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A superconductor with a sharp peak in the electron density of states and paramagnetic impurities
is considered. The values of the critical temperature T, and the isotope effect are analyzed

as functions of the position of the Fermi level relative to the center of the peak and the impurity
concentration. Experimental data on the isotope effect for T, in LSCO:Fe systems are

analyzed on the basis of the theory developed. © 1995 American Institute of Physics.

1. INTRODUCTION

The question of the isotope shift of the critical supercon-
ducting transition temperature 7, has been discussed regu-
larly in reference to various materials in the literature. The
fact is that by definition the isotope effect

—dInT,

o ImM

is a differential characteristic. Therefore, its value is more
sensitive to features in the spectra of quasiparticles and the
spectrum of the attractive interelectronic interaction than are
other parameters of superconductors. As a result, the value of
a provides highly significant information.

A recent study of the influence of oxygen isotopic sub-
stitution on the superconducting transition temperature 7', in
La,_,Sr,CuO, (LSCO) systems revealed that the partial iso-
tope effect for oxygen is strongly dependent on the concen-
tration y of Sr atoms. Also, a varies by a factor of approxi-
mately 5-10 in the concentration range 0.1<y<0.15. For
y=0.12 & is maximal and equal to 0.8—1 (Refs. 1-3).

Several models have been proposed to explain these ex-
periments. They include, first, a model based on the concep-
tion of a soft anharmonic mode [which is associated either
with low-frequency rotational modes accompanying a struc-
tural transition® or with the appearance of strong local anhar-
monicity in vibrations of the apical oxygen atoms (see, for
example Ref. 5)]. Second, models with a sharp peak in the
electron density of states have been considered. Here it is
assumed that doping with Sr alters the number of carriers
and simultaneously shifts the Fermi level.® For other studies,
see the reviews in Refs. 7 and 8.

Subsequently, in Ref. 3 the oxygen isotope effect was
also studied in LSCO:Me with an optimum composition with
respect to Sr (y=0.15) and with Fe, Co, Ni, and Zn impu-
rities, which replace Cu atoms. The concentration x of the
impurities did not exceed several percent. It was discovered
that in all cases the values of the critical temperature T
decrease significantly, and the corresponding values of « in-
crease as the defect concentration x increases. These experi-
mental data for LSCO:Me systems, as well as the analogous
data for YBCO:Me systems,9 were attributed in Ref. 10 to
the appearance of effective paramagnetic defects in both sys-
tems.
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The LSCO:Me systems (y=0.15) with different impuri-
ties exhibit some significant specific differences along with
the general features of the behavior of T, and a. In particu-
lar, in the case of M=Zn, Ni, the behavior of T, and « as
functions of the concentration x is described according to the
Abrikosov—Gor’kov theory!! (see also Refs. 12 and 13) in
the single-parameter approximation. The data for Me=Fe,
Co do not fit the simple scheme. We note that in the case of
doping with iron atoms the changes in a are very pro-
nounced: the value of a varies from 0.1 to 1.3 for x=0.11

The factors causing the differences in the behavior of
T, and  in LSCO systems with Fe and Co and with Ni and
Zn as impurities have not previously been discussed in the
literature. In this paper we propose a model, which makes it
possible to qualitatively account for the anomalously large
isotope effect in the case of Fe (Co) impurities and the com-
paratively weak effect in the case of Zn (Ni) impurities. We
start out from the phonon mechanism and the ideas in Refs.
6 and 10. More specifically, the existence of a sharp peak in
the electron density of states is postulated. (The question of
the role of van Hove singularities in one- and two-
dimensional superconductors and their relationships to the
properties of cuprate superconductors were discussed in de-
tail in the review in Ref. 14; see also the recent work in Ref.
15). At the same time, impurities in the copper sites and their
local environment are treated as effective paramagnetic de-
fects. (Here we based ourselves on the results in Refs. 16—
18, in which the temperature dependence of the susceptibility
was measured.) It is also assumed that trivalent Fe impurity
atoms, unlike divalent Zn impurity atoms, alter the number
of carriers and shift the position of the Fermi level relative to
the center of the peak (the valence of Fe was determined in
experiments involving measurement of the isomer shift in
the Mossbauer spectrum'®).

We also note that a situation in which both antiferromag-
netic and superconducting properties are displayed in a cer-
tain temperature range is realized in systems with heavy fer-
mions. It is assumed that the appearance of heavy fermions
can be caused by antiferromagnetic spin fluctuations in the
Fermi liquid (see, for example, the review in Ref. 20 and
Ref. 21). However, antiferromagnetism and superconductiv-
ity also coexist in the case of cuprate superconductors.
Therefore, it may be theorized, in principle, that in LSCO
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systems the van Hove singularity in the density of states of
the carriers is caused by spin fluctuations (see the discussion
in Refs. 22—-24). In such a situation the masking of the fine
structure of the density of states by impurities (it is usually
very significant; see, for example 25) may be of minor im-
portance.

2. GENERAL RELATIONS

Let us consider the BCS equation for to T',

|4 Eptwp
—p dzN(z)

tanh (2127,) _
2 Ep-wp Z ’

¢y

Here V, is the parameter of the attractive interelectronic
interaction. (We use a system of units with A=kz=1.) Also,
N(z) denotes the electron density of states, which has a fine
structure with an energy scale I' < wp.

To be specific, we assume that there is a sharp peak in
the density of states ng(Jd) with its center at the point
E=Eg. Then

Ny

N(z)= 5~ (1+1g(z,9)), (2
where Ny/2 is the value of the density far from the center of
the peak (which does not depend on the energy of the “ped-
estal”’), §=Ep— Ep is the position of the Fermi level relative
to the center of the peak, and z=E — Ej, is the energy mea-
sured relative to the Fermi level.

We represent (1) in the form

Von [

o tanh (z/2T,)
dzN(z+ 8)+N(z— ) — = =1.

2 Jo Z (3)

We rewrite (3) in another form. We take into account the
standard expression for the hyperbolic tangent:

h'rrx_4x§ 1
tan 2 wiEh (2k—1)2+x%

Then instead of (3) we have

wp i
2v,,,,T,,.f0 ddN(z+ )+ Nz= )] rra=1,

(4
where
w=7T(2k—1).

We note that the integrand in (4) has the imaginary poles
w,= *iz. We qualitatively take into account the influence of
paramagnetic impurities. First, the appearance of such impu-
rities with a concentration ¢, results in the appearance of a
finite lifetime for the carriers at E~E . The resultant renor-

1+tanh (wp/2T )ng(wp) +P(p,(wp/ 7T, ))ng(wp)

malization of the energy of the carriers reduces to the appear-
ance of an imaginary addition. Here, w;— w;+ 7, Hwyp),
where'?
e, 1T prs(s+1

T =Csog ( ).
Here S is the effective classical spin of the impurity, and J is
the exchange integral, which has the dimensions of energy. It
is usually several times smaller than the characteristic elec-
tron energy Erp.

In accordance with the foregoing, when ¢, # 0 Eq. (4)
takes on the following form

W [ deve+ 8 +N(5-2)]

> 1
x>

& (ot (w22 L ©

In the absence of a fine structure, in which case
N(E)=N,, relation (5) becomes the expression previously
obtained in Ref. 12.

We neglect the dependence of 7, ' on w;. Then by
means of some simple transformations, instead of (5) we
have an equation for T, in the form

T. 1 1+ wp tanh (z/2T,)
‘“?§=“’(5)“"(—fp)+fo deny)

-1

@p q)( vZ/WTc) T
+f0 dZ"R(Z) P z ’ P= .

(6)

7T, '

Here T° denotes the critical temperature at c,=0 and

rig=0. It is defined by the expression
1 NoVin

T2=1.134wDexp(—X), N=—

To make the equations more compact we set
nr(2)=1(Aig(8+2) +7ig(8-2)),

z 2 1+p+iz/wT, 1+iz/ T,
R M e e |

where Y is the digamma function.

We note that separate terms in (6) describe the influence
of paramagnetic impurities and the sharp peak, as well as
their combined action, on T.. The situation in which
7. '= 77! (w,) holds is discussed in the appendix.

s
The isotope shift « is defined as
dInT, M Jdwp dT,
dlnM T, oM dwp

In the situation under consideration we find

a=ag N pr dz nR(Z) , 1+p jw”dz r 9 © o ), (7)
o 2T.coshX(z2T,) P e\ 72 o 2 FeaT. (p,2/ T,
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where

dln T
T M

We note that when p—0, the expressions for T, (6) and
a (7) actually coincide with the expressions previously ob-
tained in Refs. 6 and 26. In another limiting case, in which
n,—0, they coincide with the results in Ref. 10 (see also
Refs. 12 and 13). Using (6), we obtain an equation for the
extrema values of T, with respect to & at arbitrary values of
¢y . We have

IT(p,8) _. Fi(p.9) ®)
(96 CF2(p,6) ’
where
wpdz dng(z) z
Fl(Pﬁ)—fo Z 96 tanhﬁ:
(l+p) ang(0) 1
1+74(0)
waZ a 9
L TG Y
(1+p wpdz  ng(z)
Fyp,9)=1 pY( 2 )+L 2T, cosh®(z/2T,)
+fwbdz T @ p, %
e ] Ll oy N CL)

In order to obtain accurate results for T, and @, a numerical
solution should be found for the system of Eliashberg inte-
gral equations in the form

N
By=aT. 3 (\n=m)- u*)l = N(@y)
. A,
=t N(&,)—,
wn
N
&,=w,+ 7T, 2 A(n— m)N(w )Sgn( w,,)

+wt,N(®,)Sgn(d,), (10)

(see Ref. 27, as well as Refs. 28—33). Here 5,, and @, are,
by definition, the order and renormalization parameters of
the electron mass;

)\(m)=2J’mdQ Q(—m[

where F((Q) is the spectral function of the electron—phonon
interaction, u, is the Coulomb pseudopotential, and
ty=1/(r,). The notation N(&,,) represents the following
quantity

- @y (=
N(@,,,):—"’f_r dE

w

NE) 1
N(Ep) E*+ @2
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We note that the possibility of using Egs. (10) was discussed
very recently in the literature.>*~% The essential point of the
discussion was that the averaging over the impurity configu-
rations has actually been performed in these equations for the
microscopic characteristics 13,, and @,. From a rigorous
standpoint, such averaging should have been performed us-
ing some analytical expression for the macroscopic “self-
averaged” parameter T . In the present work we are actually
doing just that, since the entire treatment is based on the use
of the equation for T, in form (6).

3. MODEL AND DISCUSSION OF RESULTS

As was noted, the present work assumes that the density
of states N(z) has a fine structure in the form of a symmetric
peak. We chose the corresponding parameter 7ig(z), first, in
the same form as in Ref. 26:

|z— 4|
77 9

Wp

nig(z)=f exp ( - (11)
where 7 is a parameter which amounts to several units and
f=1 characterizes the intensity of the peak. In addition, we
also represented 7iz(z) in the form of a Lorentzian peak:

F(I)D

7 (2=0)+T2" (12)

ng(z)= P

This was done to show that the results are not qualitatively
dependent on the specific form of the fine structure. The fact
is that the width I' < wp of the peak is not of fundamental
significance. If I'<wp holds, T, is weakly dependent on @
(see, for example, Ref. 25). In such a situation the influence
of the sharp peak on the isotope effect is masked.

In the present work we assume that the peak shape de-
fined by (11) and (12) remains unchanged when the atomic
composition is varied and when impurities are added. At the
same time, it is assumed that the number of carriers varies in
response to doping by heterovalent impurities. As a result,
the Fermi level “moves” relative to the center of the peak
Er. Figure 1 shows plots of N(z) for =4 and f=1 in the
case of the representation (11), as well as for I'/wp=0.25
and f=1/3 in the case (12). Using the relations obtained
above, we determined how T, and a depend on the position
of the Fermi level relative to the sharp peak in the density of
states for different concentrations of paramagnetic impuri-
ties. It was assumed in the calculations that A=0.4 and
wp=240 K. The main results are presented in Fig. 2.

Let us first consider the situation for the case c,=0.
Curves ] in Fig. 2 are plots of T.(8) and a(J). As is seen at
once, the values of T, are largest when Ep=Ey. Also, the
value of T, depends on N(E[), but it is not determined by it
alone. The closeness of Er to Eg in the integral sense is
more important. As for «, it has a minimum at Ex=E. The
value of a reaches its maximum for |E— Eg|/wp=~1. The
dependence of a on & is described approximately by the
equation

1+ (7/2)ng(8,wp)
1 +ng(6,0)

a(5)= Qg
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FIG. 1. Energy dependence of the fine structure of the density of states
7ig(z) (11) and (12) for f=1, h=4 (curve I) and f=1/3, I'/ wp=1/4 (curve
2).
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Thus, the isotope effect is sensitive to the fine structure of the
electronic spectrum, i.e., to the derivative IN/JE.

Let us discuss the general case in which we have
¢;#0 and ng#0. In this case the curves appearing in Figs.
2a and 2b make it possible to understand the main features of
the behavior of T, and «. Figures 2c and 2d illustrate the
variation of the picture as a function of the intensity of the
sharp peak in nz(z). Let us analyze the plots presented in
Fig. 2. It is seen at once that the situation is not described in
the single-parameter approximation when | 8| < wp, . First, we
turn our attention here to the drastic asymmetry of the values
of T, and « in cases in which the superconductor is doped by
impurities which can shift the position of the Fermi level (in
the model adopted these impurity atoms simultaneously
serve as paramagnetic defects). Moreover, if the Fermi level
moves on the energy scale from the center of the peak to its
periphery as a result of doping, T, drops sharply, and «
increases just as sharply. Conversely, in the limit §—0 the
variation of T, and a is comparatively weak (compare T,
and « in Figs 2a and 2b at points A and B and at points
A’ and B'). We note that the last term in expression (6) for
T, plays a minor role when |8|=wp /2. The corresponding
value of the isotope effect a is given approximately by the
formula

3 2 -1 o 1 2 3 3 2 -1

FIG. 2. Behavior of T,/7? and o/a, as a
function of the values of 8 and ¢, /c¥ (c¥ is
the critical concentration at which T, van-
ishes) when f=1, 7=4 (a, b) and f=1/3,
Tlwp=14 (¢, d):I) c,/c¥=0; 2)
c;/c¥=0245, 3) c¢,/c¥=0.490, 4)
c;/c¥=0.735.

(Ep- Epll@,
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1+ (m/2)ng(d,wp)

a(p,d)~a ,(H‘p)'
| +nR(5,0)—pr —2—
Hence it also follows that the presence of a sharp peak in the
spectrum can significantly enhance the effect caused by the
paramagnetic impurities.

A few words regarding the specific behavior of T, (and
a) as 6—0 are in order. In the situation in which the singu-
larity in the spectrum is described by a Lorentzian peak, the
extremum point for T, is described approximately, according
to (8)—(9), by the relations

aT,
P
_. Bop 1 B
2=, ‘%(‘““ﬂ’z“ﬁﬁf)‘(l“mv)
(1tp) B
B YP(T)W’

where B=I"/wp.

Thus, if the peak is not excessively sharp, i.e., if S~1
holds, we have Z>0. Then T, passes through a maximum at
6=~0. However, if the peak is very sharp, then Z<0 holds,
and T, passes through a minimum at ~0. We note that the
presence of paramagnetic defects decreases Z and promotes
the appearance of singularities in T .(45).

The results obtained can be used to qualitatively explain
the experimental results obtained in Ref. 3. We recall that in
an LSCO system whose composition is optimized with re-
spect to strontium the Fermi level lies close to the center of
the peak in the density of states. When a portion of the cop-
per atoms are replaced by isovalent zinc impurity atoms the
position of this level should not vary. In such a situation the
experimental data for T, and a should be described approxi-
mately using the single-parameter version of the theory when
only the concentration of the paramagnetic defects varies. At
the same time, if copper atoms are replaced by trivalent iron
impurity atoms, the Fermi level shifts to the left on the en-
ergy scale. Then the electron density of the system is close to
the density of the undoped compound LSCO (y=0.12). As
follows from our results, in this case the experiment is not
described in the single-parameter model. The effect of the
paramagnetic impurities is greatly enhanced due to the fine
structure of the density of states. Precisely these differences
in the behavior of T, and @ for LSCO:Zn and LSCO:Fe
systems are illustrated in Figs. 2a and 2b and in Figs. 2c, and
2d, respectively. In the case of Zn, as the concentration of
paramagnetic defects increases, these parameters vary in the
direction A—B. At the same time, for an iron impurity the
variation of T, and « as c; increases follows the line joining
points A and A’'.

We note that the curves presented in Fig. 2 for LSCO:Fe
systems are, in fact, not symmetric relative to the point
Er=E. The fact is that in compounds which are Sr-
overdoped, the magnetic properties vary significantly, and
the spin correlations are suppressed to a considerable extent
(see, for example, Refs. 17 and 18). In such a situation,
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therefore, in LSCO:Me systems with y>0.15 the variation of
T, and a as functions of the concentration, which is deter-
mined by the fine structure of the density of states and si-
multaneously by the effect of the paramagnetic impurities,
should be greatly weakened. This assertion was recently con-
firmed by experimental data.

4. CONCLUSIONS

A model for explaining the anomalous isotope effect for
T, observed in LSCO:Fe (Ref. 3) has been proposed in this
paper. The model was based on the phonon mechanism of
superconductivity and the idea that the density of states of
the carriers has a fine structure. The existence of this fine
structure was attributed to a specific property of the Fermi
liquid: the quasi-two-dimensional character of the spectrum
of the carriers. It was assumed that the van Hove singulari-
ties in the density of states of the carriers are enhanced by
spin fluctuations. Then it was postulated that the presence of
Fe and Zn impurity atoms in the copper sublattice results in
local decompensation of the spatially compensated magnetic
moment of the matrix and the appearance of effective para-
magnetic point defects. Finally, it was assumed that trivalent
Fe impurity atoms alter the number of carriers and shift the
Fermi level and that a situation characteristic of undoped
LSCO is realized. As for Zn impurity atoms, they act as
isoelectronic defects. It has been shown that in such a model
the fine structure of the spectrum of carriers significantly
enhances the effect of the paramagnetic impurities on the
isotope shift of T.

We thank V. I. Ozhogin, N. A. Babushkina, and A. V.
Inyushkin for their interest in this work. This research was
performed as part of Project No. 93090 of the Russian High-
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the International Science Foundation under grant No.
N93000 and also from the International Science Foundation
and the Fund of the Russian Government under grant No.
N93300.

APPENDIX A

We consider the equation for T, in the form

-]

@p
+ =
4)\TCJ0 dz[1 nR(z)]k=1 [wk+7_s_1(wk)]2+zz 1,

(A1)
where the reciprocal of the relaxation time of the carriers is
defined as

-1 _ _lN(EF+wk)
7, (wp)=1, “NGED

After some transformations, Eq. (A1) can be brought into a
form similar to (6). We then have

w

Z
2T,

pdz
?tanh ng(z)

T,
In Fj=(pl(p)+f

0

wpd
+ fo 72 nR(z)q>2( o, WLT,() . (A2)

Here we have written
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20

1
@\(p)= -—.
>3 prevawroges:

N(Ep+ wp)
p(k)=p ———N(F E:)ok

|

1 +tanh (wp/2T )ng(wp)+P,(p,wp /7T )ng(wp)

2 =*x
b,(p,2u)= ;;0

u u

[k+f+p(P+u?  (k+H7+u?]

The corresponding expression for the isotope effect has the
form

(A3)

a=ay

When relations (A2) and (A3) are used instead of (6) and (9)
for T, and a, the main results obtained above remain un-
changed.

'M. K. Crawford, W. E. Famneth, E. M. McCarron III, R. L. Harlow, and A.
H. Moudden, Science 250, 1390 (1990); M. K. Crawford, M. N. Kunchur,
W. E. Famneth, E. M. McCarron III, and S. J. Poon, Phys. Rev. B 41, 282
(1990).

2J. P. Franck, S. Harker, and J. H. Brewer, Phys. Rev. Lett. 71, 283 (1993).

3V, Ozhogin, N. Babushkina, A. Inyushkin, A. Taldenkov, and L. Molcha-
nova, Appl. Supercond. 165, 359 (1993).

4N. M. Plakida and S. ChemyY, Sverkhprovodimost: Fiz., Khim., Tekh. 4,
1281 (1991).

SA. P. Zhemov and T. Mamedov, in VI International Symposium “High-
purity Materials in Science and Technology” (Dresden, May, 1990), Dres-
den, 1990, p. 160; A. P. Zhernov and T. A. Mamedov, Sverkhprovodimost:
Fiz., Khim., Tekh. 4, 1046 (1991) [Supercond., Phys. Chem. Technol. 4,
953 (1991)].

6C. C. Tsuei, D. M. Newns, C. C. Chi, and P. C. Pattnaik, Phys. Rev. Lett.
65, 2724 (1990).

7K. A. Miiller, Z. Phys. B 80, 193 (1990); Phase Transitions 22, 3 (1990).

8R. B. Schwarz, P. J. Ivon, and D. Coffey, Studies of High Temperature
Superconductors, Vol. 8, edited by Anant Narlikar, Nova Science Publish-
ers, New York, 1991.

9H. J. Bomemann, D. E. Morris, H. B. Liu, A. P. B. Sinha, P. Nazwankar,
and M. Chandrachood, in MS-HTSC HI: Third International Conference
on Materials and Mechanisms of Superconductivity, Kanazawa, Japan,
1991.

193 P. Carbotte, M. Greeson, and A. Perez-Gonzales, Phys. Rev. Lett. 66,
1789 (1991). 3

1A, A. Abrikosov and L. P. Gor’kov, Zh. Eksp. Teor. Fiz. 39, 1781 (1960)
[Sov. Phys. JETP 12, 1243 (1960)].

2A. A. Abrikosov, Fundamentals of the Theory of Metals, Elsevier, New
York, 1988. 3

138. V. Vonsovskii, Yu. A. Izyumov, and E. Z. Kurmaev, Superconductivity
of Transition Metals, Their Alloys, and Compounds [Springer-Verlag, New
York (1982)].

143, Friedel, J. Phys. (Paris) 48, 1787 (1987).

K. Gofron, J. C. Campuzano, A. A. Abrikosov, M. Lindroos, A. Bansil, H.
Ding, D. Koelling, and B. Dabrowski, Phys. Rev. Lett. 73, 3302 (1994).

383 JETP 81 (2), August 1995

1+J‘wndz 1 d ® J’wpdzT d ® I ’
0 2TcnR(Z)cosh (z/2T,) €aT, 1(p) o z 4T, 2o p, 2/ wT.)

5Gang Xiao, M. Z. Cieplak, J. Q. Xiao, and C. L. Chien, Phys. Rev. B 42,
8752 (1990).

7N. Ishikawa, N. Kuroda, H. Ikeda, and R. Yoshizaki, Physica C 203, 284
(1992).

18 Juichiro Arai, Seiji Ogawa, and Kikuo Umezawa, Physica C 206, 257
(1993).

195 M. Matykiewicz, C. W. Kimball, J. Giapintzakis, A. E. Dwight, M. B.
Brodsky, B. D. Dunlap, M. Slaski, and F. Y. Fradin, Phys. Lett. A 124, 453
(1987).

20N, Grewe and F. Steglich, in Handbook of the Physics and Chemistry of
Rare Earths, Vol. 14, edited by K. A. Gschneidner and L. Eyring, North-
Holland, Amsterdam, 1991.

2IR. N. Kleiman, D. J. Bishop, H. R. Ott, Z. Fisk, and J. L. Smith, Phys.
Rev. Lett. 64, 1975 (1990).

22T. Moriya, Yoshinori Takahashi, and Kazuo Veda, J. Phys. Soc. Jpn. 59,
2905 (1990).

23H. Monien, D. Pines, and C. P. Slichter, Phys. Rev. B 41, 11 120 (1990).

24N. M. Plakida, Appl. Supercond. 1, 231 (1993).

25 A. S. Aleksandrov, V. E. Arkhipov, B. N. Goshchitskil, and V. F. Elesin,
Influence of Irradiation on the Physical Properties of Promising Ordered
Superconductors [in Russian], Energoatomizdat, Moscow, 1989, p. 223

26D, Coffey, R. Schwarz, and P. Ivon, Preprint No. LA-UR-91-1013, Los
Alamos (1990).

2TM. Ashraf and J. P. Carbotte, Phys. Rev. B 31, 2617 (1985).

28E. Schachinger, B. Mitrovi¢, and J. P. Carbotte, J. Phys. F 12, 1771
(1982).

29M. D. Whitemore and J. P. Carbotte, J. Low Temp. Phys. 50, 113 (1983).

3F. Schachinger, M. G. Greeson, and J. P. Carbotte, Phys. Rev. B 42, 406
(1990).

31§, G. Lie and J. P. Carbotte, Solid State Commun. 34, 599 (1980).

32§, Labbé and J. Bok, Europhys. Lett. 3, 1225 (1987).

33A. P. Zhemnov and E. P. Chulkin, Sverkhprovodimost: Fiz., Khim., Tekh.
5, 236 (1992).

34Yong-Jihn Kim and A. W. Overhauser, Phys. Rev. B 47, 8025 (1993).

35 A. A. Abrikosov and L. P. Gor’kov, Phys. Rev. B 49, 12 337 (1994).

3 Yong-Jihn Kim and A. W. Overhauser, Phys. Rev. B 49, 12 339 (1994).

37N. A. Babushkina, A. P. Zhernov, V. I. Ozhogin, A. V. Inyushkin, and A.
N. Taldenkov, XXXth Conference on Low-Temperature Physics, Abstracts
of Reports [in Russian], Dubna, 1994, Part 1, pp. 21-22.

Translated by P. Shelnitz

A. P. Zhernov and T. N. Kulagina 383





