-field el ectronic con-
tribution predicted here k(T) = k. (T, 0) at T = 0.2T,.
Recalling that within our model the scattering of nor-

E;, see the main
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mal electrons is due to the presence of the mutual
inductance between the adjacent grains L,, and using

Lo= Hod = 41t x 102 H and V = Nd? (I is the thick-
ness of a film), we obtain k(T = 0.2T) = B.(0) x

1077 W/mK as arough estimate of the electronic contri-
bution to the inductance-driven effect discussed here.
Correspondingly, we get K(0.2T.)/K4(0.2T) = B (0)/2
for theratio, where 3, (0) = 21d (0)Ly/®D,. Thus, depend-
ing mainly on the value of the critical current | (0) and
the mutual inductance between adjacent grains L, the
thermal conductivity of specialy prepared granular
alumina films will be dominated by either the phonon
(for small 3,.(0)) or electronic (for large 3, (0)) contribu-
tion. Undoubtedly, the above estimates suggest quite a
realistic possihility of observing the predicted nontriv-
ial behavior of the thermal conductivity in granular
superconductors and artificially prepared Josephson
junction arrays. We hope that the results presented here
will motivate further theoretical and experimental stud-
ies of thisinteresting problem.

REFERENCES

1. Proceedings of the Conference “Mesoscopic and
Srongly Correlated Electron Systems,” Chernogolovka,
1997, Ed. by V. F. Gantmakher and M. V. Feigel’man;
Phys. Usp. 41, 2 (1998); Mesoscopic and Strongly Cor-
related Electron Systems-I1, Ed. by M. V. Feigel’ man,
V. V. Ryazanov, and V. B. Timofeev; Phys. Usp., Suppl.
44,10 (2001).

2. Sudies of High Temperature Superconductors, Ed. by
A. Narlikar and F. Araujo-Moreira (Nova Science, New
York, 2001), Vol. 39.

3. L. B. loffe, M. V. Feigel’'man, A. loselevich, et al.,
Nature 415, 503 (2002).

4. T.S. Orlova, B. I. Smirnov, and J. Y. Laval, Fiz. Tverd.
Tela (St. Petersburg) 43, 974 (2001) [Phys. Solid State
43, 1007 (2001)].

5. T.S. Orlova, B.I. Smirnov, J.Y. Laval, et al., Supercond.
Sci. Technol. 12, 356 (1999).

6. A. L. Rakhmanov and A. V. Rozhkov, Physica C
(Amsterdam) 267, 233 (1996).

7. D. Dominguez, C. Wiecko, and J. V. José, Phys. Rev.

Lett. 83, 4164 (1999).

J. Mannhart, Supercond. Sci. Technol. 9, 49 (1996).

S. A. Sergeenkov and J. V. José, Europhys. Lett. 43, 469

(1998).

10. S. A. Sergeenkov, Pis ma Zh. Eksp. Teor. Fiz. 67, 650
(1998) [JETP Lett. 67, 680 (1998)].

11. A.-L. Eichenberger, J. Affolter, M. Willemin, et al.,
Phys. Rev. Lett. 77, 3905 (1996).

12. R. Meservey and B. B. Schwartz, in Superconductivity,
Ed. by R. D. Parks (Marcel Dekker, New York, 1969),
Vol. 1, p. 117.

13. L. Leylekian, M. Ocio, L. A. Gurevich, et al., Zh. Eksp.
Teor. Fiz. 112, 2079 (1997) [JETP 85, 1138 (1997)].

14. G.I. Panaitov, V. V. Ryazanov, A. V. Ustinov, et al., Phys.
Lett. A 100, 301 (1984).

15. Y. Shapira and G. Deutscher, Phys. Rev. B 30, 166
(1984); J. Deppe and J. L. Feldman, Phys. Rev. B 50,
6479 (1994).

© ®

JETP LETTERS Vol. 76 No.3 2002



JETP Letters, Vol. 76, No. 3, 2002, pp. 175-179. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 76, No. 3, 2002, pp. 209-213.

Original Russian Text Copyright © 2002 by Belyaev, 1zotov.

Ferromagnetic Resonance Featuresin Anisotropic Magnetic
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In experiments on single-domain magnetic films with uniaxial in-plane anisotropy, a new homogeneous ferro-
magnetic resonance peak was observed in aplanar magnetic field oriented at an angle to the easy magnetization
axis and directed opposite to the magnetization projection onto the field direction. The peak was observed in
fields smaller than the magnetization reversal field of the film, and the origin of the peak was found to be related
to the metastable state of the magnetic moment. A good agreement was obtained between phenomenological
calculations and experimental data. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 75.70.Ak; 76.50.+g

Previous studies [1] of thin magnetic films possess-
ing induced uniaxial in-plane anisotropy by a scanning
ferromagnetic-resonance spectrometer [2] revealed a
narrow peak of microwave absorption that was accom-
panied by an abrupt increase in the magnetic suscepti-
bility. The peak was observed in a constant magnetic
field H oriented normally to the easy magnetization
axis (EMA). Its position corresponding to the uniaxial
magnetic anisotropy field H, was independent of the
pumping frequency f. The peak was shown to be caused
by the nonlinear static magnetic susceptibility; how-
ever, it was clearly distinguished at high and microwave
frequencies. This paper describes experiments per-
formed on permalloy films with a uniaxial magnetic
anisotropy, in which an additional absorption peak was
revealed in the ferromagnetic resonance spectrum.
Unlike the peak of the static susceptibility, the new
peak was observed in a wide range of angles between
the direction of the scanning constant magnetic field
and the EMA. The new peak existsinthefieldsH < H,,
and its position strongly depends on both the pumping
frequency and the angle between the scanning field and
the EMA.

Thefilm samples of thickness 500 A werefabricated
by the thermal vacuum deposition of permalloy with
the composition Ni.s—Fe,; characterized by ardatively
small positive magnetostriction constant. The films
were deposited on glass substrates 0.5 mm thick with
dimensions 25 x 10 mm. The substrates were heated to
200°C, and the rate of deposition was 10 A/s. The
uniaxial magnetic anisotropy in the plane of amagnetic
filmwasinduced al ong the short side of the substrate by
a constant magnetic field of 30 Oe applied during the
deposition in the corresponding direction. To increase
the anisotropy field, a uniaxia compression was

applied to the films through a slight bending deforma-
tion of the substrate during the deposition [3]. Owing to
the elagtic stress, the anisotropy field in the middle of
the film increased by a factor of more than 3, as com-
pared to a stress-free sample, and reached the values H,
> 15 Oe. Simultaneously, the coercive force, which was
measured by the magnetization reversal aong the
EMA, increased by almost an order of magnitude and
reached the values H; > 4 Oe [4]. The presence of a
large anisotropy field in the samples was necessary to
reduce the angular dispersion of the magnetic moment,
while the increase in the coercive force (as will be
shown below) was necessary to “hold” the magnetic
moment of the film in the metastable state.

The experiment was performed with an automated
scanning ferromagnetic resonance spectrometer [2]
whose locality of measurement S= 1 mm? was deter-
mined by the diameter of the measuring aperture in the
microwave head. The vectors of the external magnetic
field H and the orthogonally oriented microwave pump-
ing field h of frequency f = 1.034 GHz lay in the film
plane (Fig. 1). The ferromagnetic resonance spectra
were recorded within a local area of a thin magnetic
film under investigation for different angles of the
EMA orientation 6,,. Before each measurement run, the
samplewas magnetized along the EMA by thefieldH =
300 Oe. Then, the field was reduced to zero, the
required angle 6, was set, the magnetic field direction
was switched to the opposite, and, finally, two ferro-
magnetic resonance spectra were recorded in a given
range of the scanning field. The first spectrum was
recorded during the direct run of the scanning field H
(the dashed lines in Fig. 2), and the second spectrum
(the solid lines) was recorded after the sample magne-
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Fig. 1. Model of amagnetic film with auniaxial anisotropy.

tization by the field H = 300 Oe without changing the
angle 6,, during the reverse run.

Evidently, at the beginning of the direct run of the
scanning field H, the projection of the saturation mag-
netization vector M, onto the field axis (see Fig. 1) is
directed opposite to the field, and, hence, the magnetic
moment of the film area under investigation isin some
metastable state until the magnetization reversal field of
the film areaunder study isreached. Notethat, owing to
the presence of a low-frequency modulating magnetic
field in the ferromagnetic resonance spectrometer [2]
and the relatively small size of the film area under
study, the magnetization reversal of this area occursin
a single Barkhausen jump. Therefore, the magnetiza-
tion reversal field is the coercive force H, of the given
area of athin magnetic film [4]. From Fig. 2, one can
see that, at “small” angles 6,,, the amplitude of the fer-
romagnetic resonance signal in the stable state (i.e.,
ground state) is higher than in the metastable state,
while at “large” angles, the situation is reversed. Note
that the signal amplification factor achieved in record-
ing the spectra for the angle 6,, = 25° was an order of
magnitude greater than in the case of 6, = 10°.

Figure 3 showsthe angular dependences of the mea-
sured fields of the homogeneous ferromagnetic reso-
nance Hg(6,) in the ground state of the magnetic
moment (the full circles) and in the metastable state
(the empty circles) for the central part of afilm sample
with the anisotropy field H, = 16.6 Oe and the effective
saturation magnetization Mg = 980 G. In the same fig-
ure, the empty triangles show the angular dependence
of the magnetization reversal field Hy(6,) of the film
area under study. In the case of film magnetization nor-
mal to the EMA, the magnetization reversal field
almost coincideswith the anisotropy field, but it rapidly
decreases with an increase in 6,. The full triangles in
Fig. 3 show the measured resonance fields for the inter-
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Fig. 2. Derivatives of the absorption lines for the ground
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lines) of the magnetic moment of athin magnetic film.
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Fig. 3. Angular dependences of the resonance fields and the
magnetization reversal field of a magnetic film. The dots
represent the experimental data and the lines show the
results of calculations (details are in the main body of the
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val of angles 6,, where the amplitude of the ferromag-
netic resonance signal observed in the ground state of
the magnetic moment is smaller than the amplitude
observed in the metastable state. In this interval, an
increase in B, is accompanied by a decrease in the res-
onance field and a monotone decrease in the amplitude
of the ferromagnetic resonance signal, which gradually
vanishes in noise. Figure 3 shows that the resonance
field observed for the magnetic moment in the metasta-
ble state also monotonically decreases with increasing
8,,, but this field can be measured only when H, > Hy.

To revea the origin of the resonances observed in
the experiment, we consider the model of a boundless
single-domain magnetic film possessing a uniaxial in-
plane magnetic anisotropy with the EMA directed at an
angle 6, to the x axis (Fig. 1). Asis known, in aplanar
magnetic field H applied at an arbitrary angle to the
EMA, when the strength of thisfield is lower than that
of the anisotropy field H,, two thermodynamically sta-
ble positions of the magnetic moment vector exist inthe
film [5]. These two states are separated by a barrier
whose height is determined by the value of H,, and the
region of existence of the two states is bounded by the
curve described by the cycloid equation

H+H® = HE ()

Thus, in addition to the ground state of magnetization
with the equilibrium angle By, (see Fig. 1) correspond-
ing to the absolute energy minimum, the second, meta-
stable, position is present with the equilibrium angle
B\, corresponding to the local energy minimum. This
fact, in particular, givesriseto ahysteresis and makesit
possible to observe a ferromagnetic resonance for the
two aforementioned states.

For the thin magnetic film model shownin Fig. 1, by
solving the Landau—L ifshits equation in the absence of
damping, it is easy to obtain (e.g., following [6]) the
expression for the eigenfrequency of the magnetization
precession wy;

W = Q,Q,, )
where
Q, = y[Hsin(By) + H,cos(8, —By,) + 4TM{];
Q, = y[Hsin(6y) + Hcos2(6,—6y)];
y is the gyromagnetic ratio; and the equilibrium angle

0, for the magnetization vector My is determined from
the equation

Hcos(8,,) + %HksinZ(en—eM) -0, 3)

which is obtained from the condition of the minimal
free energy density of the film, including the Zeeman
energy, the anisotropy energy, and the energy of
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demagnetizing fields. Equation (3), depending on the
magnetic field strength and the orientation of the EMA,
yields either one value of the equilibrium angle 8,, or
two different values corresponding to the ground and
metastabl e states of the magnetization vector.

In Fig. 3, the solid lines show the angular depen-
dences of the resonance field that were obtained from
Egs. (2) and (3) for both states of the magnetic moment
of the film under study. One can see a good agreement
between theory and experiment for both ground state
and metastable states. However, the formulas obtained
above do not describe the angular dependence of the
peak position observed in the experiment for 6,, > 10°
(thefull trianglesin Fig. 3). The origin of this peak can
be explained by the field dependence of the component
Xx Of the dynamic magnetic susceptibility tensor. For
the film model under consideration (see Fig. 1), this
component is easily calculated by solving the Landau—
Lifshits equation with the damping parameter o
involved in the dissipative term in the Hilbert form:

YM(Qq + iom))sinzeM
W—(1+a?)W’ +iaw(Q, +Q,)

Xxx = (4)

Separating this component into the real and imaginary
parts and setting a? < 1, we obtain

Xax = Xix T 1 X300 (5)
L YMIQ(@h =) +atw (s + Q)] sinBy o
" [(B-))’+ a2’ (Q,+ Q)
| M.ow(Q2 + w?)sin’®
"= Y (Q; ) M @)

[(02— )+ a?w’(Q,+Q,)7

Evidently, the change in the el ectromagnetic energy
absorption in the magnetic film during the magnetic
field scan is determined by the field dependence of the

quantity X, with the absorption maxima correspond-

ing to the conditions dx, /dH = 0 and d?¥., /dH? < 0.
It can be easily shown that, in addition to the main
absorption maxima observed at the ferromagnetic reso-
nance in the fields Hgz when the pumping frequency is
W = Wy, One more maximum is observed in the field
where the condition

d _
T(9.9,) = 0 ®)

is satisfied. The angular dependence of the position of
this maximum was calculated from Eq. (7) for the
pumping frequency used in the measurements (f =
1.034 GHz). This dependence is shown in Fig. 3 by the
dashed line and, as one can see, it also agrees well with
the experiment.
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Fig. 4. Field dependences of the ferromagnetic resonance
frequency and the equilibrium angle of magnetization for
several directions of the easy magnetization axis. The solid
lines correspond to the ground state of the magnetic
moment and the dotted and dashed lines correspond to the
metastable state.

The additional susceptibility maximum can be
observed only in a limited range of variation of the
angle 8,,, and cal culations show that the lower bound of
thisrange is determined by the pumping frequency and
tendsto zero when w — 0. It should be noted that the
susceptibility peak revealed in our experiment exists
only when the pumping frequency satisfies the condi-
tion w < wy,. Therefore, this peak cannot be considered
as aferromagnetic resonance. In fact, this peak charac-
terizes the microwave absorption that occurs in the
magnetic film when the ferromagnetic resonance fre-
guency approaches the pumping frequency in the
course of the field scan and then moves away from it.

These conclusions are supported by the computa-
tional results shown in Fig. 4. The upper part of thisfig-
ure presents the eigenfrequencies of homogeneous
oscillations of magnetization in the magnetic film
model under study as functions of the constant mag-
netic field. These dependences were calculated by
Eq. (2) for different directions of the EMA. The solid
lines show the ferromagnetic resonance frequencies for

BELYAEV, 1ZOTOV

the ground state, and the dotted and dashed lines, for
the metastable state. In the calculations, we used the
parameters presented above for the magnetic film area
under investigation. The horizontal dot-and-dash line
indicates the pumping frequency used in the measure-
ments. One can see that, owing to the nonmonotonic
dependence wy(H) observed at certain angles, e.g., a
8, = 15°, the resonance frequency first approaches the
pumping frequency and then moves away from it dur-
ing the field scan. Therefore, the position of the maxi-
mum in the field dependence of the microwave absorp-
tion by the film coincides with the position of the min-
imum in the dependence wy(H) [see Egs. (2) and (8)].

It was found that, for the frequency 6, = 0, as the
angle 6, increases, the ferromagnetic resonance field
Hg for the metastable state of the magnetic moment of
the film first decreases reaching its minimal value Hr =
H./2 at 6, = 45° (see Fig. 4) and then increases to the
maximal value Hg = H,. Note that, when 6,, = 0, the fer-
romagnetic resonance frequencies for the metastable
and ground states observed in the fields H < H, fully
coincide. The lower part of Fig. 4 shows the field
dependences of the equilibrium orientation angles of
the saturation magnetization. The curves were obtained
by Eqg. (3) for several valuesof 8,,. Asonewould expect,
these dependences prove to be noticeably different for
the ground state (the solid lines) and for the metastable
state (the dotted lines).

Thus, on specialy prepared samples of thin mag-
netic films, we observed aferromagnetic resonanceina
specific metastable state of the magnetic moment. We
studied the dispersion dependences of the ferromag-
netic resonance field in the phenomenol ogical approxi-
mation and obtained a good agreement between theory
and experiment. We showed that, in the metastable
state, the ferromagnetic resonance field can be mea-
sured only in conditions when thisfield is smaller than
the field of magnetization reversal of the magnetic film
sample under study. In other words, the effect revealed
in our experiments can be observed in films with a suf-
ficiently high coercive force.

In addition, we have found that the microwave
absorption peaks observed in the experiment for the
ground state of thefilmin acertain interval of angles of
the EMA orientation result from the nonmonotonic dis-
persion dependence of the ferromagnetic resonance
field. Despite the fact that, in the spectrum records,
these peaks manifest themselves as ferromagnetic reso-
nances, they are observed at frequencies below the fer-
romagnetic resonance frequencies and, hence, are of
different origin. Namely, in this case, the change in the
microwave absorption observed during the magnetic
field scan is caused by the approach of the resonance
frequency to the pumping frequency and its subsequent
change in the opposite direction. The width of these
absorption peaks is much greater than the width of the
ferromagnetic resonance line. In principle, such peaks
No. 3
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can be observed in any materials, including massive
ones, in which a nonmonotonic behavior of the fre-
guency dispersion of the resonance field takes place.
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The magnetooptical method was used to investigate the penetration of amagnetic flux into asingle crystal of a
high-temperature superconductor (Big g4Pbq 16)2 2Sr,CaCu,Og in crossed magnetic fields. It is shown that at low
temperatures the penetration of the magnetic flux is anisotropic: the flux moves preferentially along the mag-
netic field applied in the plane of the sample, and the anisotropy grows as the temperature increases. At atem-
perature T,,, = 54 £ 2 K, there occurs a sharp change in the character of penetration of the magnetic field into
the superconductor; the direction of the flux ceases be dependent on the direction and magnitude of the mag-
netic field applied in the plane of the sample. In this case, the transition temperature T,,, is independent of the
applied magnetic field. The effect isinterpreted in terms of the concepts of a phase transition in the system of
vortices, whichisrelated to asharp decreasein the correlationsin the position of vorticesin various CuO planes,
i.e., with the transition from three-dimensional to two-dimensional behavior of the vortex structure. © 2002

MAIK “ Nauka/Interperiodica” .
PACS numbers. 74.25.Dw; 74.60.-w; 74.72.Hs

The dynamics of a magnetic flux in high-tempera-
ture superconductors (HTSCs) with a high anisotropy
and in isotropic or weakly anisotropic superconductors
can differ markedly [1, 2]. The differences are clearly
seen in magnetooptical observations of the penetration
of a magnetic flux into a superconductor in crossed
magnetic fields[3]. Thus, magnetooptical images dem-
onstrate a strong effect of the longitudinal (applied in
the plane ab) magnetic field H,, on the penetration and
distribution of the transverse (oriented aong the ¢ axis)
magnetic flux in HTSCs such as YBCO. At the same
time, in layered systems with a strong anisotropy (e.g.,
Bi2212), the penetration of the magnetic flux oriented
along the ¢ axis is independent of the intensity and
direction of H_,,. Such adifference in the penetration of
the magnetic flux is due to the fact that the magnetic
flux penetrates into superconductors with a weak
anisotropy in the form of three-dimensional Abrikosov
vortices, whereas into the layered HTSCs it penetrates
in the form of two-dimensional vortices with a weak
coupling between the vortices located in different CuO
planes[3].

The problem of the existence of atransition between
the two above-described types of magnetic structures
and the nature of this transition has been discussed in
the literature for more than adecade[1]. To observethis
transition by the magnetooptical method, it is natural to
use single crystals with an anisotropy that is greater
than that in the 1-2-3-type systems but lower than that
in Bi2212. Asis known [4], doping Bi2212 with lead

decreases the anisotropy of the superconducting prop-
erties, and the single crystals of the HTSC Bi222:Pb are
suitable candidates for such an investigation.

In this work, we used the magnetooptical method to
study the penetration of a perpendicular magnetic field
B, into single-crystal plates of the HTSC Bi222:Pb
placed in alongitudinal magnetic field. It is shown that
at temperaturesbelow T,,, =54 + 2K thetransversefield
penetrates into the plate chiefly in the direction of the
applied longitudinal field H,,. At atemperature T="T,,,
there occurs a sharp change in the character of penetra-
tion of the magnetic flux: the direction of its motion
ceases be dependent on H ;.. It isal so shown that at tem-
peratures T < T, the anisotropy of penetration of the
transverse flux increases with increasing temperature
and field H .

The single crystals of (Big g,P0g 16), 25r,CaCu,0g . 5
were grown from a solution in the melt using a seed
grown from the same melt. The critical temperature of
thetransition (T, = 91 K) and the width of the supercon-
ducting transition (AT, = 1 K) were determined by the
inductive technique. The preparation of the samples
was described in detail in [5]. Prior to measurements,
the samples were polished chemically in ethylenedi-
aminetetraacetic acid. A flat single crystal was obtained
with a shape close to a triangle with a long side
(3.4 mm) oriented along the diagonal between the
planes ac and ab and aside equal to 2.4 mm coinciding
with the ac plane. The thickness of the sample was
approximately 70 um. The microstructure of the single

0021-3640/02/7603-0180$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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crystal was studied by X-ray topography (angular scan-
ning method). Defectsthat aretypical of the Bi2212:Pb
crystals were detected: a twin structure (twins located
in the ab plane amost perpendicular to the long side of
the single crystal) and a lamellar structure (lamellae
parallel to the ac plane and one of the sides of thesingle
crystal).

Magnetooptical measurements were performed in a
temperature range from 12 K to T.. The magnetic field
H, parallel to the c axis was generated by a solenoidal
coil and could be varied from 0 to £1200 Oe. The dc
field H,, was produced by Helmholtz coils with a spe-
cia corethat ensured afield uniformity of about 1% in
the site where the sample was placed. Thefield H,, was
varied from 0 to 1800 Oe and could be rotated in any
direction. Both regimes, the cooling of the sample in
the field H, from atemperature above T, (FC) and the
magnetization of the samplein thefield H,, at the tem-
perature of observation (ZFC) were used in the experi-
ments.

The distributions of the transverse component of the
magnetic field B, were studied using a standard magne-
tooptical method described in [6]. As the indicator of
the magnetic field, we used a garnet film with an
in-plane anisotropy of 2000 Oe, which permitted us to
perform observations in sufficiently high magnetic
fields. Using the magnetooptical patterns obtained with
the help of adigital camerawith afixed sensitivity, we
constructed profiles of the distribution of the magnetic
flux along various directions. The calibration of the
image brightness corresponding to given magnitudes of
amagnetic field was performed at the same camera sen-
sitivity a T > T, (in the temperature range 12-150 K,
the sensitivity of theindicator film remained unaltered).

Figure la displays a typical picture of the penetra-
tion of the transverse magnetic flux at H,, = 0. Such
behavior of the magnetic flux was observed over the
whole temperature range from 12 to 54 K. Note that the
magnetic field begins penetrating into the sample in
those sites where twins enter onto the edge of the crys-
tal. This effect is observed at all temperatures T < 54 K
and is reproduced upon repeated measurements. The
distribution of the magnetic flux at T < 54 K was settled
inintimesof 1to 3 min, after which it remained almost
unaltered. At temperatures above 54 + 2 K, the picture
of the penetration of the field sharply changes. The flux
begins to penetrate through a weak site and occupies
the whole sample in atime lessthan 1 s, asis usualy
observed in Bi2212 single crystals that have not been
doped with lead [3]. At T < 54 K, we recorded the pro-
files of magnetic induction B,(r) near the weak site in
various directionsto the edge of the crystal. The profile
consists of two regions of characteristics. Near the cen-
ter of the volume occupied by the magnetic flux, the
distribution of the field only weakly changes in space.
At the periphery of the spot, there exists a region in
which there occurs a sharp and amost linear decrease
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Fig. 1. Penetration of perpendicular magnetic flux into the
sample: (@) Hyy =0, H,=60 Oe, and T = 30 K; (b) Hyp =
1800 Oe, H,=60 Oe, and T =30K; and (c) Hy, = 1800 Oe,
H,=60Oe, and T = 56 K. Arrows show the directions of the
applied field and mation of the magnetic flux.

in B,r). The profiles of the magnetic flux depend on the
angle, and the spot of the ingoing flux has a maximum
size approximately along the laminar structure. The
ratio k; of the maximum magnitude of 0B,/or to the
minimum one does not exceed 2.

Figure 1b shows atypical picture of the penetration
of the magnetic flux into the sample after cooling in a
magnetic field H,, (FC mode) at T< 54 K. It can be seen
from Fig. 1b that the magnetic flux chiefly propagates
along the direction H,,, which is shown by an arrow.
Such a picture of the penetration of the magnetic field
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sample at H,, = 650 Oe, H, = 60 Oe, and T = 36 K. Profile

1 was recorded in the direction H,, between weak sites;
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the penetration of the magnetic flux; profile 3, in the same
band in the direction perpendicular to H,y, near the maxi-
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Fig. 3. Dependences of 0B,/0x and 0B,/0y on Hy, at T =
36 K.

is observed in the temperature range from 12 to 54 K.
Note that such a mode of the penetration of the
magnetic field is analogous to that observed for single
crystalsof YBCO [3]. The anisotropy of the penetration
of the magnetic flux is larger, the higher the intensity
of Hy,.

If the temperature exceeds T, then, asin the case
where H,, = 0, the picture of the penetration of the flux

USPENSKAYA et al.

changes sharply (Fig. 1c). The magnetic field pene-
trates through weak sites and rapidly occupies the
entire sample. In this case, the direction of motion of
the flux isindependent of the direction of the magnetic
field H,, (see arrowsin Fig. 1¢). Note that in the range
of fields studied (H, = 0-1800 Oe and H, = 0-300 Oe),
the temperature of the crossover T,, =54 £ 2 K remains
unaltered.

Figure 2 displays three profiles of the magnetic
field. Profile 1 was recorded in the direction of thefield
H 4, (X axis) between weak sites, where the penetration
of the magnetic flux is screened by the Meissner cur-
rent. Profile 2 was recorded in the same direction but in
the band corresponding to the penetration of the mag-
netic flux near aweak site. Here, a slight dip caused by
the Meissner current can aso be seen. In the bulk of the
sample, the profile of the penetrating magnetic field has
avariable slope similar to that observed at H,, = 0. Pro-
file 3 was recorded in the same band of the penetrating
magnetic flux but in the direction perpendicular to the
applied magnetic field (y axis) near the maximum of B,.
This profile also consists of a slowly sloping part and
two peripheral regions with sharp (almost linear)
slopes. The peripheral slope 0B,/dy is significantly
greater than 0B,/ox. The dependences of the derivatives
0B,/ox and dB,/dy on H_, are shown in Fig. 3. It is seen
that the screening currents along the x axis increase
with increasing magnetic field, whereas the currents
along the y axis decrease. Both these currents decrease
with temperature. However, their ratio k; =
(0BJoy)/(0B,/0X) increases with temperature, saturat-
ing at T =25-30 K. The ky(T) curveis shownin Fig. 4.
The picture of the penetration of the magnetic flux is
amost the samein the FC and ZFC regimes.

The anisotropy of the penetration of the magnetic
flux into superconductors in crossed magnetic fields
has been studied in much detail [3, 7, 8]. Upon the
motion perpendicular to the field H,,, the screening
currents are directed along H,, (force-free configura-
tion). Upon the motion of vortices along H,,, the
screening currents flow perpendicular to H,, (force
configuration). The density of the screening currentsin
the case of the force-free configuration is greater; this
leads to a preferential propagation of the magnetic flux
along the applied field. Moreover, if during the motion
thetransverse vorticesintersect vorticesthat are located
inthe ab plane, then the cores of the latter are additional
centers of pinning that hinder transverse motion and
only dlightly affect the longitudina motion. With
increasing temperature, the density of the screening
currents decreases, as was observed in our experiments
as well, but the anisotropy of penetration increases for
YBCO because of the increase in the coherency length
&. and a corresponding increase in the interplane corre-
lation of the order parameter. Such an increase is aso
observed in our experiments (Fig. 4). In the force-free
configuration, the screening currents increase with
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increasing magnetic field; the effective pinning also
increases with increasing H,,. Correspondingly, 0B,/dy
increaseswith H,;,. Thus, the results of our observations
at T < T, are qualitatively similar to analogous results
for HTSCs of theYBCO type and can be explained in a
natural manner in terms of the concepts of vorticeswith
astrong interplane correlation (a 3D-type vortex struc-
ture).

The disappearance of coupling between longitudi-
nal and transverse magnetizations in HTSCs with a
strong anisotropy is ascribed to the disappearance of
correlation between two-dimensional (2D) vortices
located in different CuO planes [3, 8]. The magnetic
flux produced by the field H,, is concentrated between
these planes and the currents that screen the transverse
flux flow in the CuO layers. It is obvious that no effec-
tiveinteraction between the longitudinal and transverse
magnetic fluxes exists in this case. It is natural that,
upon the transition into the phase of uncorrelated 2D
vortices, the creep of the flux increases, the efficiency
of pinning at defects decreases, and, correspondingly,
the density of screening currents decreases as well [2].
Thus, it is natural to ascribe the transition observed at
T = T, to the transition into the phase of uncorrelated
2D vortices. The parameter that characterizes the
anisotropy of penetration of the magnetic flux, kj,
increases with temperature, saturates, and then the
character of penetration changes discontinuously. Such
behavior speaks in favor of a phase transition of the
melting type, which was repeatedly discussed for
strongly anisotropic HTSCs [1, 2]. Indeed, with
increasing temperature, the interplane correl ation of the
order parameter first increases due to the growth of
&.(N); then, thermal fluctuations begin to compete with
them, the k;(T) dependence saturates, and a phase tran-
sition occurs.

In such a phase transition, the vortex lattice melts
and the columnar structure of isolated vortices disap-
pears [1, 2]. The transition temperature may be esti-

mated from the relation kT, = 8, Cea5 d. Wherea, < 1
is the Lindemann constant, Cg is the shear modulus of
the vortex lattice, a, is the lattice parameter of the vor-
tex lattice, and d, is the effective correlation length of
vortices aong the ¢ axis. For 3D systems, d. ~
ay(Cas/Ces) Y2, Where C,, is the flexural modulus of the
vortex lattice. For multilayered structures with Joseph-
son coupling between layers, d.. isequal to thethickness
of the corresponding superconducting layer. Since in
the main approximation we have Cy4; 0 B, C,, [ B, and

a, 0 1/./B [1, 2], then d. and, consequently, T,, are
independent of the magnetic field in both the first and
second cases, which agrees with our measurements. In
the theory of dislocation melting, itisassumedthata, =
1/41t Then, substituting the corresponding values of
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Ces and g, into the expression for T, we obtain [1]
KeTm = Gode/32:/3TCAG(Tr), (1)

where @, is the quantum of the magnetic flux and A, is
the London penetration depth in the ab plane. For the
estimation, we assume that A4,(0) = 300 nm. Then, we
obtain from Eq. (1) that T,, ~ 50 K if d, ~ 1-1.5 nm,
which is close to the distance between the CuO planes
in the crystal lattice of Bi2212:Pb [4, 5].

The anisotropy parameter I' = €,,/¢. of Bi2212:Pbis
much larger than that of YBCO [4]. It is natural to sup-
pose that for YBCO the parameter d, characterizing the
interplanar correlation of vortices along the ¢ axis also
islarger. Then, according to Eg. (1), the transition point
T,, for YBCO corresponds to higher temperatures than
in the case of Bi2212:Pb and it is even possible that
T, > T, At the same time, the anisotropy of Bi2212 is
much larger than that of Bi2212:Pb [4]. Then, the value
of d. in Bi2212 is smaller than that in Bi2212:Pb and,
correspondingly, the transition point T,, is shifted
toward lower temperatures. We can supposethat itisfor
these reasons that the magnetooptical observations do
not reveal the phase transition in these systems. In some
works (see [9] and references therein), the transition of
the type of melting of a vortex lattice is attributed to
specific features of the variation of the resistance and
magnetic moment, which are observed, e.g., in Bi2212
single crystalsin atemperature range from 45 to 85 K.
In this case, the transition temperature substantially
depends on the magnetic field. However, similar effects
cannot represent direct evidence in favor of the disap-
pearance of three-dimensional correlations in the sys-
tem of vortices. Possibly, they are due to the changein
the mode of pinning [10]. At the same time, magne-
tooptical measurements in crossed fields appear to be
more direct evidence for the development of a phase
transition of the 3D-2D type in the vortex system.
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Apparently, atwo-dimensional CuO lattice is formed on the surface of copper oxide in the CuO—Cu interface.

This lattice consists of Cu?* and O~ ions, which form a narrow, partialy filled two-dimensional band. In this
case, local electron pairs (LEPs) can form in the oxygen subsystem as a result of the fulfillment of the Shubin—

Vonsovskii conditions. A crude estimate of the formation temperature of LEPs gives T+ ~ 10* K. At the con-
centration in the interface layer n ~ 1.6 x 10%° cm and the effective mass of carriers m* ~ m,, the onset tem-
perature of Bose—Einstein condensation may take a value of T, ~ 1000 K. The estimate obtained for the tem-
perature T, corresponds to the experimental value by an order of magnitude. © 2002 MAIK “ Nauka/lnterperi-

odica” .
PACS numbers: 74.80.Dm; 74.20.-z

The temperature dependence of the electrical con-
ductivity and the current—voltage characteristics of Cu
films deposited by thermal evaporation on natural faces
CuO single crystals as a substrate were investigated in
[1]. It was shown that the electrical conductivity of Cu
films measured in the film plane increasesin some sam-
ples after electrothermal annealing by a factor of sev-
eral tens, several hundreds, or even more than 150 hun-
dred. The results obtained are explained by the forma-
tion of a layer in the CuO-Cu interface with an
electrical conductivity that significantly exceeds the
electrical conductivity of copper. It was suggested that
the high eectrical conductivity of the layer can be
explained by the formation of someregionsin thislayer
that possess high-T, superconductivity with a critical
temperature T, that significantly exceeds 400 K. The
nature of the high electrical conductivity of the layer is
presently unclear. The experimental estimate of 24,
where A is the band gap, comprises 120 mV, and the
estimate of thetemperatureis T, = 800-1100K [2]. The
complicated character of the temperature dependence
of the magnetic susceptibility in nanocrystalline sam-
ples of the low-dimensional CuO antiferromagnet is
explained by the presence of paramagnetic Cu?* ions.
The Cu?* ions localized in the surface layers of nanoc-
rystals are noninteracting and behave as a paramagnetic
impurity because of the loss of 3D periodicity and the
breaking of exchange coupling. The importance of the
surface states of Cuionsincreases asthe crystallite size
decreases. From the given experimental facts, it can be
inferred that atwo-dimensional latticeis likely formed
on the CuO surface, in which the Cu?* and O? ions
form anarrow two-dimensiona band.

It was found experimentally [4] that |ocalized super-
conductivity with high T, is observed only in such cop-
per—oxide systems that exhibit a paramagnetic charac-
ter of the temperature dependence of magnetic suscep-
tibility. The presence of an impurity paramagnetic
phase (or fragments) in antiferromagnetic copper oxide
is anecessary condition for the occurrence of impurity
localized superconductivity with high T.. Strong spin
correlations and antiferromagnetic order, for example,
in monoclinic CuO prevent the occurrence of supercon-
ductivity.

Anincreasein electrical conductivity by six to seven
orders of magnitude is observed in Mg, _,Cu,O sys

tems at x = 0.15-0.20, which may indicate that Cu?*
ions are acceptors with a comparatively small activa
tion energy, that is, are located relatively close to the
top of the oxygen valence band (according to the sign
of the thermoelectric coefficient, the charge carriersin
Mg; _,Cu,O are holes). Another characteristic property
of electrical conduction in Mg, _,Cu,O is the occur-
rence of electrical instabilities observed in some sam-
ples, namely, sharp drops in electrical resistance at
230-270 K. Such instabilities may point to the exist-
ence of asuperconducting impurity inthe samples. The
authors of [4] came to the conclusion that a localized
superconducting layer of theinterface typeformsinthe
layer of Mg;_,CuO contacting copper. Thus, the
Mg; - ,Cu,O solid solutions (0 < x < 0.20) with the NaCl
crystal structure studied in the temperature range 5-550 K
are paramagnetic semiconductors of the p-type. Evi-
dently, atwo-dimensional lattice composed of Cu?* and
O% ions, which form a narrow two-dimensiona band,
isformed in this substance on the surface as well.
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When Cu atoms are deposited on this surface, elec-
trons will be transferred from O? anions of the two-
dimensional layer to Cu atoms. The Cu atoms near the
surface will tend to the 3d'%4s? state. This excludes the
participation of the deposited Cu atoms in supercon-
ductivity. In support of the transfer of electron density,
ionization potentials of atoms and anions can be con-
sidered. The ionization potentials of Cu and O are,
respectively, 7.72 and 13.62 eV [5]. However, the ion-
ization potential of the O anion is already equal to
3.55 eV, whereas the ionization potential of the O*
anion equals approximately zero. The transfer of elec-
tron density will proceed until the p and d energies of
the O and Cu'~ anions become equal . Because copper
at the CuO surface occurs in the paramagnetic Cu?*
state at high temperatures at which a superconducting
state is observed, the Cu?* ions of the 2D plane will
indirectly participate in the formation of the supercon-
ducting state. Evidently, oxygen anions have a domi-
nant role in the formation of the superconducting state.
Thus, the Cu—CuO interface will apparently contain a
2D CuO lattice composed of Cu?* and O ions, which
form a narrow, partidly filled 2D band. In this case,
local electron pairs (LEPs) can form in the planein the
oxygen subsystem as a consequence of the fulfillment
of the Shubin—Vonsovskii conditions. The states of Cu
ions deposited on the CuO surface are located near the
Fermi level of the 2D lattice, which, evidently, will allow
LEPs to move aong the surface and to form a supercon-
ducting Bose-Einstein condensate with high T..

Shubin and Vonsovskii showed [6] that, if the condi-
tion
V>, (1)

where Z isthe number of the nearest neighbors, | isthe
energy of electrostatic interaction between two collec-
tivized (former valence) electrons on one crystal lattice
site, and V is the energy of electrostatic interaction
between two collectivized electrons of two neighboring
|attice sites, is fulfilled in a narrow half-filled metalic
band with one electron per site, a polar state arises
(referred to in the literature as a charge-density-wave
(CDW) dtate) with the order parameter m = 2. The
parameter m equals the difference in electron density
on neighboring sites. The value m = 2 corresponds to
the formation of LEPs in the system. It was shown in
[7] that condition (1) is fulfilled in the CuO, planes of
theY Ba,Cu;0; crystal. These conditions are the reason
for the formation of CDW in the anionic p subsystem.
In this approximation, the maximum formation temper-
ature of LEPs is estimated by the value T* = 150 K. In
the proposed model of the formation of ahigh-T, super-
conducting state, given an insignificant increase in the
number of holes t; and a decrease in the number of
holest in the p and d states of the Cu and O ions of the
CuO, planes, thetemperature T* isbell shaped and cor-
responds to the experimental dependence T,(d) of the
YBa,Cu;04 ., 5 Crystal. Based on the given mechanism
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of electron pairing, recommendations were givenin[8,
9] on obtaining high-T, superconductors containing
carbon, nitrogen, and oxygen anions. Such substances
should have partially filled AX anion states near the
Fermi level of a not-too-wide hybridized conduction
band (about 1 eV) with a sufficiently large concentra-
tion of carriers. These substances should have super-
conducting monolayers (planes) of anionsA and metal
ions with more strongly open valence shells as com-
pared with the Cuionsand O anions of the CuO, planes
in the high-T, superconductor. Inthiscase, itispossible
that there exist the parameterst; = 1andt = 1, and hence
T* assumes a large value compared to T* in cuprate
high-T, superconductors [7]. The second necessary
condition of the occurrence of LEPs and the supercon-
ducting state in new high-T, superconductors is the
existence of a narrow conduction band in these materi-
as. Thiscan be achieved only in deposited monolayers
(planes), in which the A¥- anions should have a small
number of closest neighbors. In order to create partially
filled states of A~ anions near the Fermi level, the
superconducting layers should be surrounded by layers
of carbon, oxides, or metalswith high electronegativity.
The case in point is the creation of substances that are
similar in structure with layered high-T, superconduc-
tors. Evidently, the conditions listed above are fulfilled
in the Cu—CuO interface.

The value of T* of the surface layer of CuO can be
estimated asfollows. The CuO oxide belongsto the ten-
orite structure type, which represents a monoclinically
distorted type of the NaCl structure. The lattice cell
parameters are a = 4.684, b = 3.425, ¢ = 5.129 A, and
3 =99.46° [10]. The interatomic distances in the xy
planewill be equal to R, = 2.342 A along the x axis and
R =1712 A dong the y axis. The oxygen anion will
have four neighboring Cu ions. From atomic calcula
tions it follows that the Coulomb interaction energy of
two electronsequals|, = 17.98 eV for the O anion and
lo ~ 13.46 eV for the O~ anion. The Coulomb interac-
tion of two d electronsin the Cu atom can be estimated
a I, = 6.26 [7]. The Coulomb interaction energy Vag
of two p electrons located on atoms A and B was
crudely estimated by the Ohno equation [11], which is
used in gquantum-chemical calculations by the CNDO
method

14.3986
JRog + ¢

where ¢ = 14.3986/27Y(1, + Ig) and R,g is the internu-
clear distance between atoms A and B in A. In the xy
plane, the O% anion will have two neighboring Cu ions
at the distance R, and two Cu ions at the distance R,.. It
was shown in [12] that the energy E = ZV — | corre-
sponds to the electron pair formation energy in a
square-planar lattice with the parameter m = 2. It is
known that the Coulomb potential in metas is

Vas(Rag) = (eV), 2
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described by the screened potential ¢ = gexp(—Ar)/r.
Then, the | and V(R) values should be multiplied by
exp(=Ar). If it is taken that the concentration n ~
10% cm2 for the metal planes of CuO, then /A ~ 1 A
[13]. The diameter of the p shell of the O~ and O*
anions equals, respectively, 2.12 and 2.92 A. The diam-
eter of the d shell of the Cu atom equals 1.4 A. If there
are holest in the d shell and holes t; in the p shell, the
energy E = kT* takes the form

E = t;t x2(V(R)exp(—-R,)
+ V(Ry) exp(—Ry) ) —lexp(—d).

In the calculation of the formation temperature T* of
LEPs in the subsystem of O anions, the following
parameters should be taken: d = 2.12 A, | = 17.98 eV,
l,=1798 eV, I, =6.26 eV, t; =1, and t = 1. In this

case, one obtains T; = 16138 K. As the number of

©)

holest in the Cu?* d shell decreases, the temperature T;,

proportionally decreases, and T ~ 0 att = 0.61. It is
not inconceivable that L EPs are also formed in the cop-
per subsystem of the Cu?* ions in the plane. However,
as it was noted above, the Cu?* ions occur in the para-
magnetic stateat T ~ 300400 K, and the superconduct-
ing state must be in the plane. The formation tempera-

ture T, of LEPsin the subsystem of Cu?* ions can also

be calculated. To do this, one should taked = 1.4 A, | =
6.26eV,t; =1, andt=1in Eq. (3). The formation tem-

perature of LEPs in this case equals T¢, = 23269 K.
With decreasing number of holest; in the O p shell,

the temperature T, decreases. Att, =0.44, T¢, ~ 0.

Consider the possibility of the formation of LEPsin
the subsystem of O~ anions at the CuO surface without
the presence of deposited Cu atoms. CuO is a p-type
semiconductor with aband gap width of ~ 0.6 eV. CuO,
in which the Cu ions have the d® structure, is an antifer-
romagnet with an effective magnetic moment 0.6 g
[10]; that is, t = 0.6 in the d shell. In this case, the num-
ber of holesin the O> p shell will equal t; = 0.4; that is,
the electron configurations of oxygen are close to the
configuration of O%~. Hence, the following parameters
should betakeninEq. (3): d=2.92A, 1 =13.46¢eV, |, =
1346 eV, I, = 6.26 eV, t; = 0.4, and t = 0.6. For this
case, the parameter m< 1 and KT* ~Em/2 [7]. At m ~
0.5, Eq. (3) gives T* ~ 200 K. For t; = 0.36, the param-

eter T; ~ 0. From here, it follows that the formation of

CDW in the oxygen subsystem at the surface of CuOis
unlikely for common values of parameters. A similar
situation takes place in the copper subsystem.

The Neel temperature Ty (antiferromagnet—para-
magnet transition) for CuO was determined to be
230 K, and avery broad maximum centered at ~ 540 K
was observed in the temperature dependence [14]. A
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reasonable explanation for this fact was given in [15],
where an agreement between experimental data and
theory was obtained within the model of the formation
of Cu?*—~Cu?* pairs with a shortened internuclear dis-
tance below Ty and an increased distance above Ty.
This consideration of the reasons for antiferromag-
netism in CuO is confirmed experimentally by the facts
that the temperature dependence higher than 700 K of
the susceptibility of CuO obeys the Curie-Weiss law
and the effective magnetic moment equals 1.9z, which
is larger than that for the pure spin state. From here, it
follows that the state of Cuionsin CuO at high temper-
atures tends to decrease its d electron density. In this
case, the parameter | = I, can be increased from 6.26
to 7-8 eV. Substituting this value into Eq. (3) givesthe

estimate Tg, ~ 0. Hence, as the temperature increases

up to 700 K and above, the formation of LEPs in the
copper subsystem of the boundary CuO plane in the
Cu—CuO interface becomes unlikely.

Thus, a crude estimate of the formation temperature
of LEPsin the oxygen subsystem at the CuO surfacein
the Cu—CuO interface gives T* ~ 10* K. It was shown
in [16-18] that a system of LEPs can pass into a super-
conducting state [19]. In this model, with regard to the
interaction of the nearest neighbors, the area of super-
conductivity isbounded by the inequality [20] K <K ~
t/v (where K = N/B, N is the number of LEPs, B isthe
number of sites, t is the hopping integral, and v is the
Coulomb repulsion of LEPs on neighboring sites). At
K > K,, the system of LEPsis ordered by a charge den-
sity wave. With the assumption of the occurrence of a
narrow band at the CuO surface, the valuet ~ 0.4 eV
can be taken for this band [21]. In this case, the critical
value K.~ 0.04 for v ~ 10 eV. In common bivalent met-
als, theratio N/B ~ 1 and the concentration of carriers
n ~ 5 x 10?2 cm3, whereas the concentration of carriers
a K. ~ 0.04 in the Cu—CuO interface should be n ~
10%° cmr for the formation of a Bose—Einstein conden-
sate. Actualy, if the concentration in theinterface layer
equalsn ~ 1.6 x 10?%° cm and the effective mass of car-
riers m* ~ m,, the estimation of the onset temperature
of Bose-Einstein condensation gives the value T, ~
1000 K [22]. The obtained estimate of T, correspondsto
the experimental value.
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The band structure of new layered (AlIB, type) Ca(Al,Si; _,), and Sr(Ga,Si; _ ), superconductorsis studied by
the first-principle full-potential LMTO method. It has been shown that the superconducting properties of ter-
nary silicides are dueto the high density of (Ca,Sr)d states at the Fermi level, whereas the growth of T in going
from Sr(Ga,Si; _,), to Ca(Al,Si; _,), isassociated with the increase in phonon frequencies due to the decrease
in atomic masses. Simulations are performed for the electronic properties of hypothetical (11,11) and (20,0)
CaAlSi and SrGaSi nanotubes. In going from the crystalline to the nanotubular state, the silicide systemsretain
metal-like properties. The template and “film rolling” techniques can be used for obtaining silicide nanotubes.
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Among new superconductors with a wide range of
potential applicationsin various areas of materials sci-
ence and technologies, two groups of materials have
attracted particular attention in recent years. One of
them contains quasi-one-dimensional (1D) nanotubular
systems. Their best known representatives are carbon
nanotubes [1, 2], for which a superconducting transi-
tion has been revealed recently (T ~ 0.55K) [3, 4] and
theoretically interpreted [5].

The second group of promising superconducting
materials comprises quasi-two-dimensional (2D) oxy-
gen-free phases, whose investigations were stimulated
by the discovery in 2001 [6] of the critical transitionin
MgB, (T¢ ~40K). It wasfound (reviews[7, 8]) that the
hole-type 2p, , bandsin the planes of graphite-like net-
works of boron atoms play a decisive role in the mech-
anism of pairing. This fundamental result determined
the main line of the current search for new supercon-
ductors, whichisperformed among layered (AlB, type)
systems.

It isknown that the vast majority of non-carbon nan-
otubes have been synthesized (and predicted) for sub-
stances or compounds that, like carbon, have 2D crys-
talline modifications (review [9]). Therefore, AlB,-type
phases can in their turn become the ground for creating
a new class of inorganic nanotubes that are potential
superconductors. This possibility was emphasized in
[10], where the structural and energy parameters of a
number of nanotubes of MgB, and ZrB, were simulated
by the molecular mechanics MM* method. The elec-
tronic structure of a series of MgB,, AIB,, ScB,, TiB,,
and LiBC nanotubes and a composite (6,6)AlB, and
(12,12)MgB, tube was investigated in [11].

One of the remarkable recent resultsisthe synthesis
of the first representatives of a new class of layered
superconductors, ternary Sr(GaSi;_,), (Te ~ 3.5 K)
[12] and Ca(ALLSi;_,), (T ~ 7.7 K) [13] silicides isos-
tructura with the MgB,, superconductor. Their hexago-
nal sublattice is composed of akaline-earth metals
(AEM = Ca &), and the graphite-like networks are
composed of (Ga, Si) or (Al, Si) atoms. Magnetization
and electrical conductivity measurements showed that
these silicides are type Il superconductors[12, 13].

In thiswork, we report the results of comprehensive
investigations of band structure parameters responsible
for the superconducting properties of new AlB,-type
ternary silicides and the results of simulations of their
hypothetical 1D modifications, whose €l ectronic prop-
erties are analyzed using nonchiral armchair (11,11)
and zigzag (20,0) nanotubes.

Crystalline silicides were studied by the scalar rela-
tivistic full-potential LMTO method [14, 15]. The
Sr(GasSi;_y), (x = 0.375 05 and 0.625) and
Ca(Aly5Sig5), compositionswere considered within the
framework of 12-atomic supercells. The band structure
of nanotubes of the Sr(Gay5S5), and Ca(Aly5Siy5), for-
mal stoichiometry was studied by tight-binding band-
structure calculations with matrix elements parameter-
ized according to extended Hiicke theory [16].

Energy bands and densities of states (DOS) of sili-
cides are given in Figs. 1 and 2. We will discuss their
features using Ca(Aly5Sigs5), asan example. Its valence
band (VB) is determined by (Al,Si)3p states, which
form four o(3p, ,) and two T(3p,) bands, significantly
differing in their dispersion relations E(k). The disper-
sion E(K) for 3p, , bands reaches amaximumin thek,

0021-3640/02/7603-0189%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Energy bands: (1) Ca(AlpsSigs), and
(2) Sr(Gag5Sig5)2- FPLMTO calculations.
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(FT—K) direction. These bands reflects the 2D distribu-
tion of (Al,Si)3p states in graphite-like networks and
form pseudoplanar areas in the k, (FT—A) direction. The
2p, , bands make a contribution to DOS over the entire
VB width with a maximum at ~2.6 eV below E.
(AlLS)p, states (responsible for interlayer bands)
exhibit a significant dispersion in the k, (FT-A) direc-
tion. The o(3p, ) and T(3p,) bands intersect at the I
point of the Brillouin zone (BZ). It isimportant that the
(Al,Si)3p bands are located below Er and do not con-
tain hole states as well as those in aluminum diboride,
which is isoelectronic to the Ca(AlysSips), slicide
(electronic concentration (EC) = 9 electrons per for-
mula unit) and is not a superconductor [7, §].

The main contribution to the Ca(Aly5Siy5), DOS at
the Fermi level N(Ef) is made by the Ca3d states
(~59%), which determine both the structure of the
upper VB edge and the conduction (electronic type) of
the given phase. The contributions to N(Ef) of
(Al,Si)3p states do not exceed ~9 and 10%, respec-
tively, Table 1.

With the general similarity of the band structures of
Ca(AlLSi; _,), and Sr(GaSi; _,),, their distinctions are
associated with a changein the type of intra- and inter-
layer interactions and are revealed in (i) an increase in
the dispersion of the o and rthandsin the A—L—H direc-
tions, (ii) the energy separation of these bands at the I
point, and (iii) the appearance of new occupied states of
amixed Sr4d-Gadp-Si3p typein the vicinity of the BZ

4
i Sr(Ga,Si; _,),

2_

| Ca(Aly 5Sij 5),
2k /\//‘/\”\,J
0

1/eV/eell
o) o)
[T N
T T

Fig. 2. Total (above) and partial densities of states of Ca(Alg 5Sig 5)» and Sr(Ga,Si| _ ), for x = (1) 0.375, (2) 0.5, and (3) 0.625.
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Table 1. Tota and orbital densities of states at the Fermi
level (N(Ep), 1/eV) for Ca(Alq5Sigs), and Sr(GaSi; _y),, FP
LMTO calculations

. . S(GasSii_y)-
orbital | CalAlosSlosz =T =05 [x= 0625
Ca(Sn)-s 0.030 0060 | 0051 | 0.059
Ca(Sn)-p 0.096 0041 | 0010 | 0124
ca(sr)-d 0.662 0782 | 0516 | 1.208
AlGa)-s | 0023 0033 | 0025 | 0016
Al(Ga)-p | 0101 0076 | 0059 | 0297
AlGa)d | 0033 0029 | 0015 | 0030
Si-s 0.023 0097 | 0026 | 0010
Si-p 0.116 0208 | 0086 | 0.162
Si-d 0.044 0052 | 0034 | 0040
Total 1.128 1378 | 0822 | 1946

K, T, and A points (Fig. 1). Thetotal Sr(GaSi;_,), VB
width increasesby ~1.4 eV. The AEM d states makethe
main contribution to N(Eg).

Thus, the band structure of the AIB,-type silicides
has a number of principal distinctions from supercon-
ducting MgB,, which areasfollows: (i) thefilling of the
bonding p, , bands and the absence of hole o states,
(it) the growth of covalent interactions between the
(Al,Si) or (Ga,Si) and metal layers (due to hybridiza-
tion of the p—d states), and (iii) a change in the orbital
composition of N(Eg), where the AEM d states make

the main contribution. The last mentioned fact is char-
acteristic of awiderange of low-temperature metal-like
superconducting compounds of p and d elements (NbN,
V,Si, etc.) [17] for which the values of T can be
described by the McMillan equation T, = [lexp{ f(A\)},
where [ s the averaged phonon frequency (inversely
proportional to the atomic massof M) and A isthe elec-
tron—phonon coupling constant (A = N(Eg) M2LMorL)
(I%(is the electron—on matrix element, (MY’ Idoes not
depend on mass and is determined by force constants).
According to [12, 13], Te(Ca(AlysSigs),) = 7.7 K >
Te(Sr(Gay 37Sip63)2) = 3.5 K. The values of N(Ef) that
we abtained for silicides close to each other in compo-
sition turn out to be comparable (vary over ~18%) but
are in an opposite relationship N(Eg)(Ca(Al5Sips)s) <
N(Er) (Sr(Gap.37590625)2) (Table 1). It may be supposed
that the higher values of T, are obtained for the
(Ca(AlLSi; _,),) silicides, which contain easier atoms,
because of the growth of phonon frequencies.

Introducing electron or hole dopants is a widely
used technique for modifying the superconducting
properties of complex systems, and the result is often
predicted based on the rigid-band model [7, 8]. Calcu-
lations for Sr(GaSi;_,), with a variable Ga/Si ratio
showed that, as EC increases from 8.75 (for x = 0.375)
t0 9.25 electrons per formula unit (x = 0.625), the DOS
profile at the Fermi level sharply changes (mainly, on
account of the Sr4d states, Fig. 2), which results in a
nonmonotonic dependence N(E;) with a minimum at
x = 0.5. Hence, attempts to optimize the superconduct-
ing properties of the Sr(Gay 57Sig63)» phase obtained in
[12] by its electron doping (at least, up to the

Table 2. Diameters(D, A), total band energies (Ey, €V), Fermi energies (Eg, €V), and interatomic bond indices (COOPs, €)
for (11,11) and (20,0) CaAlSi and SrGaSi nanotubes. Tight-binding calculations

COOPs***
Nanotube D** —Eiot —E-

X=X X-M M-M
(11,11)AlS 25.427 8.450 0.440 - -
(11,11)GaSi 25.137 8.739 0.451 - -
(11,11)GaAlSI(1)* 21.028 2403.34 6.492 0.480 0.003 0.181
(11,11)GaAlSi(1l) 29.826 2386.62 6.356 0.473 0.034 0.106
(11,11)SrGasi(l) 20.337 2493.50 6.845 0.493 0.0 0.220
(11,11)SrGasi(11) 29.937 2479.16 6.863 0.489 0.006 0.178
(20,0)AlS 26.691 9.046 0.879 - -
(20,0)Gasi 26.387 9.116 0.884 - -
(20,0)CaAlSi(111) 22.292 4401.57 6.347 0.894 0.0 0.118
(20,0)CaAlSI(1V) 31.090 4386.73 6.221 0.888 0.0 0.066
(20,0)SrGasSi(111) 21.587 4577.07 6.447 0.917 0.0 0.121
(20,0)SrGasi(1V) 31.187 4572.45 6.614 0.910 0.0 0.099

* Type of tube configurations: the metal cylinder (11, 1V) “outside” or (I, I11) “inside” the (AlSi) and (Ga, Si) tubes (Fig. 3).
** Diameters of “pure” (AlSi) and (Ga, Si) tubes and CaSr cylinders for the CaAlSi and SrGaSi nanotubes of various configurations.
*** Bond popul ations between pairs of atoms: X—X in (AlSi) and (Ga, Si) tubes, M—M in metal tubes, and X—M between these tubes.
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Fig. 3. Models of configurations: (I, I1) (11,11) and (111, V) (20,0) CaAlSi and SrGaSi nanotubes; the metal (Ca, Sr) cylinder is
located (I, 111) “inside” or (I1, V) “outside” the (Al,Si) and (Ga,S)) tubes.

Sr(Gay5Sig5), composition) will be unproductive, and
the application of the simplified rigid-band modd to the
description of the given systems is unacceptable.

The tubular forms of silicides were studied using as
an example nonchiral (11,11) and (20,0) nanotubes
with the formal stoichiometry Ca(AlysSigs), = CaAlSi
and Sr(GaysSigs), = SrGaSi. The nanotubes consist of
two coaxial cylinders formed on the rolling of two
neighboring (in the crystal) planar Ca~AlS) or Sr—
(GaSi) networks. Two possi ble nanotube configurations
were considered: the metal cylinder is arranged either
“outside” or “inside” the (AlSi) or (GaSi) tubes (Fig. 3).
Theinteratomic distances were taken equal to theintra-
and interlayer distancesin the 2D phases[12, 13]. Cal-
culationsfor the (11,11) and (20,0) nanotubeswere per-
formed using 66- and 120-atomic cells; one-layer nan-
otubes of (AlSi) and (GaSi) monolayers were also cal-
culated (Table 2).

The total DOS of nanotubes presented in Fig. 4
demonstrate that these retain metal-like properties
inherent in 2D silicides. However, depending on the

geometry and composition of nanotubes, their DOS at
the Fermi level sharply change up to the appearance of
a pseudogap for the (11,11)SrGaSi nanotube. Estima-
tions of the total band energies (E,,) of nanotube con-
figurations (I-1V, Fig. 3) indicate that the structures
containing the metal cylinder “inside” the nanotube of
(AlSi) and (GaSi) monolayers are more stable, which
can be qualitatively explained by the stronger inter-
atomic bonds for nanotube configurations | and Il
(Table 2).

An analysis of crystal orbital overlap populations
(COOPs) showed that (i) bonds in (AlSi) and (GaSi)
nanotubes of CaAlSi and SrGaSi tubes are stabilized
with respect to relatively “pure’ one-layer tubes
through partial Ca—(AlSi) and Sr—~(GaSr) electron
transfer; (ii) the main bonds are those in (AlSi) and
(GaSi) nanotubes, and comparable bonds are those in
Ca and Sr tubes; and (iii) the covalent bonds between
coaxia cylinders are very weak. Bonds of certain types
depend on the composition and structure of nanotubes.
For the tubes of the same type (armchair (11,11) or zig-
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Fig. 4. Total densities of states for (1) (11,11) CaAlSi,
(2) (11,11)SrGasSi, and (3) (20,0) SrGaSi nanotubes; tight-
binding calculations.

zag (20,0), the X—X and M-M bonds are stronger for
the SrGaSi tubes; for armchair (11,11) or zigzag (20,0)
nanotubes of a particular composition (CaAlSi or
SrGaSi), the bondsin the SrGaSi tubes are significantly
stronger, Table 2.

Thus, the analysis of the band structure of new ter-
nary silicides showed that their superconducting prop-
erties are associated with the high density of AEM d
states at the Fermi level, and the growth of T in going
from Sr(GaSi; _,), to Ca(Al,Si; _,), isevidently due to
the growth of the frequencies of the phonon spectrum
as aresult of the decrease in the atomic masses of the
system components. The spectra of Sr(GaSi; _,), vary
nonlinearly asafunction of the Ga/Si ratio; an increase
in the silicon content (electron doping) will lead (at
least, up to Ga/Si = 1) to a deterioration of the super-
conducting characteristics of the silicide.

Ternary CaAlSi and SrGaSi silicides in the tubular
form retain their metal-like properties. The main bonds
in nanotubes are those due to “intratubular” interac-
tions, and the “intertubular” bonds are weak as well as
those in multilayer carbon nanotubes (of van der Waals
type [1, 2]). The configurations of silicide tubes con-
taining AEM layers“inside” the (AlSi) or (GaSi) tubes
are more stable; in their turn, the tubes of SrGaSi are
more stable than those of CaAlSi.

Experimental data on the synthesis of nanotubes
based on AlB,-type phases have not been reported so
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far. With regard to the current practice of obtaining
inorganic nanotubes (review [10]), it may be expected
that the most probable methodsfor creating CaAlSi and
SrGaSi nanotubes will be the template technique (dep-
osition of the surface of carbon nanotube matrices) or
the film rolling technique. The first GeSi/S and
InGaAs/GaAs tubes have been obtained recently by
thistechnique [18, 19].

Thiswork was supported by the Russian Foundation
for Basic Research, project nos. 01-03-32513 and 02-
03-32971.
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