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An infinite dielectric medium influences the proba-
bility of spontaneous emission in the optical region
(see, e.g., [1-3] and referencestherein). The probability

Wril of electric dipole transition in a medium with
dielectric constant e at an emission frequency w (sys-

tem of units ¢ = # = 1) can be expressed through the
probability Wfic of spontaneous decay in avacuum by
the relationship [1-3]

El 1/2 .2

We' = € F €)Wy )

Here, the function f(e) relates the electric component
E,, of amacroscopic electromagnetic field in amedium
to the local dectric field E,. at the point where dipole
is located. This function depends on the microscopic
structure of the medium surrounding the emitting
object, e.g., an atom. If theatom is placed in a sphere of
small radius R < A = 21w inside which €, = 1, then
f(e) = 3e/(2¢ +1) (the corresponding problem is solved
in[4], chap. Il; see also [1]). Other expressions for f(e)
can be found elsawhere [2, 5].

The factor €2 in Eq. (1) arises as follows. Let us
consider the following expression for the probability of
electric dipole transition:

where d isthe dipole moment operator of the emitting

2
Pm(), )

wE = 2r([d e

system and IAE|+OC is the electric-field creation operator
related to the operator for thefield in amedium viathe
expression Ejoc = f(€) Em. The field operator Em and
the density p,(w) of photon final states are renormal-

ized from the vacuum values according to the formu-
las[3]

é; = ié;ac, Pm(w) = 63lzpvac(("))' ©)
€

1/2

The first of these relations immediately follows from
the quantization rules for the electromagnetic field in a
medium. For the gauge divA = 0, the equation

AA—€d’A = 0 (%)

for the vector potential A follows from the Maxwell
equations in a uniform dielectric medium with perme-
ability equal to 1 in the absence of extrinsic currents
and charges: curlE =—9,H, divH =0, curl H =9,D, and
divD = 0, where the electric and magnetic fields are
defined viaA in the standard way:

E =-0A, H =culA. 5)

In the Maxwell equations, the electric inductionisD =
eE. We assume throughout this paper that the emission
wavelength is much greater than the interatomic dis-
tances in the substance and that the e value is indepen-
dent of the coordinates.

The quantization of the electromagnetic field in a
medium is carried out similarly to the quantization in
vacuum. The vector potential can be written as an
expansion in plane waves

A(r,t) = Z z

k A=1,2

2T ik
A = € /ael " (7)

k| = €¥2w [this immediately follows from Eq. (4)], & »
is the unit vector of plane wave polarization, and

—i ot

(& 2Ax € +é-|:,AA:,Aeiwt), (6)

where
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ZA _, , denotes the summation over two photon polar-

izations. The normalization volume is taken to be unity.
The operators of photon creation and annihilation in
Eq.(6) obey the ordinary commutation relations

[& @ n] = [é;)\élz »] =0and [& )\ak r] = 0O,
and the fidd energy and momentum operators are
expressed in terms of the creation and annihilation opera-

torsin the standard form %€ = Zk ZA: A CMY-

1/2) and pP= Zk ZA:sza;Aé‘(”\'

As follows from Egs. (6) and (7) and definition (5)
of the electric field through the vector potential, the
explicit form of the creation operator for an electric
field with momentum k and energy winamediumis

Emk,)\ Ie’l; A 'ZT[U) _Ikral:)\ (8)

This expression confirms the first of Egs. (3).

The renormalization of phase volume is evident
because, as mentioned above, k? = ew? in matter. The
k?dk/dw value increases in amedium by afactor of €32,
In Eq. (2) for the probability, this factor not only com-
pensates for a decrease in the eectric field but also
brings about eV2-type dependence of the emission prob-
ability on the dielectric constant, asindicated in Eq. (1).

The probability of magnetic dipole emission is cal-
culated by the formula

A + 2
| pu(e, ©

where }1 isthe magnetic dipole moment operator of the

wht = 2n\< '

emitting system. The operator H |+oc of alocal magnetic

field obviously coincides with the field operator Hn,,
because we consider a nonmagnetic medium (see [4],
chap. 1V and [1]). Using Egs. (5)—(7), one can easily
obtain

Hmk)\ = _I[k X A:A]&:A
' (10)

= —i[n, x & ] /2mwe 4,

where n is the unit vector directed along the momen-
tumk.

Substituting I:I;“ from Eg. (10) and p,(w) from
Eq. (3) into Eqg. (9), weimmediately obtain for the mag-
netic dipole emission

M1 3/2y y M1

W, =€ "W, 4. (1)

Since the refractive index n = €2 [4], the probability of
M1 emission increases in amedium by afactor of n3.
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A comparison of Egs. (8) and (10) for the operators

Em and Hnm, respectively, indicates that the well-
known relationship €Y?E,, = [H,, x n,] for the electric
and magnetic components is fulfilled (see [4],
chap. IX). Thus, it is not surprising that Eq. (11) relat-
ing the probability of magnetic dipole emission in a
medium to the probability of transition in vacuum dif-
fers noticeably from analogous Eq. (1) for electric
dipole emission. This point has received special atten-
tion in this study. The result expressed by Eq. (11) is
inconsistent with the conclusions drawn in [1], where
Eq. (6.24), an analogue of Eg. (11) in this work,
includes the factor €¥? instead of €¥2. This misunder-
standing is associated with the fact that one should
substitute |k| = e¥?w for the momentum in the formula

[0 % (0)]g = K % & ,/~/eV presented on p. 486 in
[1] for the magnetic field amplitude. Indeed, the first
terms in the expansion of the field f(r) (an analogue
of the vector potential A, ,), viz., the functions
& . exp(ikr)/(eV)¥2in Egs. (6.17) and (6.20) in [1] are,
as the authors of [1] state themselves, the solutions of
Eqg. (6.15) without the nonhomogeneous part. In other
words, the indicated functions are the solutions of the
homogeneous equation e(w?/c)f (r) — 0 x [0 x f(r)] =
0. For thisequation, k? = ew?. As aresult, the magnetic-
field magnitude is not renormalized. Accordingly, the
factor €2 in Eq. (6.24) for the emission probability is
replaced by €32. It should be noted that this inaccuracy
in aparticular example of M1 transition does not belit-
tle the merits of [1] asawhole.

Result (11) can also be obtained by a different
method based on the properties of the retarded Green
function.! It isknown (see, eg., [2]) that the probabilities
of spontaneous E1 and M1 emissions can be expressed
through the spectral functions of electric- and magnetic-
field fluctuations OE(r,)E(r,)[j and MH(r)H(r,)0,
respectively, takenat r, =r,. At atemperature well below
w, these functions have the form ([6], chap. VIII)

(E’Q, = < H7Q, = 2w'n.
n

(12)
Since[2]

A AN 2
wg o) B, Wit o(la) m,
Egs. (12) evidently confirm the above conclusion about
the n3 dependence of the probability of spontaneous
magnetic dipole emission on the refractive index.

This conclusion may be of crucia importance for
estimating the lifetime of the anomaloudly low-lying
3/2°(3.5+ 1.0 eV) leve of the ?°Th nucleus [7]. This
level decays into the ground 5/2* state viathe M1 tran-

Linthis approach, the local-field effects are not considered; i.e., we
set f(€) =
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sition. In the isolated Th atom, the process of the third
order in the electromagnetic coupling constant (the
electronic bridge) should be the most probable decay
channel [8]. However, thorium is a chemically active
element. Its dioxide is the most abundant and stable
chemical compound. ThO, is a dielectric with an
energy gap of ca. 6 eV and refractive index n = 2 for
photons with energy 3.1 eV [9].

The energy gap of the ideal dielectric contains no
electronic states. For this reason, the continuous states of
the conduction band of 2°ThO, should serve asinterme-
diate states in the decay of the low-lying nuclear isomer
through the electronic bridge. The mismatch of the cor-
responding nuclear and electronic trangition energies
exceeds 1 €V. Moreover, only the éastic eectronic
bridge, i.e., the M1 emission in the “second” electronic
transition should be taken into consideration. The proba-
bility of such an electronic bridgeis negligibly small [§].

Astheresult, adirect nuclear emission in the optical
range may be the main decay channel for the low-lying
3/2+ (3.5 1.0 eV) level in 2°ThO,. The decay proba

bility for the isolated nucleus in a vacuum is given by
the formula[10]

_ 8T L+1 20+1
TleLepnE L PEADD).

where L is the multipolarity and B(E(M)L) is the
reduced probability of the nuclear transition. The
B(M1; 3/2* — 5/2*) valuefor theisomeric ?°Th tran-
sition of interest was obtained in [11]. Taking into
account the Coriolis interaction between the rotational
bands related to the isomeric and ground states, it was
found in [11] that B(M1; 3/2* —» 5/2*) = 0.086u§ =
4.8 x 102 Wu, where Wu stands for the Weisskopf
units, Ly = € 2m, isthe nuclear magneton, and m, isthe
proton mass. Without regard for the medium effect, one
has Ty, = In2/W, = 80 min-8 hin the energy range w =
4.5-25 eV. If the effect of adielectric medium is taken
into account, the decay probability in thorium dioxide
should be modified according to Eq. (11). As a result,
the most probable lifetime of the 3/2* (3.5 + 1.0 eV)
state in 22°ThO, will lie in the range 10 min-1 h. Note
that this estimation is made under the assumption that
n=2notonly forw=3.1eV, asin[9], but also over the
entire energy range of 2.5-4.5 eV. The corresponding

Wy
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numerica result can be refined with allowance made
for the actual n value.

It is quite difficult to check the effect of an infinite
dielectric medium on atomic emission. In this respect,
the above analysis of the 3/2* (3.5 1.0 eV) level decay
in 22°ThO, may be useful for the experimental corrobo-
ration (or refutation) of the relationship between the
decay in a vacuum and in a medium in the form of
Egs. (1) and (11).
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M. A. Listengarten, Yu. E. Lozovik, and N. P. Yudin
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The equilibrium of a toroidally rotating plasma in an axisymmetric tokamak-like system is considered. The
equilibrium equation is represented in the form of the Grad—Shafranov equation in which, in contrast to the
static case (with no plasma rotation), the plasma pressure depends on both the flux surface label and major
radius. It isshown that the dependence of the pressure on the major radius makesit possibleto choose the profile
of the plasma rotation velocity so as to minimize the effect of the plasma pressure on the shift of the flux sur-
faces, in which case it might be anticipated that the maximum pressure of the confined plasmawill be higher.
Thisresult was derived analytically and tested numerically for anumber of typical tokamak configurationswith
afixed plasmaboundary. © 2000 MAIK “ Nauka/lnterperiodica” .
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At present, the most advanced devices for magnetic
confinement of high-temperature plasmas are tokamaks,
which are axisymmetric (0/0§ — 0in cylindrical coor-
dinates{r, z, &}) systemswith toroidally nested magnetic
flux surfaces W(r, 2 = const such that B - @ = 0.
Although the theory of static (with the mean plasma
mass velocity v = 0) plasma equilibrium in tokamaksis
well developed (see, e.g., the well-known reviews [1,
2]), in order to adequately model tokamak experiments,
it should be supplemented by attention to plasma rota-
tion, which is routinely observed in large tokamaks,
especially in operating modes with high-power neutral
beam injection. The plasma rotation velocity can be on
the order of sonic speed; near the magnetic axis, the
plasma rotates preferentially in the toroidal direction.

That plasma rotation is an important issue in
describing toroidal plasma states was recognized along
time ago (see, eg. [3-5] and the literature cited
therein). During the 1980s and 1990s, the problem of
the equilibrium of a rotating plasma was treated in a
fairly large number of papers (see, e.g., [6-9] and the
literature cited therein). The interest in this problem is
attributablein part to the circumstance that plasmarota-
tion plays a key role in achieving regimes with
enhanced plasma confinement.

The equilibrium configuration of an arbitrarily
rotating plasma is governed by five flux-surface func-
tions, in contrast to the static case, in which only two
functions are required: the plasma pressure p = p(W¥)
and poloidal current | = I(W). In this paper, in order to
minimize the plasma pressure-induced shift of the
magnetic flux surfaces with respect to the magnetic axis
(the so-called Shafranov shift A) [10], we use freedom

in the choice of the flux-surface functions, specifically,
the velocity profile of the toroidal plasma rotation.

The Shafranov shift results from the well-known
ballooning effect: an increase in the plasma pressure
inside the plasma column causes the plasma to extend
preferentialy outward from the magjor axis of the torus.
In tokamaks, the maximum achievable values of the
parameter 3 (the ratio of the plasma pressure to the
magnetic field pressure) are limited by the condition
A = a, (where a, is the characteristic minor radius of
the plasma column) imposed by the effect of the
Shafranov shift. In actuality, the equilibrium beta limit
iseven lower: it isachieved when the Shafranov shift A,
which is associated with finite plasma pressure,
becomes so significant that a separatrix appears in the
plasma column and the nested structure of the magnetic
surfaces is broken. Consequently, we may expect that
suppressing the Shafranov shift will raise the maximum
possible B-values, which is a very important issue for
controlled fusion research.

We consider the time-independent MHD equations
in the form

p(v@M)v+Op+[BxcurlB] = 0, Q)
curl[v xB] = 0, 2
divB = 0, ©)
div(pv) = 0, (4)
vIIS = 0. (5)
For
S = plp’, (6)
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Eq. (5) isan adiabatic equation with the adiabatic index
y. The axisymmetric magnetic field that generates a
family of nested toroidal flux surfaces W(r, z) = const
and satisfies Eq. (3) can generally be represented as

B =0O(xOW+I(r,z)0OC. (7
The quantity W in (7) has the meaning of the poloidal
magnetic flux. Equation (2) implies that the plasma
streamlines should also lie on the flux surfaces, so that,

according to (5), the entropy function S depends on the
flux surface label S= SW).

We restrict ourselves to considering purely toroidal
plasma rotation,

v = w(r, 2)r’0g, (8)

in which case the scalar equilibrium equation has the
form

AW+ 11, +r°p(Hy + r’wwy —Tny) = 0,  (9)
where
H(W) = h—%, | = 1(W). (10)

We can see that |, w, and H are flux-surface functions,
i.e, I(r, 2 = I(lP(r 2)), etc. Applying the thermody-
nammapproach and using Eq. (6), wecan expressp and
p asfunctions of the enthalpy hin (10):

0 By

..Lﬂ Dh O Oy-_Y o40
b PO o =0 _y_1>1D(11)
st

Thus, the MHD equilibrium of atoroidally rotating
plasma.is determined by the four independent flux-sur-
face functions | = (W), w = w(W), H = H(WV), and S=
SW), where the flux function W(r, 2) satisfies Eq. (9),
which can be represented in the form of the conven-
tional Grad—Shafranov equation:

0
A*W+Ilw+rza& = 0. (12)
In accordance with (10) and (11), we have
EH + %wzrzg
p=pWr) = EWE (13)
%H + %wzrzga—l
p=pWr) = 0 as 0O (14)
0 O

We note that, if the thermal conductivity along the
magnetic field is high, then, instead of the adiabatic
equation (5), it may be worthwhile to use the condition
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for the temperature to be constant along the magnetic
field lines, T = T(W). In this case, we have [7]

2.2

p(W, 1) = po(W)ep 5=
- (15)
p(W.1) = po(W)T(W)exp 5

so that the equilibrium equation again reduces to
Eq. (12).

The sole difference between Eq. (12) and the con-
ventional Grad—Shafranov equation is that it contains
the partial (rather than ordinary) derivative with respect
to W, because the pressure of arotating plasma depends
explicitly not only on the flux surface label but also,
according to (13) and (15), on the radial coordinate r.
We will use this circumstance in further analysis.

We turn to Eq. (12) to consider the structure of the
flux surfaces near the magnetic axis (r = R, z = 0),
assuming that the aspect ratio islarge, R/a > 1. Follow-
ing Zakharov and Shafranov [2], we work in the
approximation of nearly circular flux surfaces deter-
mined by

WY =Y@):r=R+A(a)—(a—e(@cos20—...)cosH,
z=(a—¢(a)cos206—...)sinB (16)
and specify the hierarchy A(a) ~ a%/R, €(a) ~ a(a/R)?,

etc. In this approach, the left-hand side of the equilib-
rium equation (12) containsthe full set of harmonics of
the poloidal angle 8. The coefficientsin front of each of
the poloidal harmonics should be equated to zero inde-
pendently. To leading order in a/R, the lowest harmon-
ics satisfy the equations

dJ _ a,, ag20p
ad@da@p_ I, 200 [20p
Jdala da 0O R 2a [W%W _R, (18)
gd |:|2€|:| 2 a §é_
Jdal al] 3 8+ (JA) JEA_+F22+2a%
(19)

_5 RDG %a %zaP% 0,
r?

where the prime denotes the derivative with respect to
a so that (...), = d/d¥ = —a(...)/RJ. Equation (17)
determines the toroidal current J(a) = -aW'/R, Eq. (18)

determinesthe shift A(a), Eg. (19) determinestheelip-
ticity g(a), and so on.
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Integrating Eq. (18) for the Shafranov shift by anal-
ogy with [2], we obtain

w'(@) = -2, (2) + Bo(a)] (20)
where
| RO
" Fa )I
5 4 [0 20 O
BJ(a) - Jz(a)0|:E|p(R’ X) ¥ Ra_rpZ(r, X) r:RE (21)

O]
~0p(R &) + R (1, a)
g or

[l
D}xdx.
r= RD

We can readily see that, according to (20), the
Shafranov shift, asafunction of pressure, isdetermined
by the parameter 3;. When there is no rotation, we
have (9/0r?)(r?0p/o¥) — p' and

By — B, = Ji {( p(x) - p(a))xdx.

This quantity is definitely nonzero for any pressure pro-
file with a maximum in the center and decreasing
towards the plasma edge [formally, we have 3; = O for
p(a) = const, in which case, however, the plasma equi-
librium is ensured by a current layer that forms at the
plasma edge and makes acomparableintegral contribu-
tion to the shift (20)]. For arotating plasma, the param-

eter 3, can be made small by holding the quantity
0,2
—(r
arz( p) .
fixed, in which case the plasma pressure p(W, r) defined
by (13) should satisfy the condition

(F1 (W) + Fo(WIRD)" + aRF,(W)

(22)
><(J?1(‘P)+JFZ(LIJ)R) = const BJ(a)zo,
where

(W, 1) = (Fo(W) + F(W)r)",
o (wy - __H F (WY = ’
J"l(‘“)—w, Fo(W) 20(5(('2_1),0

For definiteness, we assume a fixed plasma boundary
W(r, 2) = W,. This approximation is quite suitable for
modeling real experiments and can be applied not only
when the sizes of the plasma confinement region are
governed by the conducting wall or by the limiter. In a

IL’GISONIS, POZDNYAKOV

divertor-equipped tokamak, the position of the bound-
ary flux surface (the separatrix) is effectively controlled
by varying the external poloidal field. If the plasma
pressure vanishes at the boundary, p(W,, r) = 0, then
condition (22) clearly cannot be satisfied for any W.
However, this is not required, because the position of
the boundary surface is prescribed a priori and the
velocity at which the edge plasma rotates is of no
importance. It is desirable to satisfy condition (22) in
the region where the Shafranov shift is maximum,
namely, in the central plasmaregion. Expanding condi-
tion (22) in powers of a, we can use the pressure profile
or the H(W) profile in order to find such a profile of the
angular velocity of toroidal plasma rotation that would
minimize the Shafranov shift. Using the zero subscript
to denote the val ues of the quantitiesat a = 0, we obtain
the relationship

F 10+ AR F
2J"10 +(a+1)R *F 0

We can see that the absolute value of the plasma rota-
tion velocity at the center of the plasma column is
unimportant. Condition (23) can even be satisfied when
the plasma at the magnetic axis does not rotate, i.e.,
when %, = 0, in which case the radia derivative of the
plasma rotation velocity is determined by the universal
relationship

TR~ Tl

(23)

OJ“"zoRz =—F10/2;
i.e., there is no dependence on either &, or a.
Condition (22) can also be interpreted in a different
manner. Let us addressthe question of how high thetor-
oidal rotation velocity of the plasmaat aradiusr = r,(at
which the plasma pressure is p = p,) should be in order
to minimize the Shafranov shift, provided that the

plasma does not rotate at the magnetic axis. To answer
this question requires insignificant algebra:

vV, = (mr)1~CsE{/2poplplg ,

(24)

(25)

where cgis the speed of sound at the radius denoted by
the subscript 1.

We checked the above conclusions numerically by
running a fixed-boundary code capable of calculating
equilibrium magnetic and plasma configurations in
tokamaks from Egs. (12) and (13). To save space, we
omit the details of the computations and note only that
an essentially complete suppression of the Shafranov
shift (or asignificant reduction—by afactor of 6to 8—
in configurationswith ahighly elliptical plasmabound-
ary) wasreliably captured by the code even at an aspect
ratio of about 3, i.e., even when the asymptotic expan-
sionin powers of a/R may lead to significant errors. We
also found that the maximum possible (3 values were
higher than those in the static case by afactor of 1.6 to
2.5. Hence, we can conclude that the effect under dis-
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cussion is pronounced enough to be not only captured
numerically but also observed experimentally.

On the other hand, we emphasize that this effect
cannot in principle be described by the familiar analytic
solutions to the equilibrium eguation (9), e.g., by the
Maschke-Perrin solution [7], which isoften cited in the
literature. In [7], the flux-surface functions H(W) and
w(W) for which F,/%, = const and ¥, , ~ WV were
chosen in such away that the derivative 0p/d¥ depends
only on r. Although this choice makes it possible to
solve Eqg. (12) analyticaly, it contradicts our condition

i 2a_p|:|: 0
ar2t oWl

and its consequences (23) and (24). This circumstance
explains why the plasma rotation in the Maschke—Per-
rin solution and in analogous solutions, asarule, hasan
unfavorable effect on the parameters of the confined
plasma.

In conclusion, we summarize the main results of our
study.

In the case of purely toroidal plasma rotation, the
MHD equilibrium equation can be written in the form
of the Grad—Shafranov equation in which the total
derivative dp/d¥ should be replaced with the partial
derivative dp/oW.

The shift of the flux surfaces is described by a for-
mula similar to that for the Shafranov shift.

In contrast to the static case, the plasma pressure—
induced shift of the flux surfaces can be substantially
suppressed (and, in some cases, even eliminated com-
pletely) by an appropriate choice of the toroidal veloc-
ity profile, no matter how high the absolute val ue of the
rotation velocity.

In order to minimize the Shafranov shift of the flux
surfaces in the case of a pressure profile with a maxi-
mum in the center and decreasing towards the plasma
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edge, it is necessary to ensure that the toroidal plasma
rotation velocity increases with distance from the mag-
netic axis.

The operating modes with areduced shift of the flux
surfaces make it possible to achieve higher equilibrium
[ values.
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The influence of nonequilibrium electrons on the domain structure and switching of ferroelectrics
(photodomain effect) has been investigated in ferroelectric crystals and ceramics. In the present paper, this
effect is observed and explained as aresult of the domain walls screening in frame of Y shibashi—Takagi theory.

© 2000 MAIK “ Nauka/lnterperiodica” .
PACS numbers; 77.80.Dj

The influence of intrinsic light on the equilibrium
domain structure, on the kinetics of its switching, and
on the properties directly related to the domain struc-
ture (e.g., the pyroelectric charge, electromechanical
hysteresis, etc.) was called the photodomain effect [1].
The photodomain (PD) effect was first observed in
SbSI crystals[2]. Thefirst observations of the PD were
performed by indirect methods, such asthe influence of
illumination on the pyroeectric current and
Barkhausen discontinuity [3, 4]. Later, the PD effect
was observed by direct observations of the intrinsic
illumination on domain structure in SbSl and BaTiO,
crystals[5, 6]. In [7-10], the PD effect was observed in
PZT and PZLT ferroeectric films and explained by the
mechanism of the screening of 90° domainwalls (or the
wallswith aboundary whichisnot parallel to the exter-
nal fields) by nonequilibrium carriers. It was shown
that illumination of PZT or PZLT filmsin the intrinsic
optical region leads to suppression of the switchable
polarization in the external field. In the present paper,
we show that the Y shibashi—Takagi model (YT model)
[11] permits one to explain the PD effect by the mech-
anism of domain-wall screening.

In the YT model, four parameters are required to
describe the polarization reversal. The probability of
nucleation per unit volume and unit timeisgiven by R;
the initial radius of a nucleus, by r; the domain-wall
velocity, by v; and the dimensionality of growth, by d.

The fraction of switched volume to total volumeis
given by Q(t) = 1 —q(t), where ((t) is suppression. The
switching current is then found by

do(t) _
i(t) = 2P —— ot

where Pg is the spontaneous polarization per unit

da(t)
—2p 20, ®

L This article was submitted by the authorsin English.

volume. Thus,

Ps(t)/P(0) = 1—q(t). 2
The YT model gives the following expression for q(t)
[11]:

Ing() = el v iy’ o @

where Cy = 2, 1, and 4173 for d = 1, 2, and 3, respec-
tively. The switching current is given by

i(t) = 2P.C4R(r, + vt)*

C4R d+1 _d+1 (4)
x exp[—v(d (S D R ]}.
If the size of a nucleus is negligibly small on the
scale of the system, asis usually the case, then Egs. (3)
and (4) have the form

Inq(t) = —a—g—l a1 (5)
i(t) = P exp[—diltd”}, ()

where 8 = C4RvVY.

This model was successfully applied to thin ferro-
electric films[12, 13].

Upon illumination of the ferroelectric crystal (or
film), the nonequilibrium electrons influence the kinet-
icsof the ferroelectric switching. Within the framework
of theYT maodel, theillumination, in principle, changes
R, r., andv. Thechangeinr,isevident, becausethefree
surface energy of the domain depends on the concentra-
tion of photoelectrons (due to the screening). The illu-
mination may also increase the nucleation rate R due to
the trapping of photoelectrons. The velocity of the wall
v also depends on the concentration of photoelectrons.

0021-3640/00/7108-0318%20.00 © 2000 MAIK “Nauka/Interperiodica’
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We shall suppose that at t = t,,, where 1, = €/4TtO0 IS
Maxwellian time, the switching is finished due to the
screening of thewalls (see Fig. 1). Thus, we can obtain
from Eq. (3) thevalue q(t = t,,), which characterizesthe
unswitched volume of the crystal or film, see Eq. (2).
We shall consider the value of g(t = 1,,) asthe degree of
photoinduced hysteresis suppression (or PD effect).

Substituting t = 1,,,in Eq. (3), we obtain

_ 0 GiR d+1 d+1, U
) = ep gt gl i) i @

where 1,, = £/4na,, = e/4moy, - 1 (1 islight intensity in
the case of thelinear dependence Gy, = Oy(1), Opn > Oy,
Opn IS photoconductivity; and gy is dark conductivity).

We can seefrom Egs. (3) and (7) thatatt=0q(0) = 1
and Py(t) = P0). Att =1, g(1,,) <1 and, correspond-
ingly, Py(T,) < P40). Thus, we obtain the PD effect. It
is seen from Eq. (7), that the PD effect increases with
the light intensity. Eq. (7) does not describe the kinetics
of this effect, because we did not take into account the
dependence of R, r., and v on the light intensity. If we
neglect this dependence, Eq. (7) will describe the
dependence of photoinduced hysteresis suppression on
the time of illumination. Of course, this approach is
valid if the Maxwellian time is comparable with the
switching time.

If the size of a nucleus is negligibly small in com-
parison with grown and screened domains (r, << vt,,),
the photoinduced hysteresis suppression is given by
Eq. (8):

C,RV° .
a(t) = exp| 3T (®)
It is seen from Eq. (8) that q(t,,) ~ exp[—constant -

Tﬂfl] and the effect increases with light intensity.

From the dependence q(t,,) = g(I), we can determine, in
principle, the dimensionality of the domain growth d.

The effect of photoinduced hysteresis suppressionis
determined by q(t,,,). The dependence of g on the light
intensity | isgiven by Eq. (8), if we substitutein Eq. (8)
thevalue 1,

Ty = €/4Topu(1).

If the photoconductivity oy, linearly depends on the
light intensity I, i.e.,

— 0
Opn = Opn U,

the dependence g = (1) is given by Eq. (9),

CRV'D & [y
q = exp|— = I . 9
d+1 bl D
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Fig. 1. Screening of the domain walls by nonequilibrium
carriers.

% 4 2 0 2 4 6
8%

Fig. 2. The effect of photoinduced hysteresis suppression in
PZT: (1) theinitia hysteresisloop; (2) the suppressed hyster-
esisloop; A 1368 mm, | =4.5mW cm =, V=3V.

It is seen from Eq. (9) that the effect of the photoin-
duced hysteresis suppression q increases with light
intensity I.

The experimental data[9, 10] show that the illumi-
nation of PZT and PZLT ferroelectric ceramics in the
intrinsic optical region leads to an increase in g. This
effect of hysteresis suppression may be explained qual-
itatively by the model developed. For the numerical
comparison, we need the experimental investigation of
g as afunction of the light intensity.

We investigated PZT thin films of thickness| 03y,
which were prepared using the sol—gel deposition tech-
nique[14, 15]. Thistechnology provides asingle-phase
perovskite structure. As a semitransparent electrode,
we used Pt (150 A) sputter-deposited on the film. As a
second electrode, we used Pt sputter-deposited on an
oxidized silicon wafer. Theillumination of the film was
performed through the semitransparent electrode. The
illumination of the filmswas performed with aXelamp
and a ZMR monochromator in the spectral region of
300-800 nm. The low-frequency Sawyer—Tower sys-
tem was used for the measurements of the dielectric
hysteresisloops (f = 70 Hz).

The effect of photoinduced hysteresis suppressionis
shownin Fig. 2. Theinitial hysteresisloop is shown by
curve 1, the photoinduced hysteresis loop is shown by
curve 2, and the effect of the photoinduced hysteresis
suppression q is determined by Eq. (2). In accordance
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Fig. 3. Experimental dependence of g on the light intensity |
for different voltages.

with [9, 10], we used the following measurement
sequence. We applied the external voltageV =1, 3, or
9V to the electrodes for 100 s with simultaneous illu-
mination of the film by the band-gap light A (1368 nm.
The external electric field was less than the coercive
field [9, 10]. After switching off the external field and
illumination, the photoinduced hysteresis loop was
measured. Then the hysteresis loop was restored by the
band-gap illumination in the external low-frequency
voltage (B0 V. The measurement of q was performed
for different band-gap light intensities|.

Figure 3 showsthe experimental dependence of g on
the light intensity | for different values of V. The satu-
ration of the curvesin Fig. 3 at g < 1 and the deviation
of the experimental curves from the theoretical depen-
dence|Ing| = al= obtained for two-dimensiona domain
growth may be connected with many factors. The main
possible cause of thisdeviation isthe dependence of the
domain-wall velocity v on the screening; the velocity v
in Eq. (9) isafunction of light intensity |, and v = v(l)
decreases with I. A more common reason for this devi-
ation is the infinite-grain approximation that was used
in Eq. (3). In any case, EQ. (8) describes the main fea
ture of the phenomenon: an increase in photoinduced
hysteresis suppression with light intensity.

The dependence of the domain-wall velocity v on
the electric field followsfrom the behavior of the exper-
imental curvesin Fig. 3 at small values of I. It is seen
from Egs. (5) and (9) that dg/dl ~ qv¥l-@+2 and, there-
fore, at theinitial part g =q(l) (far from saturation) the
initial value of dg/dl increases with voltage V. The
curvesin Fig. 3 confirm this conclusion.

The proposed mechanism of photoinduced hystere-
sis suppression is fulfilled under the condition
T,<ty, (10)

wheret; = t;(E) isthe effective time of switching polar-
ization; E is the external electric field; and 1, is the

BATIROV et al.
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Fig. 4. The linear dependence of the photoconductivity oy,
onthelight intensity in PZT; A 0368 mm.

Maxwellian relaxation time

€

T, = ———,
™ A0, + Oy)

(11)

where o, and g, are the photoconductivity and dark
conductivity, respectively. The dependence of the pho-
toconductivity of the investigated PZT films is shown
inFig. 4 (A 0368 nm). It shows that in the interval | O
10-0.5 mW cm the photoconductivity oy, = 107
10° O cmr? (0, > 0g). Therefore, for € 0103104,
therelaxation time 1,,,= 10103 s,

Thetimet; = t;(E) depends on the external electric
field E. The values of E < 3 x 10*V cm™ used are
much smaller than the coercive field in PZT films
E.>10°V cm™[16]. Therefore, t; is much larger than
the real switching timet; > tg, We can suppose, there-
fore, that condition (10) is fulfilled. Nevertheless, the
value of q depends on the external electric field E. At
small values of the field, t; > 1,,, but the domain struc-
ture change is very small. At high values of the field,
t, < T, and the screening is not effective. It explains
the nonmonotonic behavior of the saturation values of
g=q(V) inFig. 3.

Thus, photoinduced hysteresis suppression in ferro-
electric PZT films may be explained as a result of the
screening of the domain walls by the photocarriers. The
YT infinite-grain model switching kinetics permits one
to explain the increasein this effect with light intensity.
The description of the kinetics of this effect must take
into account the dependence of the domain-wall veloc-
ity and nucleation rate on the concentration of the pho-
tocarriers. It does not mean that the screening of the
domain wallsis a common mechanism of the PD effect
in ferroelectrics.

REFERENCES

1. V. M. Fridkin, Ferroelectric Semiconductors (Nauka,
Moscow, 1976; Consultants Bureau, New York, 1980).

JETP LETTERS Vol. 71 No.8 2000



ON THE MECHANISM OF THE PHOTODOMAIN EFFECT IN FERROELECTRICS

. V.M. Fridkinand . I. Groshik, Appl. Phys. Lett. 10, 354

(1967).

. B.P.Grigas, Fiz. Tverd. Tela(Leningrad) 13, 614 (1971)

[Sov. Phys. Solid State 13, 501 (1971)].

. V. M. Rudyak and A. A. Bogomolov, Fiz. Tverd. Tela

(Leningrad) 9, 3336 (1967) [Sov. Phys. Solid State 9,

2624 (1967)].

. V. P.Bender and V. M. Fridkin, Fiz. Tverd. Tela (Lenin-
grad) 13, 614 (1971) [Sov. Phys. Solid State 13, 501
(2971)].

. V. M. Fridkin, A. A. Grekov, N. A. Kosonogov, et al.,
Ferroelectrics 4, 169 (1972).

. C. E. Land and W. D. Smith, Appl. Phys. Lett. 23, 57
(1973).

. C.E.Landand P. S. Peercy, Ferroelectrics 45, 25 (1982).

JETP LETTERS Vol. 71 No.8 2000

9.

10.

11.

12.

13.

14.

15.
16.

321

D. Dimos, W. L. Warren, M. B. Sinclair, et al., Appl.
Phys. 76, 4305 (1994).

W. L. Warren and D. Dimos, Appl. Phys. Lett. 64, 866
(1994).

Y. Yshibashi and Y. Takagi, J. Phys. Soc. Jon. 31, 506
(1971).

K. Dimmler, M. Parris, D. Butler, et al., J. Appl. Phys.
61, 5467 (1987).

H. M. Duiker, P. D. Beale, J. F. Scott, et al., J. Appl.
Phys. 68, 5783 (1990).

W. L. Warren, D. Dimos, B. A. Tuttle, et al., Appl. Phys.
Lett. 65, 1018 (1994).

L. M. Sheppard, Ceram. Bull. 71, 85 (1992).
S. K. Dey and R. Zuleeg, Ferroelectrics 108, 37 (1990).



JETP Letters, Vol. 71, No. 8, 2000, pp. 322-326. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 71, No. 8, 2000, pp. 465-471.
Original Russian Text Copyright © 2000 by Volkov, Kukushkin, Kulakovskit, Klitzing, Eberl.

CONDENSED MATTER

Bistable Charge Statesin a Photoexcited
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The luminescence spectra of GaAs/AlGaAs quantum wells (QWSs) with low-density quasi-two-dimensional
electron and hole channels were studied. It was demonstrated that, at temperatures below some critical value
(T, ~ 30 K) and for an excitation power lying in a certain temperature-dependent range, two metastable charge
states with two-dimensional charge densities differing in both magnitude and sign can occur in the system under
the same conditions. The obtained experimental data agree well with the mathematical model allowing for the
transfer of photoexcited carriersto the barrier followed by their tunneling into QW. © 2000 MAIK “ Nauka/Inter-

periodica” .
PACS numbers: 73.20.Dx; 33.50.Dq; 78.66.-w

1. Quantum wells (QWs) GaAg/AlGaAs with low-
density quasi-two-dimensional (2D) electron and hole
channels under photoexcitation are of interest because
they allow one to trace the carrier concentration transi-
tion from the Fermi system of interacting particlesto a
system of noninteracting exciton complexes (trions)
localized in the Coulomb field of distant impurities[1].
To change the concentration in such systems, one ordi-
narily uses additional illumination by photons with
energy higher than the band gap of the barrier material
(AlGaAs) [2]. In this work, we have found that under-
barrier excitation (with photon energy lower than the
band gap of AlGaAs but higher than that of GaAs) can
induce not only dramatic changesin the carrier concen-
tration in QW but also a change in the carrier sign.
Moreover, two metastable charge states exhibiting hys-
teretic behavior upon changing the excitation power
can occur in a certain range of temperatures and photo-
excitation power densities. We have shown that this phe-
nomenon is of a fundamental nature and is associated
with the photoinduced charge transfer in the barrier.

2. We investigated an undoped GaAs QW with
Al 3Gay 7Asbarriers grown by molecular-beam epitaxy
on an undoped GaA s substrate according to the follow-
ing scheme: a 1000-A-wide GaAs buffer layer; an
undoped GaAs-AlGaAs superlattice (30 A-100 A)
with a total thickness of 10 400 A: a 300-A AlGaAs
barrier; a 200-A GaAs QW; a 900-A AlGaAs barrier;
and a 100-A GaAs protective layer. The system was
photoexcited by a Ti : sapphire laser with photon
energy of 1.61 eV through an optical window in acry-
ostat or through an 0.8-mm-diameter waveguide. A
Ramanor U-1000 double monochromator was used as
a spectral instrument, which, in conjunction with a

semiconductor charge-coupled detector, provided a
resolution of 0.03 meV. Measurements were made over
the temperature range 1.5-40 K.

3. Figure 1a shows the luminescence spectrum mea-
sured at atemperature of 3 K and an excitation power
density of 50 mW/cm?. It consists of two major lines
corresponding to the free exciton (X) and the exciton
complex (trion). The Zeeman-splitting [2] and zero-
magnetic-field optical-orientation (see below) studies
allowed the second line to be unambiguously assigned
to the emission of a negatively charged exciton com-
plex (X-). Thisimpliesthat the QW contains alow-den-
sity (~10%° cm) 2D electronic system due to electron
tunneling into the QW from the residual donor impuri-
tiesin the barrier. It turned out that the spectrum shape,
athough independent of the excitation power over a
wide range, changed jumpwise upon an increase in the
excitation power density above 270 mW/cm?; the
changes persisted upon the subsequent decrease in the
excitation power back to itsinitial level. The spectrum
measured under the same conditions as the spectrum in
Fig. 1a, although for this new metastable state of the
system, is shown in Fig. 1b. To establish the cause of
such a dramatic change in the spectrum shape, we used
the optical orientation method consisting of measuring
the degree of circular polarization of the spectral lines
upon excitation by circularly polarized light [2]. The
difference in the luminescence spectra measured by
this method for two polarizationsis shownin Fig. 1 by
the dashed lines. The essence of the method is that, due
to the strong spin—orbit coupling, the photoexcited
holes undergo rapid spin relaxation, so that adetectable
degree of spin orientation is retained only for the pho-
toexcited electrons. One can see from Fig. 1a that the
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Fig. 1. (a, b) Luminescence spectra (solid lines) and the differences between the spectra measured for two circular polarizations
(dashed lines). The spectra are obtained under the same conditions for the two charge states in the bistability region at temperature
3K. (a) Electronic 2D system obtai ned upon excitation by light of below-critical intensity. (b) Hole 2D system obtained upon ashort-
duration increase in the excitation power above the critical value. (c) Normalized luminescence spectra measured at different exci-
tation densities at temperature 17 K. The solid and dashed lines correspond to the spectra measured upon an increase and a decrease

in the excitation power, respectively.

X~ line is not polarized, because the spins of the two
electrons are oppositely aligned in the X— singlet, so
that its Zeeman components only differ in the hole spin
projections. At the same time, the line observed in the
same position in the spectrum of another metastable
state is strongly polarized. This signifies that it corre-
sponds to the recombination of acomplex containing a
single electron, i.e., X+. This conclusion is also sup-
ported by studying the Zeeman splitting of the X+ line
in amagnetic field [2]. Therefore, at excitation densi-
ties below a certain critical value, the 2D system can
exist, depending on the system prehistory, in two differ-
ent charge states corresponding to the electron and hole
channels and realized under the same conditions.

At temperatures below 15 K, the reverse transition
from the hole (Fig. 1b) to the electronic (Fig. 1a) stateis
possible only after switching off the light excitation for a
long time (severa hours) or upon laser illumination with
a photon energy higher than the band gap of AlGaAs.
However, the situation changes at T > 15 K. The transi-
tion from the el ectronic to the hole state again occurs at
a certain excitation power density W, while the reverse
transition occurs at a power density W; < W,. As an
example, Fig. 1c displaysthe luminescence spectramea-
sured at temperature 17 K and different values of excita-
tion density in the regimes of its increase (solid lines)
and decrease (dashed lines). One can see that the spec-

JETP LETTERS  Vol. 71
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trum exhibits hysteretic behavior upon varying the exci-
tation power in therange W; < W< W, (for theindicated
temperature, W; = 0.53 W/cm? and W, = 4.6 W/cm?).
The boundary values W, and W, of the bistability
region depend on the temperature. This dependence
(phase diagram) is shown in Fig. 2. The AC curve cor-
responds to the measured W, values; and the BC curve,
to the W, values. The inset in Fig. 2 demonstrates the
method of measuring the W, and W, values. In theinset,
the ratio of the excitonic (X) emission line intensity to
the excitation power Wis presented as a function of W,
measured under the same conditions as the spectra
shown in Fig. 1c. Since the increase in the carrier con-
centration gives rise to screening of the Coulomb inter-
action and, hence, to exciton dissociation, the I,/W
ratio is closely related to the concentration of the 2D
carriers [1]. The range of existence of the bistability
manifestsitself in the hysteresis of the I /W function of
W, while the W; and W, values bound the hysteresis
loop upon a decrease and an increase in W, respectively
(see Fig. 2). The bistability range narrows upon a fur-
ther increase in temperature. At the critical point C cor-
responding to the temperature T, = 33 K, the bistability
disappears. At T > T, the spectrum and, hence, the con-
centration of 2D carriers, smoothly change with the
photoexcitation power.
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Fig. 2. Phase diagram. The bistahility region is bounded by
the ACB curve, on which the transitions between the charge
states occur. The dependence of photocurrent on the con-
centration of 2D carriersin the QW and the corresponding
photocurrent values (dashed lines) in different regions of
phase diagram are also shown. The ratio of the exciton (X)
emission line intensity to the excitation power W, measured
asafunction of Wat temperature 17 K, isshown in theinset.
The W; and W, values bound the hysteresis range upon a
decrease and an increase in W, respectively.

4. The observed changes in the concentration of 2D
carriers upon photoexcitation can be caused solely by
their redistribution in the sample. We checked experi-
mentally that, upon illumination of the whole sample
area, the transitions between the charge states occur
uniformly over the whole surface of the sample. This
suggests that a change in the carrier concentration in
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the QW is caused by charge redistribution among the
QW and the barrier. Let us consider atypical structure
of aQW with the 2D electron channel and the adjacent
barrier (Fig. 3a; for simplicity, only the conduction
band profile is shown). The quantum well shown at the
left of Fig. 3a contains the 2D electron-density channel
n. formed by virtue of the carriers transferred from the
donors distributed with density Ny in the barrier. One
can see from Fig. 3a that the electrons in the barrier
conduction band are driven by the electric field arising
from the charge redistribution, thus creating the current
j = enué, where nisthe electron concentration, 1 isthe
electron mobility, and € is the electric field. One can
propose several mechanisms of carrier transfer from the
QW to the barrier upon excitation by photons with
energy lower than the band gap of the barrier material.
These may be, eg. €ectron-hole recombination
umklapp processes in the QW or inelastic light scatter-
ing by the QW carriers and their transition to the
strongly excited state. Leaving aside the question of a
particular phototransfer mechanism, we focus on what
further happens to the charge carriers. Clearly, the total
current j(0) flowing from the QW into the barrier
through the well boundary (x = 0) must be equal to the
current of the reverse carrier tunneling into the well, j;,
integrated across the whole barrier width. It isthis con-
dition which determines the steady-state electron con-
centration n, in the well. At low temperatures in the
absence of photoexcitation, the under-barrier tunneling
has an extremely small amplitude, because the electron
wave function exponentially decays in the barrier even
at distances of several tens of A. Under these condi-
tions, the electrons transferred into the barrier can be
left there for a very long time [3]. In our experiments,

1=1i(0)

0 0204 06 08 1.0

Fig. 3. (a) Schematic representation of current flow in the barrier upon photoexcitation. The photoexcited-carrier current j flowing
into the barrier is compensated by the current j; due to the reverse under-barrier tunneling. The tunnel current is proportional to the
effective density D(¢) of final states, shown at the left by the dashed line. At the bottom, the dashed line indicates the carrier con-
centration n in the barrier. (b) The photoexcited-carrier current as a function of the concentration of 2D electronsin the QW, calcu-
lated for a = 0.7. (c) The dimensionless photoexcited-carrier current normalized to a vs. the concentration of 2D carriersin the QW,

calculated for different a values.
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this results in long relaxation times of transition from
the hole to the electronic state at low (< 15 K) temper-
atures in the absence of photoexcitation. At the same
time, it is known that thermodynamic equilibrium in
the sample under light excitation is established in times
on the order of afraction of a second [4]. The time of
the photoinduced switching from the electronic to the
hole state turned out to be of the same order. In this
case, a different tunneling mechanism becomes opera-
tive, viz., a hopping conduction through the in-gap
impurity states. Both the accidental dopant atoms (Si)
in AlGaAs and the configuration defects [5] that are
invariably present in the alloy can serve as impurities.
The excited impurity states with large-radius wave
functions are the most active in the tunneling process.
Because of this, the tunnel current increases with the
excitation power or the temperature [6]. As the barrier
width increases, the tunnel current decreasesin inverse
proportion to the width because of a mere increase in
the number of impurities involved in the process. In
addition, the tunnel current is proportional to the den-
sity of final statesinthe QW, i.e., to the density of size-
guantization subbands. Inasmuch as the subband ener-
giesin awell of width W with infinitely high walls are
equal to ¢, = Egn?, where E, = (T72/W)?%/ 2m, the density-
of-final-state factor can be represented in the dimen-
sionless form as D(¢,) = ¢o/(dp+1 — ¢,), i€, D(®) =

(2.J9/E, + 1) Therefore, the tunnel current per unit
barrier width can be represented as j, = enoD(¢)/x,
where o isthe barrier “penetrability” dependent on the
excitation power and the temperature. The j, €, and ¢
guantities are related to each other by the following
equations: j' = —j;; €' = —4me(Ny—n); and ¢' =—€. The
boundary conditions have the form j(0) = J; €(0) =
41en,; $(0) = E,; and € (L) = 0, where E, isthe potential
barrier height for the carriers, J is the total current of
photoexcited particles, and L is the barrier width
(Fig. 33). Let us pass to the dimensionless quantities by
substituting X/L —» X; j - L/(GUENy) — i; éL/IE, —~
e, and ¢/E, — ¢ and introducing the dimensionless
parameters a = oL/pE,; B = NyL/n,; and y = E,/E,,
where n, = E,/4tel. The set of equationsin the dimen-
sionless variables has the form

r=-9lf), e=-pA-10 0=

wheref(9) = (2./yd +1)Lif ¢ =0and f($p) = 0if ¢ <O.
The boundary conditions are i(0) = I; &0) = nJn,;
¢(0) = 1; and e(1) = 0. The system of Egs. (1) has a
physically meaningful solution at O < n, < n,, where
Ny= Nn./2B is the equilibrium concentration in the
absence of illumination, whenn,=ny, | =0, and (1) =
0. Hereafter, the barrier is assumed to be “wide,” such
that B > 2. The solutions at n, < n, correspond to the
nonzero photocurrent | > 0 and can only be numerically
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obtained. We have solved the system of Egs. (1) with a
set of parameters close to those of the examined sam-
plee W=200A,L=10000A, Ny;=6 x 10 cm3, and
E, = 250 MeV, so that ny = 1.3 x 10'° cm™, 3 = 43.4,
andy=17.9. Theresult for a = 0.7 isshown in Fig. 3a.
One can distinguish between two domainsin the poten-
tial profile shown in Fig. 3afor n, = 0.71n,. In the first
one, 0 <x < ny/Ny, the carrier density (shown by the
dashed curve at the bottom) is small. In the second
domain, ng/Nyg < x <L, itiscloseto Ny, and € =0 and
¢ = ¢, = congt. Since the tunnel current mainly flows
from the second domain, the I(n,) dependenceis prima-
rily determined by the density-of-states factor D(¢,)
(shown by the dashed line at the left in Fig. 3a). This
givesriseto apeak inthel(n,) dependencein thevicin-
ity of ny (Fig. 3b). The resulting ascending portion of
the I(ng) curve forms the bistability region. If the exci-
tation power density issuch that I, <1 <, the system
can occur in three different charge states n; < n, < ng
(Fig. 3b), with only n; and n; being stable. The I(ny)
dependence is primarily governed by the o parameter.
As it increases, the stepped n(x) profile is blurred,
resulting in the disappearance of the bistability region
in the I(n,) dependence at a > a. = 5. The set of solu-
tions 1(n,) obtained for different a values is presented
in Fig. 3c. Conversely, a decrease in a brings about
peak sharpening. Inthe a — 0 limit, one arrives at a
B-function-like n(x) profile and a solution of the form

I(ny) = aln((B/2)Y(ne/mM)/(2(y(1 — NZ/n2))Y2 + 1). A
change in the B parameter weakly affects the 1(ny)

dependence, while the y parameter determines the peak
height and, correspondingly, the bistability range.

A comparison of the model described above with
our experimental results brings up two questions. First,
it was found that not only the carrier concentrations but
also the carrier signs changed in the experiment. A
plausible explanation may be that the QW is confined
by two barriers grown using different technologies. For
simplicity, we omitted from consideration the barrier
grown over the QW, because it is more than an order of
magnitude thinner than the barrier on the substrate side.
However, the impurities in this barrier create an addi-
tiona carrier concentration (which may even be of the
opposite sign) in the well, thereby shifting the 1(ny)
curve along the n.-axis. Second, the cal culated range of
I(ny) bistability (I,/1, in Fig. 3b) is tangibly narrower
than the experimentally observed W,/ W, ratio (Fig. 2)
up to a temperature of 25 K, while at temperatures
lower than 15 K W,, it defies measurement at all. The
reason isthat the decrease in the excitation power gives
rise not only to a linear decrease in the photoinduced
current | but also to adecrease in the barrier penetrabil -
ity 0. Insofar as the hopping conductivity through the
impuritiesinthe barrier hasaphoto- and thermally acti-
vated nature, o and, hence, a aso linearly depend on
the excitation power W over a certain range. For this
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reason, one can escape the I/a bistability region
(Fig. 3c) only upon saturation of thelinear 6(W) depen-
dence. The lower limit o(W) for the saturation corre-
sponds to the barrier penetrability in the absence of
photoexcitation. At low temperatures, this quantity is
exceedingly small, while the characteristic times for
establishing equilibrium in the system are long. This
renders the W, value practically unmeasurablein area
sonable time. At the same time, the barrier dark pene-
trability increases with temperature and the linear por-
tion of the o(W) curve narrows. With arise in tempera-
ture, the o value increases by itself at afixed excitation
power, resulting in an increase in W, and W, (Fig. 2).
The o parameter also increasesin proportion to . This
is accompanied by the narrowing of the bistability
range at a fixed excitation power; and the bistability
fully disappears a a = o, which corresponds to the C
point in the phase diagram (Fig. 2). To illustrate the
interrelation between the phase diagram and the form
of the I(n,) dependence, the corresponding I(n,) func-
tions are shown in Fig. 2 in different regions of the
phase plane and the | values are denoted by the dashed
lines. Curiously, the resulting phase diagram resembles
the liquid—gas phase diagram, while the 1(n,) depen-
dence resembles the Van der Waal s isotherm.

VOLKOV et al.
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The theory of scanning tunneling spectroscopy of low-energy quasiparticle (QP) states in vortex lattices of
d-wave superconductors is developed taking account of the effects caused by an extremely large extension of
QP wavefunctions in the nodal directions and the band structure in the QP spectrum. The oscillatory structures
in STM spectra, which correspond to van Hove singularities, are analyzed. Theoretical calculations carried out
for finite temperatures and scattering rates are compared with recent experimental data for high-T; cuprates. ©

2000 MAIK “ Nauka/Interperiodica” .

PACS numbers; 74.20.-z; 74.25.Jb; 74.60.-w; 74.72.-h

The electronic structure of the mixed statein d-wave
superconductors reveals a number of fundamentally
new features (see [1-9] and references therein), as
compared to the case of sswave compounds, where
low-lying quasiparticle (QP) states are bound to the
vortex core and weakly perturbed by the presence of
neighboring vortices at magnetic fields H < H,,. The
vanishing pair potential in the nodal directions results
in the extremely large extension of QP wavefunctions,
which are sensitive to the superfluid velocity (V) fields
of al vortices; and, thus, the electronic structure is
influenced by the vortex lattice geometry. The resulting
peculiarities of the local density of states (DOS) can be
detected, e.g., by a scanning tunneling microscope
(STM). In this paper, we focus on the theory of scan-
ning tunneling spectroscopy of low-energy QP statesin
vortex lattices of d-wave superconductors and compare
the theoretical calculations with recent experimental
data [10, 11] for high-T. cuprates, where the dominat-
ing order parameter is believed to be of d-wave symme-
try. Hereafter, we assume the Fermi surface (FS) to be
two-dimensional (2D) and take the gap function in the

form A, = 28k k¢ (the x-axis makes an angle of T4
with thea axis of the CuO, planes). Let usorient H along
thecaxis(Hy < H < H,) and consider two types of vor-
tex lattices: (I) rectangular lattice with primitive transla-
tionsa; = axy and a, = cay, and (I1) centered rectangular
latticewith a, = ax, and a, = a(Xy/2—0Y,), where Hoa? =
@, isthe flux quantum and X, Yo, and z, are the unit vec-
tors of the coordinate system.

Van Hove singularities. Our consideration is based
on the analysis of the Bogolubov—de Gennes (BdG)
equations for low-energy excitations with momenta

L This article was submitted by the author in English.

close to a certain gap node direction (e.g., k; = KeXo):
(Ho + H)§ =€§, where § = (u, v) is the QP wave-
function; Ho = Ved,p, + V,6,P,; 6x and &, are the
Pauli matrices; H' = MVEVg(1 + 8,) + MV,Vy,6,; M
is the electron effective mass; p = -0 — eA/c; Vg =
fik=IM; V, = 20o/(hke); H = —Hzy; A = Hyx,; and V¢ =

(Vs V). The spectrum of the Dirac Hamiltonian Ho
can be obtained using the usual quantization rule for a
cyclotron orbit (CO) area[4, 5]. The periodic potential
H' removes the degeneracy of the discrete energy lev-
els with respect to the CO center and induces a band
structurein the spectrum [3, 6-8]. The general solution
can be written in the form of a magnetic Bloch wave:

g = Z exp{ix(qy + 21/ a) + 2incq,a} @

x G(y—2noa, q),

where n is an integer and q is the quasi-momentum
lying within the first magnetic Brillouin zone (MBZ):
-1(2a) < gy < 1(2a), —1W(20a) < q, < 1W(20a). The
wavefunction G (y, g) is localized in the domain with
the size L determined by gq and energy values. The

potential H' results in the splitting of the CO near the
MBZ boundaries (see Fig. 1), and the spectrum consists
of branches which correspond to the split portions of
the CO. For large Dirac cone anisotropy a = Ve /V, > 1
(o =kg&p/2) and e < 0.5¢* (e* =hV/a~Ay/JH/ Hy,),
the harmonics in Eqg. (1) do not overlap (L < 20a) and
one can replace H' by the potential CH'T averaged in

0021-3640/00/7108-0327$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Cyclotron orbits (CO1, CO2) and MBZ boundaries
for a square lattice. (g, qm) defines a coordinate system
whose originisat the node, with g (gy) normal (tangential)
tothe FS.

the x direction (see [3]). Such a simplification is a nat-
ural conseguence of the small size of the cyclotron orbit
(CO1in Fig. 1) in the nodal direction, as compared to
the size of the MBZ. The energy spectrum consists of
branches ¢,(q, = TQ/a) = e*E(Q, oa), which are dis-
played in Fig. 2 in the first MBZ for rtoa = 50 and
oo = 100. The number of energy branches which
cross the Fermi level can be determined asfollows: N ~

ZqT| 1dq, ~ 24Jmoa , where qﬁ is the minimum possi-
ble size of the CO in the g direction and &q|, is the dis-

tance between MBZ boundaries. Each energy branch
has an extremum as a function of the momentum g,

near the MBZ boundary at acertain €, (herewe neglect

additional extrema which appear due to the exponen-
tially small splitting of energy levels near the points of
intersection of the branches in the E-Q plane). Due to
the one-dimensional (1D) nature of the low-energy
spectrum, the divergent contributions to the DOS take
the form 8N(g) ~ |e — €, [Y2 (¢ > €, for energy minima
and € < €, for maxima). The distance between these
peaks d¢ ~ £*/(20a) coincides with a characteristic
energy scale corresponding to the van Hove singulari-
ties, which occur when the CO intersects MBZ bound-
aries in the g, direction (see Fig. 1). The crossover
between 1D and 2D regimes in the band spectrum
occurs at €. ~ 0.5¢*, when the CO size in the g direc-
tion becomes larger than the size of thefirst MBZ (CO2
in Fig. 1). For € = g the g,-dependence of energy
becomes essentiad and results in the appearance of 2D
critical points, i.e., 2D local maxima (or minima) and
saddle points. Thus, instead of square-root van Hove sin-
gularities, we obtain a set of discontinuities and logarith-
mic features (3N(g) ~—In|1 —&/€]) in the DOS, respec-
tively. Obvioudly, these 2D singularities are more sensi-
tive to temperature and finite-lifetime effects and,
consequently, the suppression of the corresponding
oscillatory structure in the DOS should be stronger in
the high-energy regime. The above analysis can be
generalized for gap nodes at k = *kpy,; the corre-
sponding energy scal estake the form d¢ ~0.5¢*/a and
€.~ 0.5¢e*/0.

Fig. 2. Energy branchesfor (a) toa =50 and (b) Ttaa = 100.

Even in the low-energy regime, the DOS oscilla-
tionswith the energy scale d¢ are surely smeared due to
a finite scattering rate ' and temperature and can be
observed only for a moderate Dirac cone anisotropy
and rather large magnetic fields. Comparing our results
with a numerical solution [7] of the BAG equations for
o =1and a = 5/2, we find that the above mechanism
gives agood estimate of the energy scale of the double-
peak structure in the tunneling conductance at the core
center at H/H., = 0.3 (8¢ ~ 0.1A,) and can explain the
absence of this structure at low fields H/H., = 0.05 by
temperature broadening (T = 0.1T, > d€ ~ 0.054,). In
principle, the van Hove singularities may account for
peaks with the large energy gap ~A,/4 observed
experimentally at the vortex centersin'YBaCuO [10]
at H = 6T, provided we assume a ~ 1. Unfortunately,
the latter assumption is not consistent with the results
of thermal conductivity measurements [12] (a ~ 14);
and, thus, the nature of the experimentally observed
peaksis still unclear. It is also necessary to stress here
that the critical points in the DOS are a direct conse-
quence of perfect periodicity, so that the introduction of
rather strong disorder surely removes these singul arities.

Zero-bias conductance. Hereafter, we neglect the
DOS oscillations discussed above and consider the
peculiarities of the zero-bias tunneling conductance
g(r) starting with a modified semiclassical model pro-
posed in [3]. According to this approach, the Doppler
shift of the QP energy, which plays an important role

fore = Ay /H/H,, appearsto be averaged in the nodal
direction due to the extremely large size of a semiclas-
sical wave packet in thisenergy interval. Within such an
approximation, a diagonal (retarded) Green function
can be written in the form

e+il —AkeV,, +€,
(e+il —AkpV,, ) —AF —€f
where ¢, is the normal-state electron dispersion and
V= WV [+ [V ] The scattering rate " should be deter-
mined self-consistently: ' = N(I", €)/2Nt (Born limit)

and ™ =Nl /N(T, €) (unitary limit), where 2t and N are
therelaxation timeand DOS at the Fermi level in the nor-

Gk, 1) =

)
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Fig. 3. Contour plots of thefunctions (a) F; and (b) F,, which determine the spatial variation of the zero-bias tunneling conductance

for asquare lattice (X = X/a, y' = y/a).

mal state; I, = Ny /TNE; Ny, is the concentration of point
potential scatterers; and N(I™, €) = Im[G" d/(2r®) is
the local DOS. Let us first consider the effect of finite
temperature on the zero-bias conductance in the clean

limit (T — 0). The expression for the normalized con-
ductance reads

o) _ N( =0, €)de
q(r) =
On 4NFTcosh (e/2T)
©)
_ Tln2 | i
= A, ZAO z Incosh

=Xy
Here, gy isthe normal-state conductance, ®, = ®(X/'R)),
®, =P(Y/R), P(2 =2z—(2m+ 1) form<z<m+1(m
is an integer), R, (Ry is the distance between the lines
paralel to the x(y)-axis and passing through the vortex
centers, € = MhVEHR /@, and €] = TiV0/R, For
typel (1) latticeswe have R, =aand R, = ga (R,=a/2,
R, = 0a). One can separate two quaitatively different
regimesin the behavior of the conductance:

(i) Superflow-dominated regime T < €}

Xy
~ 1
g9=3 ,2ch Fi(x, y); 4
(i) Temperature-dominated regime T > €},
Tln2 T[AOGH
n, 32T, XY ©)

where Fy(x, y) = |®|(RJ/R) + || and Fy(x, y) =

®; (R/R)? + ®; . In Fig. 3, we display the contour
plots of the functions F;(x, y) and F,(x, y) for a square
lattice of type | (which is close to the one observed
experimentally inY BaCuO [10]). There are two conse-
guences of an increasein temperature: (i) First, the spa-
tial dimensions of peaks in the loca DOS become
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rather small, compared to the intervortex distance, only
for T>T* ~Ay,/H/H,,. (ii) Second, the amplitude of
the peaks proves to be essentialy suppressed in the
limit T> T*. For magnetic fieldsH ~6 T (whichistyp-
icaly the field of STM experiments [10, 11]), one
obtains T* ~ 20 K. Thus, we conclude that the finite-
temperature effects can explain neither the narrow
zero-bias conductance peaks observed in'Y BaCuO nor
the absence of these peaksin BiSrCaCuO at T=4.2 K.
To explain these experimental facts, it is necessary to
take account of the finite-lifetime effects, which can
strongly influence the behavior of the DOS, as follows
from the results of [13-15] obtained on the basis of the
usual semiclassical approach with alocal Doppler shift.
Starting with the modified semiclassical model (2), we
obtain the following expression for the tunneling con-
ductanceat T =0:

N(T,e=0) _ T

977N, 4moD ”_+ > f'D
i=xy
(6)
5|, ars 7 9)'0
i el B P Gl )
r 2r O ar? D

Obvioudy, Born scatterers result only in a moderate
change in the DOS (see[13]), since the corresponding I

vauefor Agt > 1isvery small compared to €% , and the

conductance is given by Eqg. (4). In contragt, in the uni-
tary limit, Eq. (4) isvalid only in the clean case ', <

ry ~01a—:2 J/Do (for asquarelattice 5, ~ 0.1AcH/H,,).
Inthedlrtyllmltr > Iy, weobtain
H
SH =0+ gy @

where g(H = 0) = 0.5,/T ,/A,. In the vicinity of each
vortex center, the local DOS exhibits a fourfold sym-
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metry with maxima along the nodal directions, in good
agreement with numerical calculations based on the
Eilenberger theory [16]. For H = 6 T, the finite-lifetime
effects become substantial if we assume I, = 1072A,,
Thus, our approach allows oneto explain therather nar-
row conductance peaks (see Fig. 3b) observed near vor-
tex centers in YBaCuO [10], even without taking
account of the nontrivial structure of the tunneling
matrix element discussed in[15]. With afurther increase
in the I , value, the amplitude of the peaks at the vortex

centers vanishes: 89 ~ ./A/T ,(H/H). Such a high

sengitivity of the dg value to the finite-lifetime effects
can probably explain the difficulties in the observation
of these peaks in the mixed state of BiSrCaCuO [11].
Note in conclusion that, according to Eq. (7), the spa
tially averaged DOS in the dirty limit variesasH rather
than HinH (the latter dependence was predicted in
[13, 14] within the semiclassical approach allowing for
the local V¢ value).

| am pleased to acknowledge useful discussions with
Dr. N.B. Kopnin, Dr. Yu.S. Barash, Dr. A.A. Andronov,
Dr. I1.D. Tokman, and Dr. D.A. Ryndyk. Thiswork was
supported in part by the Russian Foundation for Funda-
mental Research, project no. 99-02-16188.
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A novel phenomenon of photon hole-current drag in hole semiconductors was observed for the first time. The
effect was observed in p-Ge and consisted in the appearance of a differencein refractive indices for light prop-
agating along an electric current and in the opposite direction. The effect was observed at a wavelength of
10.6 um. It can be explained in terms of virtual intersubband transitions of hot holes. © 2000 MAIK

“Nauka/Interperiodica” .
PACS numbers; 72.40.+w

According to Onsager’s principle of microscopic
reversibility, in crystals with an inversion center [1],

€(x, w) = €(—x, w), D
where x is the wavenumber and w is the light fre-
quency.

Therefore, the expansion of the dielectric constant
tensor contains only even powers of X, so that achange
inthe direction of light propagation does not change the
refractive index. Electric field or current j breaks the
symmetry of asystem, leading to the appearance of lin-
ear termsin the expansion of e in powers of x:

€i(x) = €i(0) + Bim] i Xm- 2

In other words, the current in a semiconductor givesrise
to a current-direction-dependent increment Ae(j, %) in
the dielectric constant.

A change in the real part of the dielectric constant
results in a change in the refractive index, i.e., the light
velocity in a crystal. Therefore, an electric current
induces a“ photon drag.”

A light electron drag (current-induced changein the
refractiveindex of acrystal) wasobserved for n-InAsin
[2]. The authors of that work attributed this effect to a
Fresnel light electron drag, which appears in semicon-
ductorsasaresult of therelativistic vel ocity summation
in a system where light propagates through a moving
medium. The phenomenological theory of Fresnel light
drag was developed in [2] with allowance made for the
Doppler effect. This drag effect was presented as the
first solid-state relativistic effect produced by slowly
moving electrons.

The drag effect in electron semiconductors was
explored in a number of theoretical works [3-5]. In
these works, the results obtained in [2] were explained
by the fact that the directed electron motion introduces
asymmetry into the process of momentum redistribu-

tion among the electron and photon subsystems. A lin-
ear response of an electron gas with an isotropic disper-
sion law to the perturbation introduced by an electro-
magnetic wave was considered, and it was shown that
this effect arises because of the nonparabolic form of
the conduction band. It was theoretically demonstrated
in [6] that, owing to the more complicated structure of
the valence band, as compared to the conduction band,
the photon-drag effect in p-type semiconductors may
be 4-6 orders of magnitude more pronounced than the
electron effect observed in [2]. This result becomes
understandable when comparing the effect under dis-
cussion with the charge-carrier light drag effect, which
is most pronounced in p-type semiconductors[7]. Both
these phenomena have a common microscopic mecha-
nism of momentum redi stribution between the hole and
photon subsystems. The use of a simplified theory for
obtaining a lower estimate for the magnitude of the
effect allowed the following expression to be derived
for the linear contribution of current j to thereal part of
the dielectric constant [6]:

6y (14
y1_2y[|5y+%! (3)

. 4me
Ae(j,x) = 5— U
w'm
wherey, y;, and k are the Luttinger parameters of the
isotropic approximation and my, is the free-electron

mass. Since Ae is small, the corresponding change in
the refractive index is An = Ae/2n.

M odel of the phenomenon. Let us invoke the opti-
cal intersubband hole transitions to qualitatively
explain how the photon hole-current drag effect arises.
It may be assumed that, owing to the Kramers—Kronig
relation, the hole-controlled refractive index of a hole
semiconductor in the infrared region of the spectrum is
due to virtua intersubband hole transitions (Fig. 1).
The overall effect is obtained by summing up all possi-
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A A2

Fig. 1. Schematic representation of the light hole-current
drag effect in diamond-like semiconductors. The dotted line
indicates subband filling in the absence of current, and the
dashed line illustrates the asymmetric distribution function
in the presence of current.

Fig. 2. Method of measuring the linear contribution of an
dectricfield to therefractiveindex. (1, 1) Two identical Ge
samples; (2, 2') nontransmitting mirrors; (3, 3') semitrans-
parent mirrors;, and (4) phase-shifting plate made from
BaF,.
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Fig. 3. Plot of the linear contribution to the refractive index
of p-Ge vs. current density. The points are for the experi-
ment, and the dashed straight lineisthe linear extrapolation
from theweak-field region. The solid line correspondsto the
lower estimate made by Eq. (3) for the magnitude of the
effect. Temperature T = 80 K; the hole concentration is Ny, =

1.2 x 101 cm™3; the sample length along the light direction
isL =13 mm; and E|pgpl| [111].

VOROB’EV ¢t al.

ble transitions with regard to the hole momentum dis-
tribution.

With alowance made for the light wave vector, the
intersubband transitions are nonvertical and occur, for
the same photon energy, from the different initial
energy states of holes with opposite wave-vector direc-
tions: k; # k, (Fig. 1). In the absence of a current, the
total transition probabilitiesareidentical for both direc-
tions, because the distribution function is symmetric. In
the presence of hole drift, the hole distribution in k
space becomes asymmetric and the transition probabil-
ities for the photons with wave vectors y and —y
become different, so that, owing to the Kramers— Kro-
nig relation, the term depending linearly on the hole-
current vector j and the light wave vector y appearsin
the expression for the refractive index n: An O (j - x)-

Experimental results and discussion. A hole-type
germanium was chosen as amodel p-type semiconduc-
tor suitable for investigation. In strong electric fields,
germanium exhibits a quadratic electrooptical Kerr
effect [8]. To eliminate the influence of the quadratic
electric-field corrections to the refractive index and
other side effects on the experimental results, the con-
figuration of the experiment was that shown in Fig. 2.

Two identical p-Ge samples were placed in each
arm of atwo-beam Mach—Zehnder interferometer. The
samples were connected in such a way that the current
and light directions were paralel in one of them and
antiparallel in the other. The current pul se duration was
equal to 0.2 ms. Therefore, the change Anin the refrac-
tive index induces a phase shift between the waves
passed through the different interferometer arms:

5 = 4an, 4
A

A CO, laser was used as a radiation source (A =
10.6 um). The intensity of polarized radiation passed
through the interferometer was proportiona to
cos?(d/2). To improve the sensitivity of the method, the
operating point (initial phase shift) was chosen at the
steepest portion of the characteristic by turning atrans-
parent phase plate placed in one of the interferometer
arms. An attendant and effect-masking radiation-inten-
sity modulation caused by an electric-field-induced
change in the intersubband absorption was allowed for
by the supplementary measurements of transmittances
in each of the interferometer channels.

A linear part of the experimentally measured change
inrefractiveindex isdisplayed in Fig. 3 asafunction of
the current density. The results of a simplified calcula-
tion by Eq. (3) yielding alower estimate for the magni-
tude of the effect are presented for comparison in the
same figure.

Only qualitative agreement between the calculation
and experiment is observed. In our opinion, such isthe
case because the theory [6] used anumber of simplified
assumptions. Among these was the high-frequency
approximation, according to which the energy of hot
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holes was ignored, as compared to the photon energy
hv, and the denominators of the €, — €, + hv type (¢,
and ‘€, arethe energies of heavy and light holes, respec-
tively) were replaced by the photon energy hv. This
assumption works poorly inweak fieldsand not at al in
strong fields. Thisis likely the reason why the magni-
tude of the effect increases with field superlinearly in
the current. The superlinearity should also arise
because of the nonparabolicity of the light-hole sub-
band, which wasignored in the calculation [6].

Although photon hole-current drag was investigated
inthiswork for hole-type germanium, it is clear that the
mechanism described above is common to the majority
of p-type semiconductors.
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The conductivities of hybrid NS structures of the intermediate state of type | Pb and Sn superconductors with
large electron elastic mean free path were studied at helium temperatures. With changing temperature and crit-
ical magnetic field, the resistances of singly connected samples of these metals in the indicated state oscillate
with aperiod corresponding to achange of asingle quantum hc/2ein the magnetic flux inside the normal region
of an areaon the order of 1 um?. The proposed quantum-interference scattering mechanism explains the nature
and characteristic features of these oscillations. © 2000 MAIK “ Nauka/Interperiodica” .
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Most of the experimental evidence for the occur-
rence of a quantum-interference contribution of coher-
ent electrons to the kinetic properties of normal metals
has been obtained for systems with weak electron
localization, when coherent transport is only a small
correction to diffusional transport (in mesoscopic sam-
ples with small electron elastic mean free path). Under
these conditions, the oscillatory phenomena in a mag-
netic field can only be observed for samples with dou-
bly connected geometry which allows the separation of
coherent transport [1, 2]. In a hybrid “norma metal—
type | superconductor” system (NS system), the contri-
bution of the coherent excitations to the normal con-
ductivity dominates on the distance scale on the order
of aballistic path from the NS boundary, irrespective of
the system size, its connectivity, and, generaly, the
electron mean free path; due to Andreev reflection, the
spectrum of coherent excitations is always resolved on
this scale. If the scattering from elastic centers domi-
nates and the metal is sufficiently pure, the scale
becomes macroscopic. Studies of such systems have
revealed an unusual behavior of the normal conductiv-
ity [3, 4], inlinewith the fundamental predictions about
the specific features of coherent-excitation scattering in
the vicinity of the NS boundaries [5-7]. Thiswork pre-
sents new experimental data on these features. Studies
of intermediate-state NS structures of singly connected
type | superconductors with large electron elastic mean
free path |4 revealed resistance quantum oscillations of
atype similar to the Aharonov—Bohm effect.

The temperature-dependent resistances of Pb
plates and Sn constriction were studied. The interme-
diate state was maintained by applying a weak exter-
nal transverse magnetic field B, to the plates and by a
salf-current field B, inthe constriction. The Pb plate sizes
werex xyxz=Lxwxt=3mm x (0.23-1.5) mm x

(=20 um), with a separation of L, = 250 um between
the measuring probes in the middle part of the sam-
ples. B, =[0,0,480 G], [0,0,550 G], and [0,0,-520 G].
The tin constriction was t = 20 um in diameter and
L =50 pm in length, with L,,= 100 um. At the con-
striction surface, B, = 100 G at | = 1 A. The samples
are schematically represented in Figs. 1 and 2. The
bulk elastic mean free path in the workpieces from
which the samples were fabricated was |4 ~ 100 pum.
It virtually did not change in the Pb plates and
decreased by approximately an order of magnitude in
the Sn constriction (the estimates were made with
allowance for the size and magnetoresistive effects).

Thedeviation AU of the potential differencefromits
mean (monotonic) value U was taken into account

only in the temperature range where (AU), /U
exceeded the total measurement error &, = dU/U + 05
by no less than an order of magnitude. dU/U and &5 are
the relative measurement errors, respectively, for the
biasvoltage and all other attendant parameters: temper-
ature, currents, and external magnetic field. This condi-
tion was confidently satisfied below ca. 3 K for the

plates and 3.5 K for the constriction at a U resolution

of uptothedU = (101-10%?) V level [8]. For instance,
in the Pb plate for which the results are presented,

(AU),. /U = 2%, 8, = 0.2% (=3U/U > &; = 0.03%),
U =5.87x 108V at 3K and (AU),, /U = 200%, &, =
10% (=3U/U > 35), and U = 3.24 x 1020V at 2K: | =
1 A. For the Sn constriction, (AU) /U = 0.1%, &, =
0.03% (=3U/U = &; = 0.01%), U = 4.3402 x 10V at
35 K and AU/U = 1%, &, = 0.1% (=55 > dU/U =
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0.01%), and U =4.0029 x 10°V at 2K; 1 =1A. One

can see that (AU),/U = 108, in the respective tem-
perature ranges.

The typical features of the resistance R of the Pb
plates are demonstrated in Fig. 1, where the tempera
ture derivative of R is shown for one of the plates (w =
0.23 mm). The temperature dependence of the resis-
tance of the Sn constriction is shown in Fig. 2. It fol-
lows from these graphs that the resistances of the sam-
ples oscillate with temperature in the fields maintaining
the intermediate state. The oscillating resistance com-

ponents AR = AU/l = R— R (hereafter, R-oscillations)
are shown separately in the insets in Fig. 2 for the Sn
constriction and in Fig. 3 for the Pb plate. As is seen,
the oscillation amplitude (AR),.« weakly depends on
the temperature and the external magnetic field
(although the monotonic resistance components vary
over no less than two orders of magnitude). The char-
acter of oscillations in the Pb plate at various B, values
(Fig. 3) isevidence that the oscillation phase ¢ depends
on the strength and sense of the external magnetic field:
(Mugo i 1S shifted from @5, ¢ by approximately 11, while
(500 g aNd @5, g COINCide.

Congtructing the critical-field scale for the oscillation
region according to the B{(T) = B,(0){1 — [T/TL(0)]3}
equation (T, is the superconducting transition critical
temperature, B (0) = 803 G, and BY" (0) = 305 G [9]),
one finds that Ag is constant for any pair of points one
period apart and is equal to the difference in the abso-
lute values of the critical field (see Fig. 3 and the inset
inFig. 2) for each of the samples. This suggeststhat the
Ag(B,) period isafunction of the direct, rather than the
reversed, field. The temperature T, corresponding to the
onset of R-oscillationsin the Sn constrictionis equal to

the temperature for which BY" (Ty) = B, (=100 G), i.e,,

the temperature of the appearance of the intermediate
state (recall that the conditions for the confident resolu-
tion of the oscillations were fully satisfied for this sam-
ple up to 3.5 K). With B, used for the Pb plate, T,
should lie outside the range of helium temperatures.

The dependence of the magnitude of the effect on
the critical field in the intermediate state, first, provides
direct evidence for the presence of a laminar domain
NS structure and, second, indicates that the mechanism
responsible for the R-oscillations occurs in the normal
areas of domains, where, as is known, the magnetic
field is equal to the superconductor critical field B.(T)
[10]. The use of the phenomenological theory of super-
conductivity [10, 11] for estimating the number of
domains between the measuring probes brought about
the values of approximately 12 at 3K and 16 at 1.5 K
for the Pb plate, 1 or 2 for the Sn constriction, and the
value of 15-22 um for the distance d, between the NS
boundaries in the oscillation region of interest. These
data suggest the lack of any correation between the
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indicated numbers and the number of observed oscilla-
tion periods.

As is known, the direct dependence of the oscilla-
tion phase on the field strength arises when the quanti-
zation is associated with a real-space “geometric” fac-
tor, i.e., with the interference of coherent excitations on
the geometrically specified closed dissipative trajecto-
riesin amagnetic vector-potential field [12, 13]. At dis-
tances on the order of the thermal length A = Zive/ksT
from the NS boundary, where |4 > A+, those coherent
trajectories on which the elastic-scattering center
(impurity) interacts simultaneously with the coherent e
(usual) and h (Andreev) excitations, are the main type
of dissipativetrgjectories[5, 6]. It was demonstrated in
[5] that, owing to the doubled probability of the h exci-
tations being scattered by the impurity, the interference
on these trgjectories generates the R-oscillations. In the
presence of an electric field alone, neither the impurity
nor the relevant coherent-tragjectory size are set off, so
that the oscillations do not arise [6, 7].

Since the e and h trajectories spatially diverge in a
magnetic field, the distance r from the impurity to the
outermost boundary point, from which the particle can

TSYAN

return to the sameimpurity after the Andreev reflection,
is bounded, according to the simple classical geometric
considerations, by the value

r=2(qRr.)". (1)

In Eq. (1), R_isthe Larmor radius and q isthe parameter
(on the order of a shielding radius) characterizing the
impurity size. For instance, in fields of several hun-
dred Gauss, R, = 1.5 x 102 cm and r does not exceed
(1-2) ymat q=(2-5) x 108 cm;i.e, & <r <A ~1074,
(Ig > d,, A; A= 3 um). Therefore, for every impurity
with coordinate z, the magnetic field specifies in the
z = const plane afinite region of possible coherent tra-
jectories passing through the impurity and closing two
arbitrary reflection points on the NS boundary between
the two most distant points whose positions are deter-
mined by Eq. (1). After averaging over al impurities,
only asingletrajectory (or agroup of identical trajecto-
ries) specified by the edge of integration over the quan-
tization area A makes an uncompensated contribution
to the wave-function phase. The integration edge

Acige = % rémax corresponds to the area bounded by the

trajectory passing through the most efficient (with

0w ) impurity situated at a maximum distance from
the boundary, as allowed by criterion (1). One can eas-
ily verify that, in our samples with |4 < 0.1 mm, every
layer of impurity-size thickness paralel to the NS
boundary comprises no less than 10° impurities; i.e.,
the coherent trajectories corresponding to the integra-
tion edge continuously resume upon shifting or the for-
mation of new NS boundaries, so that A is acontin-

uously defined constant accurate to Qe /1o~ 107

According to [2, 4], the wave-function phase for the
excitations with energy E = eU in the field B should
change on a coherent trgjectory of length A as

BA
0= @+ = 2n[(1/n)(E/th)/\+m}, )

where @, = hc/e = 4.14 x 107" G cn. Thefirst termin
Eq. (2) can be ignored because, in our samples, it does
not exceed 10° at U < 10 V. One can thus expect that
the interference contribution coming from the elastic-
scattering centersto the conductivity and caused by the
difference in the scattering probabilities for e and h [2]
will oscillate in the range B = B(T) — By(T,) as
AR,,.COS@, Where

[ Bc(T) — BC(TO)] Aedge

0 = am—r e ®

with the amplitude AR,s. depending on the concentra-
tion of the most efficient scattering centers and, hence,
proportional to the total concentration c.
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From the AgAgyqe = Po/ 2 condition and Ag = (45; 50)
G, oneabtainsr = 1 um, in accordance with the above
independent estimate. The ratio of the oscillation
amplitudes aso conforms to its expected vaue:
[(AR)S(AR)™] ~ (c37c™) ~ (15°/15") ~ 10. One
can expect that a change in the number of domains in
the plate from 12 to 16 will ater the oscillation ampli-
tude by no more than 40%; i.e., it will only modify the
oscillations but not break the overall periodicity pattern
(Fig. 3). It also follows from Eqg. (3) that the number of
periods between the point T, of oscillation onset and
the arbitrary temperature depends on the B(Ty) = B,
value. This makes understandable the ratio of phase
oscillations observed for the Pb plate in different fields:
P50 6 — Pago 6 = 311ANA Py — Pygo 6 + TT =31 (it istaken
into account that B[520 G] = —-B[480 G]).

In conclusion, let us formulate the main results of
the work. The conductivities of hybrid NS structures of
the intermediate state of type | Pb and Sn superconduc-
tors with large electron elastic mean free paths were
experimentally measured. In this state, the resistances
of singly connected samples of the cited metals oscil-
late with changing temperature and critical magnetic
field. The phase and period of R-oscillations are func-
tions of the direct values of this field. The oscillation
period correspondsto achange of asingle flux quantum
hc/2e in the magnetic flux inside the region of area on
the order of 1 um?. The oscillation phase is sensitive to
the sense and strength of an external magnetic field.
The oscillation amplitude weakly depends on tempera-
ture, as opposed to the monotonic component, which
varies over severa orders of magnitude. The proposed
guantum-interference mechanism of scattering by elas-
tic centers explains the nature and the above-mentioned
features observed for the resistance oscillations. The
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mechanism is based on the criterion for spatial con-
straints on the interaction of coherent excitations with
the elastic-scattering centers in magnetic field.

| am grateful to D. Rainer and A. Kadigrobov for
fruitful discussions of the theoretical aspects of the
work.
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Making use of the method of spin coherent states, we obtained an analytical form of the overlap integral for
guantum skyrmions. © 2000 MAIK “ Nauka/Interperiodica” .
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Skyrmions are general static solutions of 2D
Heisenberg ferromagnets obtained by Belavin and
Polyakov [1] from the classical nonlinear sigmamodel.
A renewed interest in these unconventional spin tex-
tures is stimulated by the high-T, problem in doped
quasi-2D cuprates and the quantum Hall effect.

The spin distribution within classical skyrmions of
topological charge g=1lisgivenasfollows:
2rA

sin ,
+)\ ¢

S = cosq) S =

(D

2 2
r“—A

2 2°
r“+A

Interms of the stereographic variables, askyrmion with
radius A and phase ¢, centered at a point z, is identified
with spin distribution wW(2) = A(z— 7)), wherez=x+iy =
ré® isapoint in the complex plane A = Ae® and is char-
acterized by three modes: trandlational z,-mode, “rota-
tiona” B6-mode, and “dilatational” A-mode. Each of
them relatesto a certain symmetry of the classical skyr-
mion configuration. For instance, 6-mode corresponds
to a combination of rotational symmetry and internal
U(1) transformation.

The simplest wave function of the spin system,
which correspondsto aclassical skyrmion, isaproduct
of spin coherent states[2]. In the case of spins= 1/2,

l'ps.k(o)
2
eXp- ¢D|l% @

where 8, = arccos(r> — A?)/(r? + A?). Coherent state
implies a maximum equivalence to the classical state

with minimal uncertainty of spin components. In this
connection, we should note that such a state was used

¢

= H{cos exp[]

[
DlT sm2

1 This article was submitted by the authorsin English.

in[3] by Schliemann and Mertens, where an expression
for the square variance of the Heisenberg Hamiltonian
was abtained.

Classical skyrmions with different phases and radii
have equal energy. Nevertheless, the stationary state of
a quantum skyrmion of topological charge g = 1is not
asuperposition of states with different phases and radii
[4] but has a certain distinct value of A.

In this paper [5], we consider some features of the
guasi particle behavior for the quantum skyrmion. First
of all, it implies the calculation of the overlap and
“resonance’ integrals S, = W ¢(R)|W«(R)L Hyp=

W (R)IH Wy (RYT

As a helpful illustration to the calculation of the
overlap integral for quantum topological defects, it is
worth presenting some known results concerning the
overlap of vorticesin a2D superconducting condensate
[6]. Phenomenologically, such vortices were described
as pointlike quasiparticles moving under the action of
the transverse Magnus force. The coherent state of a
vortex with a center in Ry was taken in the form [6]

—Ry? iz[R,x
Wa(Ro) D= —exp| =R, 1ZRo xr

[om? 417 21

3

where p, isthe density of the 2D condensate, | = (2rt,) ™2
isthe average distance between particlesin the conden-
sate, and z isunit vector normal to the plane of the con-
densate. The overlap integral for two coherent statesis
then easily calculated as

Sp = Wy(Ry)|We (R0
- 1 2 4 4
= exp[—mz(Rlz 4IA12)]

where

1
Ay = EZ R xRy, Ry =|R;i—Ry.
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It contains a Gaussian factor reflecting the localization
of the coherent state and al so a specific phasefactor A,,,
being the area of a sector the topological defect covers
while moving in the plane. This factor originates from
the phase factor in function (3), typical for a charged
particle moving in a magnetic field or, in genera, for a
particle which experiences the Magnus force. The cor-
rect form of such a Magnus force for an out-of-plane

magnetic vortex with the topological charge % (“half-

skyrmion™) was derived by Nikiforov and Sonin [7],
the Magnus force acting on the classical skyrmion
being ssimply twice as large [8].

Asis seen, Eq. (4) reflects two common features of
the overlap integral for the topological defectsin a2D
system, namely, the Gaussian dependence on R;, and
the presence of the Berry phase. One should note that
in a recent paper by Thang [9], it is shown that wave
function (3) does not provide a correct description of
the transition to the infinite system, when the overlap
integral turnsto zero. Nevertheless, Egs. (3) and (4) for
the wave function and overlap integral alow oneto elu-
cidate many generic features of the corresponding
quantities for the topological defects.

To reveal some features of the quantum quasiparti-
cle behavior for skyrmions, we consider the overlap
integral for asimple quantum state, like (2), of spin sys-

tem with skyrmion A/(z— R,) at the point R, = |R1|ei¢1
with the state \/(z— R;), which corresponds to the skyr-
mion shifted to an arbitrary distance

R} = |Ry%+|Ry*—2R,R,c08(; — )

into the point R, = |R2|ei¢2. The overlap of the single
spin coherent states characterized by two different
points in the complex plane ¢and pis[2]

(1+cm)™ 5

2.S 2.S’

(1+[c) (1 +[u)
Thus, the overlap integral for the skyrmion states is
given by

[gub=

S - |—| (1+cp)*
S S
S (117 )
— eXpElszln[ (1+Cﬂ)2 i|%
04 La+]¢*@+u*0
O 0 2
- eXpDSZ{ZInDl-F 2 =3 . )
0 4 O ri+RR,-rRe '—-rRe "
(6)
A’ O

[l
-+ —— O
O ri+R;—2R,rcos¢;0
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[l
—Indl+ —— 0|0
O ri+R;—2Ryr;cos¢;0|0

A2 D}D

= exp(21(Ry, Ry) —1(Ry, Ry) = 1(Ry, Ry).

It should be noted that for displacements R= 2\ in the
continuous complex plane the overlap integral turns to
zero, since in this case there exist two such points for
which theinitia and thefinal spin states are orthogonal .
For example, inthecaseof R, =0, R, = R, where Ris

rea, 1 + \J/z(z— R) = Owhen z= RI2 + JR/4-\°.
However, the overlap of the skyrmion on the lattice
turns to zero only at certain values of R, which form a
certain discrete set of values. In particular, for the dis-
placement along the direction of the elementary vector
of thelattice, the overlap isidentically zero at the points
R = (A + k?)/k given integer k.

To consider the skyrmions of large radius, we turn
the sum in the exponent of Eq. (6) into an integral. The
quantity c/A for large skyrmions is small and we virtu-
aly need to keep the terms of zero order in ¢/A, with ¢
being thelattice constant. Spin density, that is, the num-
ber of spinsin the unit cell of the plane, is simply 1/c.
Theory will be invariant with respect to the scale trans-
formations, that is, to the variations of ¢ and simulta-
neous equivalent variations of A and R. In addition, we
consider the size L of the system to be much larger than
the skyrmion size and virtually keep only the terms of
zero order in A/L. To thisend, we may merely set L = o,
Thus, theresult is

(=)

(R, R,) = Clz JA( Ry Ro)rer, @)
0

where
A(r, R, Ry)

2n

_ I 8
= Id¢|n()\2+r2+ R,R,—rR,e"* —rR,e""). ®)
0

In order to perform theangular integrationin A(r, Ry, Ry),
we introduce the complex variable z= €"?, so that

A(r, Ry, Ry)
INA+r°+ R,R,— IR,z " —rR,2) )

= Idz .
iz

where the integration is taken on a circle of unit radius.
Thisintegral turns out to be nonzero due to the polein
z = 0 and the nonandliticity area associated with the
existence of acut in the space of values of the complex
logarithm when its argument is negative. While cross-
ing the axis of negative values of the argument the
phase jumps from —tto 1t In the plane of z nonanalitic-
ity, the areais the curve given by the equation




Im(A*+r°+R,R,—rR,Z" —rR,2) = 0,

Re(A\° +r°+ R,R,—rR,z ' —rR,z) < 0.

For R > 2, there exists an interval of r values for which
the end of the cut lies on the border of the unit circle,
resulting in a purely imaginary contribution to the inte-

ISTOMIN, MOSKVIN

gra A(r, Ry, Ry). Therange of r in which this occursis
given by theinterval [r4, r,], where

ria = (R)*+|Ry2-A* £ (|R)*~|RY?)

As aresult of the existence of the cut, we have the fol-
lowing expression for the integral:

In[

D2 +1%+ RiR, + (VP + 12+ RiRy) —4rR, R,

A(r! Rll RZ) = 2 |:|

%L if r>ry, or r<ry

In(rR,) —iarcsiny(r), if ry<r<r,,

where
y(r) = |Rysinf

IR+ [Ry[Rj cosf + /IR~ |Ry*|Ryf’sin’ f
rR? ’

with f being the phase difference between R, and R, .
Similar expressionsexist for A(r, Ry, R)) and A(r, Ry, R).
With allowance made for the obvious identity

(A2 +12+ R,R,)* — 4r2R Ry)

—((\*+13+ R,R,)* — 43R Ry)
~|Ry%)

and integration in Eq. (7), we finally obtain for the
overlap integral

s .
S, = exp[—;;(Riz - 4|A12)] (10)
if R, <2\ or
| o
812 = eXp[—%TBRiZ —_ 4| A12 —_ R12 Riz - 4)\2
(11)

D D )
Ry, ~ /R, — 4"

if Ry, >2\. Asabovein Eq. (3), here A, istheareaof the
sector the skyrmion covers while moving in the plane.
Having wandered along a closed contour on the plane,
the skyrmion acquires the phase 4nS(A,,/c?); that is, the
skyrmion accumulates a phase of 4mS for every spin it
encircles. Thus, its quantum motion looks like that of
either a charged particle with unit charge in a uniform
magnetic field of strength 4iSc? [10] or a particle

+ 2Nt Riz_“zm}

which experiences the transverse Magnus force [b x v],
where b = 414 Sz/c? and v is velocity, so that the corre-
sponding length scae is (4nSc?)2, which is similar to
the magnetic length. This is the same Magnus force that
acts on the classical skyrmion [8] and that is simply
twice aslarge as the one acting on the out-of-plane mag-

netic vortex with the topological charge % (“half-skyr-

mion”) [7].

One should note the specific dependence of the
overlap integral on the spin-site density (1/c?) and the
number of spin deviations (2S), similar to the density
dependencein Eq. (3).

When R — oo, the R-dependence of the overlap
integral obeys the power law

_ [?\_ZDSZMZICZ o2

SlZ - qqzm

The expressions for the overlap of skyrmions were
obtained in a continuous approximation, which is gen-
erally not correct in the vicinity of those values of dis-
placements R;, > 2\ at which the overlap of the distinct
spin statesis zero. Nonetheless, direct numerical calcu-
lation for sufficiently large 2D lattices shows that the
logarithm of the skyrmion overlap integral is “amost
everywhere” satisfactorily described by the continuous
Eq. (11), except for adiscrete set of R, valuesin which
the logarithm goes to —o.

We considered throughout the overlap of the skyr-
mions with equal A, that is, with equal global phases
and radii. It is easy to see that the skyrmion states with

different A and phasesare orthogonal: Si3™* [0 8, 844

which agrees with the “ conservation law” for the quan-
tity A and phase in the skyrmion [4].

In conclusion, we used a simplified form for the
guantum skyrmion wave function to obtain the analyti-
cal expression for the appropriate overlap integral
whose form confirms the known statement [7, 8, 10]
that the skyrmion moves like a particle in a uniform
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Band structure in the conductivity of 4-barrier Nb/AI-AlO,~AI-AlIO,~AI-AIO,—~AI-AIO,—Nb (SINININIS)
tunnel junctionsis observed at low temperatures. This structureis explained in terms of the interference of qua
siparticle wavesin aperiodic barrier. © 2000 MAIK “ Nauka/lInterperiodica” .

PACS numbers; 74.50.+r; 74.80.Dm; 71.20.-b

Until recently, it was thought that the phase-coher-
ent effects between the external S electrodes are negli-
gibly small at nonzero voltage in SINIS-type junctions
(here, N is either a normal metal or a superconductor
with an energy gap Ay considerably smaller than that in
S; | isan insulator) not having high-transparency barri-
ers[1]. Later, it was shown experimentally and theoret-
ically that such effects may be observed in the current—
voltage characteristics (CVC) of SINIS junctions due
to the interference of quasiparticle waves which are
Andreev- and normally reflected at the tunnel barriers
[2, 3]. However, the coherent effects observed so far in
the CVC of double-barrier junctions consisting of a
metallic thin-film N electrode manifest themselves
either as a zero-voltage supercurrent enhancement [2]
or asan increasein the conductivity at nonzero voltages
[3]. At the same time, the minima in the conductivity
were reported for mesoscopic S-Sm-S junctionsin the
subgap voltage region (here Sm denotes a doped semi-
conductor) [4] and, very recently, in the conductivity of
HTSC-based junctions[5].

In this letter, we present experimental data showing
that coherent coupling exists between S electrodes in
multibarrier SINININIS junctions involving low-T,
superconductors. As a result, a band structure in the
conductivity appears, with minima nearly periodicaly
positioned in voltage.

We have fabricated and investigated 4-barrier
Nb/Al-AIO,—Al-AlO,—Al-AlO~AI-AIO,Nb junc-
tions. We used the fabrication procedure that is now
standard for Nb/AI-AIO~AI-AlIO,~Nb junctions, but
included a dight deliberate contamination of part of the
interna Al layers by oxygen [6]. The thickness of the
external Nb eectrodes was approximately 100 nm,
whereas the thickness of the Al layers was 7 nm. The

L This article was submitted by the authorsin English.

junctionswere patterned in atwo-terminal configuration,
so that the CVC could be measured only between the
bottom and top S electrodes. The CVCsof a10 x 10-um
device (samplel) measuredat T=4.2K and T=1.8K
are shown in Fig. 1 (curves a and b, respectively). The
overall shape of the curves is similar to that of a
SIN-junction; i.e., the current rise begins at a voltage
V = Ay,/e and not at the voltage V = 2A,/e (here, Ayy
is the superconducting energy gap of Nb), as might
intuitively be expected. We also observed this behavior
in SINIS junctions involving a thick middie N layer
(with the thickness dy, exceeding the el ectron mean free
path). The nature of thisfeature will be considered else-
where. Here we only note that the shape of the CVC
does not correspond to the simple series connection of
the junctions that are involved in the system; i.e, the
SINININIS system behaves like a single junction of a
new type.

The CVC measured at T = 4.2 K is smooth, while
that measured at T = 1.8 K reveals steplike features
accompanied by voltage “jumps” The features are
nearly periodically spaced at a voltage of V = 1.2 mV
and persist up to V= 6 mV, which is higher than the gap
sum voltage (even if areasonable gap A, = 0.2 meV is
assigned to the Al N-layers [6]). The first feature
appears near zero voltage as a high-conductivity resis-
tive branch (seeFig. 1). Thisnearly periodical structure
will be referred to as the band structure.

The band structure can be more clearly seen from
the first derivative di/dV(V) of the CVC (see Fig. 2).
The derivative was numerically calculated from a
branch of the CVC recorded for increasing current (at
T = 1.8 K) for a sample 2 identical to sample 1 (cf.
Fig. 1). One can see that, below the deep minima, there
are maxima in the conductivity. This is evidence that
the features appear in the density of electronic states;
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Fig. 1. Typica CVC of the Nb/AI-AIO~AI-AIO,~Al—
AlIO,—~AI-AlO,—Nb junction (sample 1) at a, T= 4.2 K and
b, T=18K.
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Fig. 3. Initial part of theCVC of sample2at T=1.8 K show-
ing two features (A and B). Currents I, and I, denote the
onset of the forward and backward voltage “jumps,” respec-
tively, for feature A. Theinset showsthefield dependence of
currents 1, and I, (solid and open circles, respectively).

i.e., some states are displaced from the minigaps to the
maxima.

The new features are sensitive to a paralel applied
magnetic field. They are significantly smeared at afield
of H ~ 300 G. The voltage and the current at the posi-
tions of the voltage “jumps’ aso depend on the mag-
netic field. Figure 3 shows two of the features: A (at
V=2mV)andB (atV=1.2mV) on an expanded scale
for sample 2. Currents |, and |, denote the onset of the
forward and backward voltage “jumps,” respectively,
associated with feature A. The inset in Fig. 3 shows
field dependences of the currents |, and I, which have
aminimum at H = 0 and resembl e the field dependence
of the height of the Fiske stepsin ordinary SIS Joseph-
son junctions[7]. This dependenceistypical of the fea-
tures under consideration. In fact, the magnetic field
shifts the band structure along the V axis, so that, at
some value of H, a new feature (C) appears at a low
voltageV=1mV (seeFig. 4). Also, theresistive branch
D near zero voltage is clearly seen. This resistive
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Fig. 2. First derivative di/dV(V) of the CVC measured for
the4-barrier junction (sample 2) at T= 1.8 K. Thederivative
was numerically calculated from the branch of the CVC
recorded for increasing current.
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Fig. 4. Initial part of the CVC of sample2a T =1.8K in
paralel applied magnetic field H = 95 G. Two additional
features (C and D) are displayed (cf. Fig. 3).

branch is often masked by the Josephson current in the
absence of an applied magnetic field (cf. Fig. 3).
Sensitivity to a weak magnetic field is strong evi-
dence that the effect is related to the phase-coherent
current. On first sight, it may be taken for the Tomash
or Rowell-MacMillan effect [8-10]. However, these
effects should be ruled out as possible explanations of
the observed band structure due to the following major
reasons: (i) We fabricated and measured many double-
barrier SINI'S devices with the same geometry of the S
and N electrodes, but the effect was not present for such
junctions. Therefore, it is apparently associated with
the multiple-barrier structures. (ii) Both the Tomash
and Rowell-McMillan effects produce oscillations of
the junction conductance above the gap energy Ag of
the S electrode and the conductance peaks due to bound
states below that energy (the last statement is for the
Rowell-McMillan effect only, because the Tomash
oscillations are not present at the subgap energy).
Unlike these effects, we observe a band structurethat is
a sequence of narrow conductivity hollows rather than
peaks or nearly harmonic oscillations and has essen-
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tiadly the same shape both below and above the Ag
energy.

We suppose that the band structure is due to coher-
ent transport between the external S electrodes through
the INININI barrier and suggest the following interpre-
tation of the new effect. It is known that a band struc-
ture may appear in the conductivity of systems involv-
ing a periodic potential [11]. In practica normal-
metal-insulator multilayers, this structure, to our
knowledge, has not been observed experimentally so
far. Probably, thisis dueto the fact that it is difficult to
fabricate homogeneous multilayers with very thin (a
few atomic planes) films and perfect (on the atomic
scale) interfaces to satisfy the interference conditions
for the very short wavelength Ay ~ L/pe of the normal
electrons (here, pr is the Fermi momentum). In
SINI...NIS structure with anot too low transparency of
the insulating barriers, there is a finite probability of
Andreev reflection at the SIN and NIS interfaces. For
Andreev reflection, one may introduce a wavelength
As = 210qs With gs = pe — P, < e (Where p, and p,, are
the quasi el ectron and quasi hole momenta, respectively)
[2] The value of Aq is of the order of the coherence
length in the superconductor, &, and is much longer
than the wavelength of normal electrons. Therefore,
quasiparticle interference is possible in N films with a
thickness of order €. This condition is satisfied in our
experiments. For similar SINIS devices, we have
observed coherent effects that may be associated with
guasiparticle interference [3]. It is important (for the
case described in [3] and the case considered here) that
the tunnel barriers in the system are of “intermediate”
strength, so that both Andreev and normal reflections
take place. These two types of reflections give rise to
constructive interference effects that may increase the
conductivity of the devices at certain energies. How-
ever, even for a simple SINIS case, the electron spec-
trum of the system strongly depends on the particular
setup and, in general, cannot be derived analytically.
The situation is more complicated for a multiple
INI..NI barrier. Numerical calculationsfor the INININI

NEVIRKOVETS, KETTERSON

barrier were carried out recently by Shafranjuk [12]. It
was found that the interference in this case may be
destructive [12] and result in aband structure similar to
that observed in our experiment. An optical anal ogue of
this phenomenon may be found in stacks of alternating
layers of semitransparent metal films and a dielectric
material, where photonic band gaps were recently
observed in transmittance [13].

The authors acknowledge stimulating discussions
with JM. Rowell and S.E. Shafranjuk. This research
was supported by the Office of Naval Research (grant
N00014-00-1-0025) and the Northwestern Materials
Research Center under the National Science Founda-
tion (grant DMR9309061).
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The phase diagram of a bilayer heterostructure at integer filling factors was established using the hidden sym-
metry method. Three phases, namely, ferromagnetic, canted antiferromagnetic (CAP), and spin-singlet, were
found. We confirm early results of Das Sarmaet al. Each phase violates the SU(4) hidden symmetry and is sta-
bilized by anisotropy interactions. A charged excitation in the bilayer, i.e., a skyrmion, was found and its aniso-
tropic energy gap was calculated. The gap has a prominent minimum in the CAP. © 2000 MAIK “ Nauka/Inter-

periodica” .
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Integer filling factors v of the Landau level (LL) in
heterostructure 2D electron gas (2DEG) are of special
interest. Here, the ground state is nondegenerate and
the Hartree—Fock approximation (HFA) can be applied
with the accuracy limited only by a small ratio of the
Coulomb interaction energy to the energy of cyclotron
resonance. The ground state of asinglelayeratv = 1is
a ferromagnet with the elementary excitations being
spin excitons or spin waves. These aregapless[1] inthe
exchange approximation and do not interact with each
other for vanishing momenta [2]. Both are conse-
guences of exact symmetry under spin rotation. In [3],
aspecia spin texturein a 2DEG ferromagnet, the skyr-
mion [4], was predicted as an elementary charged exci-
tation. The energy of a neutral skyrmion—antiskyrmion
pair isjust ahaf of the spin exciton energy.

In a bilayer 2DEG, the HFA applies only in two
cases. The first one corresponds to well-separated lay-
ers, which is a common setup in the experiment [5, 6].
Here, one starts from two single-layer ferromagnets
and makes a perturbation expansion in powers of inter-
layer interactions [7]. The second one is the symmetric
case, where the bilayer Hamiltonian is invariant under
U(4) rotations in both layer and spin spaces. Here, al
symmetry-breaking fields, like the Zeeman, must be
negligible. The first attempt in this direction dealt with
the case v = 1 and spin-polarized electrons [8, 9].
Recent works[ 10, 11] that specialize to the bilayer case
v =2 employ the HFA and predict three distinct phases:
ferromagnetic, CAP, and a spin-singlet phase. Our
approach is similar to that of [11], but we show explic-
itly that the HFA is exact in the SU(4) symmetric
bilayer. Anisotropy terms reduce the symmetry to
V(2) O SU(2) and lift the eigenstate degeneracy. But

L This article was submitted by the authorsin English.

there are no Fermi-liquid type renormalizations of the
anisotropy Hamiltonian due to the symmetric Hamilto-
nian. We prove the stability of all phaseswith respect to
long-range spatia perturbations. Our work was moti-
vated by recent measurement of the diagonal conduc-
tivity activation energy in abilayer [6], which weiden-
tify with the energy gap of atopological excitation, the
skyrmion, in an SU(4) Sigma model. The skyrmion’s
energy gap calculated in thisletter has a profound min-
imum in the CAP, in line with the findings of [6].

The Hamiltonian of a2DEG in a confining potential
V(p) and in an external magnetic field N has the form

H = [0, (0Bl 1V +A@)]’ + V(p)
~lolueHog, Hua(p)d’p )

1 2 . . . |
) e R QU G IR OLE TS

wherek isthe dielectric constant, a, 3 = + are spinindi-
ces, and thereafter a sum over repeated indices is
implied. Weusethe# =1, e=c,and H = B =1 unitsand
the distances are expressed in terms of the magnetic

length I, = «/ch/eH = 1. We split p into acoordinate &
perpendicular to the layer and two in-plane coordinates
r = (z, z) and assume the confining potentia to be uni-
form over the plane V(p) = V(), with thetwo wellsbeing
separated by a distance d. Two eigenfunctions, the low-
est-energy symmetric and the lowest-energy antisymmet-
ric, can berotated into X, (&) eigenfunctionslocaized in
one layer. We expand the electron operator in terms of
these two eigenfunctions, Y,(p) = X(§)@y(r)Corp, Where
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c;m and cy, are electron creation and annihilation

operators and @,(zz) is the lowest LL wave function
number p, theindex T = 1, 2 being the layer index. We
assume the case of a sufficiently strong magnetic field
with the cyclotron energy 1/m dominating over the
Coulomb, Zeeman, and the level splitting (t = Ep — Eg)
energies.

The Coulomb interaction matrix can be projected
onto X4, »(§):

V*(r —r)

‘l' 'l' l T I T 2
Hx ©)X,E 3x (@)X 4(26) wa @

JE-8Y+(r-r)

We use notations t° for the unit matrix; T, v, and t2for
the Pauli matricesin the layer space; and ¢*, oY, and o7
for the Pauli matrices in the spin space. Coulomb
energy (2) isinvariant under transformationst, ~—— 1y,
T T3, aswell as (1,1,) — (T,T3). Hence, VWisa
3 x 3 symmetric matrix with indices u, v running over a
set (0, z X). If thereisasymmetry of the Coulomb inter-
action under an exchange of layers, (€, &) ~—— (¢, —¢")
and 1-— 2, then it restricts further values of the inter-
action matrix: V% = 0 and V* = 0. We note also that
VO~ t, VX ~ 2 and we neglect it thereafter, whereas
~d¥|zP as|z| — oo.

We split total Hamiltonian (1) into two parts. The
first one is invariant under uniform rotations from the
SU(4) Lee group in the combined spin and layer space:

m 1 -«
Hsy = Encarpcarp
©)
D“q or(@)T-a),

dqoo
+2J'(

where (see, e.g., [9])

N 0. H

T“(Q) = zcaTlpTTultzcatzp—qyexpE_I qx%)_gzygg (4)

p
Its eigenlevels are hugely degenerate. Given any eigen-
state |W1g a set of related eigenstates can be generated
by applying rotations |W = U|W[g, where U OO SU(4).
Forv =1, 2, 3, we assume that the ground state is uni-
form over p orbitas:

= T[] Caplempty (5)
p

i=1

Wave function (5) is an eigenfunction of HY™ (3). The
second anisotropic part of Hamiltonian (1) is treated

IORDANSKI, KASHUBA

like a perturbation:

anis _ + X z_z
H - _Carlp(trrsz Tl TTlrz)Casz

_|g|UBHC;rpO;BCBTp (6)
d Vv \YJ
+zf( 4 (ou)expﬁ“q S (e) T (a).

Here, tisthe hoppi ng constant. The electrostatic poten-
tial p?, which isthe difference between chemical poten-
tials in the two layers, breaks down the symmetry
between the two wells of the V(&) potential. We assume
that the energy of a capacitor formed by the two layers
is much lower than the characteristic Coulomb energy
€’/kly,. The Coulomb energy constants are

dzdz

IZnIH

where the last approximation holds for (uv) # (00) in
thelimitd < 1.

First, we specialize to the SU(4)-symmetric part of
the bilayer 2DEG Hamiltonian (3). A weakly nonho-
mogeneous state is generated by a rotation matrix

Car = UT¥ (t, F)cae, Which adds a gauge matrix field
Q, =-U*9,U in the kinetic energy. An effective low-
energy Goldstone action has an expansion in powers

of Q. We calculated this action following [12] step by
stepforv =1, 2, 3 at once:

E, d’r
= 5[5 =[tr((1-N)Q,NQ,) ®
+isgn(B* )ewtr(Q,QuN) ],

where E! = E%/2. The insertion matrices in Eq. (8) are
nonnegative diagonal ones; and they represent the
occupation number for the electron states

B = (L2 exp L 'Z' L&), (0

He =

04| oD
N = 20 9)
0o|ox

where diagonal blocksare 1 x 1 and 3 x 3 in the case
v=1,3and2x 2inthecasev = 2. It can be proved that
Hg=0.

The matricesN and 1 — N are projector operators that
allow only physical rotations in Hamiltonian (8) which
do change the ground state. The vector field Q,, can be
expanded in the basis of 15 generators of the SU(4) Lee
group. We subdivide them into two complementary sets:
the first one includes generators that commute with N,
congtitute an agebraitself, and we called it a stabilizer
subgroup S, whereas the remaining physical rotations
congtitute a coset U(4)/U(v) O U(4 —v) with dimension
8inthecasev=2and6inthecasev =1, 3.

Hamiltonian (8) is invariant under the time reversd
symmetry, which can be chosen as a complex conjugate
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operator U — U*. It followsthat Q, —~ —QJ . Thus,
the time reversal changes the sign of the trace and the
sign of the magnetic field B? in the second term of
Eq. (8).

The first term in Hg (8) is the gradient energy,

whereas the second term is proportional to the topol og-
ical index of a nonhomogeneous state:

dr
21

where Z is the set of integer numbers. The case 2 = +1
corresponds to the simplest spin skyrmion in the first
layer, being rotated by an SU(4) matrix to become a
general bilayer skyrmion. The energy constant in Hg
(8) coincidesidentically with that of the one-layer case
[12], which means that the bilayer skyrmion energy is
the same as that found for asingle layer.

We introduce alocal bilayer order parameter Q(r) =
U(r)NU*(r), much like the magnetization in the theory
of magnetism. Rotations from the denominator sub-
group Sleave Q intact. Thetotal bilayer Hamiltonianin
terms of this order parameter has the form

9 = gn(BY) I curl Q (10)

_E d’r
He = Z[t(VQVQ 5
- 2 (11)
z £ r
+59n(BY) 3 [€,tr(Q0,Q0, Q)5
In this representation, the index selection rule (10) isa
consequence of the homatopy group identity. Finally,

we include the direct Coulomb energy of the charge
inside a skyrmion core,

1Q°(r) € curlQ(r)
2 r=r] 2m

We can recast the anisotropic part of the bilayer
Hamiltonian (6) in terms of the order parameter matrix
Qaswdll:

H*"S/N = —(t+ (v - 1)E®)tr(QT”)
— (W + (v = 1) E™)tr(QT) gl psHr(Qo’)
+ SEQU(QT) ~r(QTQTY],

H,, = %J’J’dzrdzr'cur (12)

(13)

where N is the degree of degeneracy of the LL; T+ acts
on the four-spinor as ™ O ¢°. Egs. (11)—(13) define the
effective long-range Hamiltonian of a bilayer for inte-
ger v.

The order parameter can be parametrized by six or
eight anglesinthecasev =1, 3orv = 2. Actualy, not al
of these rotations correspond to a physicaly distinct
eigenstate. The total bilayer energy is given by the real
diagonal matrix elements. One generates al real eigen-
dtates from a reference state by the rotations from the
0O(4) subgroup of the SU(4) group. This group has six
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Ferromagnetic
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Canted
phase
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Fig. 1. Phase diagram in the v = 2 gate-symmetric case.

parameters, with two of them being from the stabilizer.
Thus, only four global rotations change the total
bilayer energy. We start with the casev = 2 and use a
set of trial many-electron wave functions parame-
trized by the three angles of rotation relevant in our
case, i.e., 8, and 9:

r| U@, —-9)R(®,, 8.)ci1,ch lempty]  (14)
p

where the + spin components of the electron are first
rotated by angles 6, in the layer space and then the
spins in the layer 1,2 are rotated by angles £3. Intro-
ducing Q = URNR*U* into Eq. (13), wefind

E*"/N = —E®cos@, cosh._
—(t+E*)cos9(sin@, + sinb.)

—(1*+ E®)(cosb, — cosb_)
—|glugH sind (cosh, + cosh.).

(15

The minimum of this energy corresponds to three
phases: a) ferromagnetic at 8 =172, 6, =6_=0; b) spin
singletatd =0, 0, = 1—6_=0; and c) CAP otherwise,
asisshownin Fig. 1. A line of continuous phase transi-
tions between the ferromagnetic phase and CAP is
given by

[(E”+|glugH)’ = (1* + E®)’]lglugH
0x 2 7z (16)
= (t+E) (E” +|glugH).

In the spin-singlet phase, the mixing phase 0 is deter-
mined by the equation
(E”sinB +t+E™)cos® = (W' +E¥)sing.  (17)

A line of continuous phase transition between the spin-
singlet phase and CAP is given parametrically by the
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Fig. 2. Total anisotropic anti skyrmion gap energy inthev =
2 gate-symmetric case.

equation

((t+E™)sin®—E™+ (" + E™) cosb)(t + E™) (18)
= (lalugH)’sine,

with 0 being determined from Eg. (17). Inthe casev =
1, 3, there is only one phase which is ferromagnetic in
both spin and layer spaces.

Next, we find the skyrmion energy. The skyrmion’s
order parameter is given by the Belavin—Polyakov (BP)
solution for |2 = 1 [4]

Qsr(z2) = (19)

2 2
R +14°q 2R/ R° O

with only asingle free parameter, the radius of the skyr-
mion core R. We omit the unessential rotation angle
between spin and orbital frames, arbitrary in the
absence of spin—orbit interaction. This Q has to be
rotated by a homogeneous matrix RU (see above) in
order to minimize the anisotropy energy away from the
core. In addition, we allow al homogeneous rotations
W from the stabilizer Sthat transform the BP skyrmion

solution (19): Q(r) = RUWQg(z2)WU*R".

We retain only logarithmically divergent spatial
integrals and numerically calculate the minimum of the
skyrmion anisotropy energy over the seven free param-

eters of matrix W, €>" . Then, we add the direct Cou-

lomb energy (12) and minimize the total skyrmion

IORDANSKI, KASHUBA

energy with respect to R:
9 +1]9
A= —2| |El
[, skyr 1 310°€° ; e N 20
+ 308 mn & u O

: log -
0 ™" 28kl ,U KlH%;kiﬁD

In the case of an antiskyrmion 2 = —|9|, the gap con-
sists only of arelatively small anisotropic energy. The
total anisotropic skyrmion gap isshownin Fig. 2 for the
gate-symmetric case Y + E% = 0. Note that the two
cusplike lines coincide with the two phase-transition
linesin Fig. 1. A skyrmion in the ferromagnetic phase
is a spin skyrmion, with spin rotations being localized
in one layer, whereas a skyrmion in the spin-singlet
phase is a layer skyrmion, with the electron density
being rotated into the other layer.

Inthe case v = 1, 3, we find the minimum of skyr-
mion’s energy to be

A= 9+T@|El+min(2jt2+uf, 2|glugH).  (21)

Valuable discussions with V.T. Dolgopolov and
A. Mdltsev are gratefully acknowledged. This work
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