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Recovery of superconductivity and the critical field in layered superconductors
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The presence of magnetic impurities greatly affects the temperature dependence of the critial fiel:
focus, mainly, on layered superconductors. As a result of correlations among magnetic impurities, the scatter-
ing amplitudel's decreased witlT—0 K. This temperature dependence leads to a weakening of the pair-
breaking effect and consequently to a positive curvaturéigf(T) and a drastic increase id.,(0). The
calculations are in excellent agreement with recent experimental data. It is also shown that the presence of
inhomogeneities of a certain size also modifies the temperature dependetige [$0163-18206)05126-0

. INTRODUCTION Tl- and Bi-based compount3 has been observe@ee be-
low, Fig. 4.

This paper is concerned with the magnetic properties of It will be shown in this paper that the observed unusual
|ayered Superconductors and, foremost among them, the chehavior of the critical field can be described with high ac-
prates. We will focus on the critical field and its temperaturecuracy by the scenarios mentioned above, that is, by mag-
dependence. One can observe a behavior drastically differeRgtic scattering or by the effects of spatial inhomogeneity.
from that of ordinary superconductord.Two basic sce- ©One should note also that positive curvature has also been
narios can greatly modify the dependenceHof on T. The ~ observed in three-dimensionésD) systems*2 This case
first involves scattering by magnetic impurities, while the Will be also discussed below, although we are going to focus,
second is based on the influence of inhomogeneities. Therimarily, on layered systems.
former method was briefly discussed by us in Ref. 3. The The structure of the paper is as follows. A detailed de-
present paper contains a detailed description as well as $'iption of the theoretical models is presented in Secs. Il

number of new results. and lll. Section Il is concerned with the effect of magnetic
An unusual behavior of the critical field has been reportedmpurities onHg,(T). The influence of inhomogeneities is
in several paper§.*® First of all, we would like to mention described in Sec. Ill. An analysis of various experimental

the study of overdoped 2201 Tl-badeahd Bi-baseticom-  data is given in Sec. IV.

pounds. Overdoping leads to a drastic decreast.ife.g.,

for TI,Ba,CuQ; the value ofT, decreases fromi.y.,=90 K Il. THEORY: MAGNETIC IMPURITIES AND H,
to T.=14 K). This decrease iff; is accompanied by a de-
crease in the value df.,, allowing direct measurements of
the dependencél.,(T). The latter appears to be entirely  Consider a layered superconductor containing magnetic
different from the conventional picture® According to this  impurities with concentratiom,,; the impurities cause a
picture (and as has, indeed, been observed in many convespin-flip scattering of the carriers. Such scattering leads to
tional superconductoysH,(T) is characterized by a linear the pair-breaking effe¢f™2° As a result, at some critical
increase neaf .. In addition,H,(T) saturates a§—0 K.  value of the impurity concentrationy, ., superconductivity
Contrary to this picture, the critical field in overdoped cu- becomes totally supressé@i.=0). For n,<n,, the super-
prates displays’ a positive curvature in the entire tempera- conducting state is depressed. This means that the values of
ture range accompanied by a sharp increase in the lowF., the energy gap, and the critical field are lower than their
temperature regiofsee below, Figs. 2,)3without any sign intrinsic values(that is, values in the absence of magnetic
of saturation. The measurements in Ref. 4 were performeinpurities. Moreover, a gapless state'®arises prior to the

up toT=10 mK. It is remarkable that the d4tshow a sharp, total suppression of superconductivity. All of the above phe-
almost linear increase A ,(T) towardsT=0 K, so thatthe nomena are caused by the pair-breaking effect of magnetic
value ofH.,(0) appears to be almost ander of magnitude impurities. At high temperatureS&T.), impurities can be
larger than one could expect from conventional theory. Atreated as independent scattering ceffets (see also Ref.
similar effect of positive curvature with an accompanying19). The electron pair-breaking effect is accompanied by the
large increase inH.,, has been also observed for impurity spin-flip process, ensuring the conservation of total
Smy L& 15CUO,_, (Ref. § (see below, Fig. pand for the  spin. However, as the temperature decreases, the interaction
overdoped La-Sr-Cu-O compoufdlthough measurements between impurities (ordering trendd become important.
have not been performed below 1 K. The most recent obseSometimes ordering can be observed at a finite temperature
vation was made with an underdoped Y-Ba-Cu-O compoundsee beloy, whereas other cases correspond to formation of
with partial Zn substitutioff.Behavior similar to that for the a spin-glass state. Such correlation processes frustrate spin-

A. Qualitative picture
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flip scattering and, thereby, the pair-breaking effect, because The set of equation§?) and (3) determines the critical
it becomes impossible to satisfy the spin conservation lawfield H., and its temperature dependence. One can see di-
As a result, the superconducting state becomes less deectly from these equations that the nature of this dependence
pressed, which leads to an incred%ecovery”) of various s directly affected by behavior of the amplituBlg= 7 * for
quantities, first of all, the value of the critical field. Such a spin-flip scattering.
recovery ofH., is a major focus of the present paper. Cor- The total Hamiltonian in the presence of magnetic impu-
relation leads also to a decrease of the “normal” componentrities can be written in the form
accompanied by changes in the penetration depth, heat ca-
pacity, etc. H=He+Hinp+ Hint, (4)

One should note that even complete ordering does not

imply the total disappearance of the pair-breaking effect.\/\lhere|_|e and Hyy,, describe the carrier and impurity sub-

This effect can still be provided by the dipole-dipole inter- systems, respectively descrlt_)ses the carrier-impurity in-
action[see below, Eq(5)]: This interaction does not con- teraction and contains the tetf™ (see, e.g., Refs. 24, 25
serve total spir(it translates into orbital motign -

Strictly speaking, the impurity ordering trend makes theHss= ,ui,uez f dredRi{q}l\P;rsSeq,eqji|re_ Ri|*3
pair-breaking amplitudeéemperature dependenthis tem- 0
perature dependence is a key factor in our approach. One can

_ R\ Ipis .
show (see below that a relatively small change in the am- (87/3) 6(re=R)W WSSV eV,

plitude, namely, its small decrease caused by the correla- — 3V WIS (re—R)(So(re— R)1W Wi |re—Ri| 5}
tions, can lead to noticeable changedHig, and in its tem-
perature dependence. 6)

o N Here W, andW; describe carrier and impurity states, while
B. Theory: Magnetic impurities S. and S, are the spin operators. In many cases one can

Let us focus on the evaluation of the critical figt, for ~ Neglect the interaction between impurity atoms and treat

a layered superconductor in the presence of magnetic impdtem as totally independent. This corresponds to the model

satisfies the linear equation second term in the bracketthis term is called the “contact
interaction”: see Ref. 24; the first and third terms represent
— P A=2)\A. ) the dipole-dipole interaction The averaging performed in

. ) Ref. 14 assumes that the impurity spins form a chaotic non-
Here d_=(dldp—2ieA), N=eH,,” and the order parameter jnteracting system. If it is necessary to take into account
is an eigen_function of the opergtei. The _critical field can  correlations between the impurity spinsTs:0 K, the inter-
be determined from the following equatidsee Refs. 20, action becomes essential, and then the averaging should be
21): performed with considerable care. In addition, the last term
in (5) becomes important. Indeed, the first two terms in
IN(TY/T)=27T >, [w, 2D (w,,H)], (2)  brackets conserve total spin. As a result, pair-breaking ef-
n=0 fects described by these two terms require a change in the
impurity spin (spin-flip impurity scatteringin order to sat-
isfy spin conservation. However, the third testudied in
Jw, H) detail by one of the authors in Ref. P§oes not conserve the
— ”_’1 . (2) total spin (it transforms into orbital motion If the usual
1-(7 =74 )(wn,H) spin-flip scattering is frustrated by impurity spin correlations
or even by their orderingsee belowy, then the contribution
f this process becomes important.
Equations2) and(3) contain the spin-flip relaxation time
7, and the relaxation time describing the usual nonmagnetic
scattering. In ordinary 3D systems magnetic impurities pro-
method of integrated Green’s functioffs:> For the usual 3D :?i(:e the p_air—breaking effect as ngl as th,e 'elaftic scattering.
A <& (I=1qa9, We are dealing with the “dirty” case. The

case, such a calculation has been performed in Ref. 20 al ; . ; o
) . - Situation with layered superconductors is quite different. Be-
by one of the authors in Ref. 21. Here we are dealing with & : TR ;
. . . cause of the layering, we must distinguish two different
layered structure, and this requires a special treatment. Ong

cases. One of thertin-plane location of the magnetic impu-
can show(see the Appendijxthat for a layered superconduc- . . . .
tor J(w,,H) has the form rities) corresponds to the dirty cagstrong pair breaking as

in the 3D case. However, another interesting situation pro-
o vides a “clean” case. For example, in a layered structure it

J(w, ,H)=(2/weHv2)1’2f dy is possible to combine a strong spin-flip channel

0 (Ts=751>xT.) with the conditionr '<#T, (clean case

_ 112 for elastic scattering. Generally speaking, it is realistic that

Xexp —y)arctafiv(2eHy) "/ a)], (3) I'>71 This is possible if the magnetic moments are lo-

wherea=2w,+ 7 '+ 75! andv is the Fermi velocity. We cated out of the plane, in which case, in-plane momentum
shall focus on the caddilc. transfer can remain small, despite the large amplitude of the

where

Di(wn,H)=(sgnwy)

w,=(2n+1)7T, and is the spin-flip scattering relaxation
time (this channel is caused by the presence of magneti8
impurities. The term7 ! describes the usual elastic scatter-
ing; TO=T, (r.=%).

The evaluation of the kernel(w,,H) is based on the
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spin-flip process. Indeed, as is known, the main contributioryne arrives at the relatiohl'y = 7T2/2y, whereT? is the
to the cross section for scattering by charged impurities/alue of the critical temperature in the absence of magnetic
comes from small angles and strongly depends on the screefinpurities (“intrinsic” T.). Based on Eqgs(6) and (9), we

ing length,, (see, e.g., Ref. 26Placing the impurities out  arrive at the following equation for the critical field,:
of the plane leads to an effective increase of the transport

collision time #,, which is larger than the increase in the IN(T¢/T)—{4{0.5+T(T)/27T)]

usual carrier-impurity collision time. It is important to rec-

ognize that both the clean and dirty cases, as well as the — 0.5+ (Tg(Te)2nT) I} =1(H,T). (10
intermediate case, are realized in layered cuprétes be-

low, Sec. ). Heref(H,T) is defined by Eq(7).

C. Clean case D. Spin-flip scattering

The basic equation&®) and(3) allow one to evaluate the ~ Equations(2), (3), (7), and(10), as well as Eq(19) (see
dependencel ,(T) for the general case of both spin-flip and below), form the basis of our theory. They allow one to
nonmagnetic channels, making comparable contributions tgvaluate the dependentk,(T) for a layered superconduc-
the scattering. Indeed, if the relaxation timésand r have  tor in the presence of magnetic impurities. One can see di-
the same order of magnitude, one has to use these equatioigstly from Egs.(7) and(10) that the functional form oH,
directly; we have performed such calculations for some case§ greatly affected by the behavior of the spin-flip scattering
(see below, Sec. IV B However, in some limiting cases one amplitude[l’s. If the parameted’s is temperature indepen-
can simplify Egs(2) and(3). Consider, first, the clean case dent, we obtain a smooth, almost quadratic dependence of
for nonmagnetic scattering, as defined above. Then one cdmc2 on (T). However, ifI's depends on the temperature, the
neglect the termy 1. picture becomes entirely different.

As is known!* the value of (= ;! depends on the con- The amplitudel’ describes the spin-flip scattering of the
centration of magnetic impurities,,, so thatI'¢xn,,. At cqrriers by Iocalize_d magrjetic moments. As stated apove,
some value of the concentrationy ., (correspondsl’y this leads to the pair-breaking effect and to_the depression of
=T's.), the superconducting state becomes totally supJc:. Hca: €IC. At almost all temperatures this parameter can
preséed. be treated as temperature independemt;=I",=const. This

Assume that =eHv?/T';<1; then, one can simplify Egs. pictur_e_is similar to that describ_ed in R_efs. 14-19, Wh_ere the
(2) and (3). Using the relatior<1 and introducing the pa- impurities were treated as noninteracting and scattering was

rameterl's ., we arrive, after some manipulations, at the described by the “contact” interactiofsee Eq.(5)]. Aver-
equation aging over impurity spiné does not include any correlation

between them. TheR =7 1=JS(S+1). This leading term
IN(2yls o/ 7T) —{[ 0.5+ (I's/27T)]— (0.9} =F(H,T), in the amplitude of spin-flip scattering by magnetic impuri-
(6) ties, indeed, does not depend on the temperathee small
“Kondo” term was neglected in Ref. 14

where However, at low temperatures the picture becomes differ-
_ 2 -1 ent. As was noted aboVsee the discussion after E()],
f(HT)=(eHo T (I's {y10.5+(I'/2mT)] the decrease in thermal motion fdr— 0 K leads to the
—y[0.5+(T'J4=T)]} correlations between impurity spins becoming important.
1, These correlations affect the second terni4n The mani-
—(47T) Y'[0.5+(I'y27T)]). (7)  festation of such a correlation is different in various systems,

and we shall consider different examples in Sec. IV. In some
cases, this effect may become so strong that ordering arises
at a finite temperatur@& ,,~0; in addition, the width of the
phase transition regioAT is such thafl ,q—T>0. Such a

Here ¢ is the psi function and Ip=C=0.58 is the Euler
constant. If, in addition, the conditioRig> 7T, is satisfied,
Eq. (6) reduces to the form

IN(Tg o/Ts) — 0.1 wT/T )%+ 0.1 #T/T )% case is reali.zed, for example, in the Sm-Ce-Cu-O syStem
' and in the Ni/V compound? see Sec. IV E. Frequently, one
=(eHv2/F§)[In 2—-0.5-0.677TITy)? observes a trend towards total ordering, but even if the tran-
4 sition occurs,T,4<dT. In this case one sees an increase in
+0.127T/T)"]. ®  the magnetic succeptibility near=0 K (such an increase

A more exact solutiorfor any value of¢) can be obtained was observed in Ref. 27A perfectly realistic is a formation

from Egs.(1)—(3); see Sec. IV. It is very important that the ©f @ “Spin glass” (see, e.g., Ref. 28 In addition to the

amplitude T, generally speaking, depend on temloeraturesusceptibility, this ordering trend is manifested in the appear-
(see below, so thatl' .= T'(T) ance of Shottky anomalies in the heat capacity. These
1 S S .

anomalies have been observed in many césms, e.g., Refs.
29-31. Note also that the impurities may be distributed in
IN(2yLg o/ 7Te) —{h(0.5+ [T (T /27T )]— 44(0.5)} =0. such a way that two impurity atoms end up much closer to
’ each other than the average distance between impurities. The
spin interaction for such pairs can be particularly strong.
The value ofT . depends on the concentration of magnetic  As a result of spin-spin correlations of the impurity atoms,
impurities in the way described by E¢P). Puttingn,,=0, spin-flip scattering becomes frustrated. The relative contribu-

At T=T,, H, vanishes, and we obtain, from E®),
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tion of the dipole-dipole interactiofwhich does not con- If we are interested in the shape of the dependence
serve spin increases, and averaging no longer leads to &.,(T), we can employ a measured valuerqf,(0) in order
simple expressioff: Note that the increase of the spin-flip to determiney,. Furthermore, if we consider a layered su-
scattering time for a spin glass has been observed experimeperconductor which does not contain any localized magnetic
tally in Ref. 32. In other words, correlations make the am-moments(in which case itsT. coincides with the intrinsic
plitude I';= ;" ! temperature dependent; this dependence isritical temperaturel %) and add to it magnetic impurities,
particularly important in the low-temperature region. then Eq.(9) together with the relatiod’.,=7T %2y allows

An exact evaluation of this temperature dependence is ans to calculate the value &f,=I'((T,), which is determined
interesting problem of microscopic theory, and we will ad-by the concentration of impurities. As was noted above, the
dress some aspects of this problem elsewhere. However, th@alue of the parametdr, is directly related to the value of
main subject of this paper is the behavior of the critical fieldH.,(0). Therefore, the values of the parametgrendl’, can
H.,(T), and we restrict ourselves to a semiphenomenologibe expressed in terms of experimentally measured values of
cal approach. TY and H.,(0). As aresult, in this case the dependence

It is essential that as a result of the correlation amond’(T) and, consequently, the shape of the functidg(T)
magnetic moments the amplitufie becomeemperature de- are determined by a single parameterThis parameter is
pendent Based on the described physical picture, we nowsample dependent, although, in principle, its value can be
study the impact of this temperature dependence on the belerived from microscopic theory. Nevertheless, it can be
havior of the critical field. used as a single adjustable parameter, allowing one to de-

Let us discuss this temperature dependence. We introduceribe the dependenéé.,(T).
a characteristic temperatue which describes the ordering The situation is different if the superconductor contains
trend. In the regionT># the magnetic impurities can be some magnetic impurities even in the original state. This is
treated as independent, and the amplitligeI’ ,=const. Let  actually an important cassee below, Sec. IV In this case
us denote the value of the amplitudeTat0 K by I'y. The  the value ofl’, is unknown and it is more convenient to use
temperature dependendg(T) in the entire range can be Eqgs.(12)—(14) directly. Then we have two adjustable param-
represented in the forrthis is similar to the Pado approxi- etersg andé. Note that the value of can also be determined

mation from magnetic susceptibility or heat capacitphottky
anomaly measurements. In the following, we will ugeand
I's=Tof(7), (1) ¢ as adjustable parameters. It is, nevertheless, remarkable
that in this way we can describe the dependddgg(T) in
f(r)=(1+B7)/(1+7). (12 the entire temperature rang&<T.. It will be shown (see

Here =T@ %, B=IJT,; we assume that,=T.6 *>1, Sec. IV thatour simple model provides a description which

B>1. Indeed ’ one can éee thatBEO the ar;plitljdel“ is’ is in excellent agreement with the experimental data.

equal tol, \'Nhereas in the regio> (=1) we obécain One should note that if the superconductor contains mag-

I.=T,8=T,. Equation(11) can be rewritten in the dimen- Netic impurities from the beginning, then iB.=Tc ni

sionless form (which is the experimentally observed quantity actually

depressed by the pair-breaking effect. The intrinsic critical

vs= Yof(7), (13)  temperaturd i = TS, which is defined as the value ©f in

where y,= yo(T) =TT, %=TyT., andf(s) is described the absence of magnetic impurities, always excdgdg; . It

by Eq.(12). Equation(10) can be rewritten in the form Ez;r;sseﬂgwatsgrcecll\s}e;\y such asituation occurs in the cuprates

Let us make several more comments. First of all, the
IN(T/T)—{[ 0.5+ y(T)(T/27wT)]— [ 0.5+ /2 '
(Te/M =9 r(D(Tf2mD]1= vl (Byol2m)]} value of the amplitudey, appears to be largey>1), espe-
=f(H,T), (14 cially in the gapless regio(see below. As a result(and this

a remarkable and important feature of the mpdelven a

where relatively small change i, makes a very strong impact on
f H,T)=(eH 2/ T T -1 0.5+ T27T HCZ (See below, Sec. IVA
(H.T)=(eHo™ysTo) (ysTe) H{l (7sTe/2mT)] Furthermore, let us consider the special case, mentioned
—y[0.5+ y T JA=T) ]} above, when the impurity spin system undergoes a phase
1, transition at some temperatufg, and the width of the criti-
—(47T) Y (0.5+ ysT/2mT)). (19 cal regionsT is such thall ,,— 8T>0. Then the amplitud€
Equations(14) and (15), along with(12) and (13), allow us IS temperature independent nela=0 K, although it differs
to evaluate the functional form ot ,(T). from the valuel' ,=I'(T.). In this special case one can ex-

Let us discuss the dependen@®) in more detail. Gen- PeCt saturation neaf=0 K and the amplitude can be de-
erally speaking, Eqg12) and(13) contain three parameters: Scribed by the expression
the characteristic temperatufigthe value of the amplitude at

T=0 (y,), and the ratio of the amplitudgs=1y,/v,. As was ¥s=vof(7), f(n)=(1+B7)/(1+7) (T>Ty)
noted above, these parameters can be evaluated from micro-
scopic theory, and we will address this question elsewhere. f(r)=1 (T<Ty). (16)

For our present purposes, we will use values extracted from
experimental measurementas described belowor use Here 7=(T—T,)/6, T,=T,—a#b, a=1; af=45T, and other
them as adjustable parameters. parameters are defined by E¢$2) and (13). Note that the
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Sm-Ce-Cu-O and Nb/V systems correspond to precisely thisthere D= (D, +kD,)/(1+k), T?=T%#T%2yQ)*, and
situation(see Secs. IVB, IVE Q=0p; T2 is the transition temperature of the supercon-

We focus on the casg.>6 [(=1; see Eq(12)], thatis, ducting layer in the absence of magnetic impurities;
where the value of; greatly exceeds the value of the char-
acteristic temperaturé. This case corresponds to the experi- F=(T;+KkI)/(1+k); k=wvdi/v,d, (20)
ments described in Refs. 4(8ee below, Sec. [\ However,
as the concentration of magnetic impurities continues to in{cf. Ref. 33. If k=0 (no proximity effec}, one can use Eg.
crease,T. keeps on decreasing until at some valuengf (19 with D=D,. For layered superconductors one has to
there is a crossover anfl, becomes smaller thad. As a  use the expressidd = (vgly)/2 for the diffusion coefficient.
result, the dependenck,(ny) begins to deviate from that The temperature dependeric€T) of the electronic spin-flip
obtained in Ref. 14, since the spin-flip scattering amplitudeamplitude(pair breaking is described by Eqg11) and(12).
decreases with the outset of ordering. The decreasE. in Equation(19) can be written in the form
slows down, resulting in the appearance of a tail. We will
discuss this interesting case elsewhere. IN(T/T)="P[0.5+ (ysTc/2wT) +eHD/2aT]— ¥ (0.5,

Note, also, that the ordering trend can be important in the (19)
3D case as well; the relevant data will be discussed in Sec.
IV. However, as was pointed out above, the presence of laywherey, is defined by Eq(13).
ering is essential, because it provides for the out-of-plane Equations(11), (12), (19), and(20) allow one to recon-
location of the magnetic moments, thus combining a clearstruct the dependend¢;,(T). The ordering of magnetic im-
nonmagnetic scattering with a strong pair-breaking effectpurities and, consequently, the appearance of a temperature
The absence of the term ! [see Eqs(2) and(3)] makes the dependence ofs(T)=T'y(T)/T. lead to a deviation oH,
spin-flip scattering channel dominant, leading to a strongefrom the Helfand-WerthamefHW) dependendeand to an

influence on the dependentk,(T). increase in the value of &
E. Dirty case: Superconductor-normal-metal sandwich Ill. THEORY: CRITICAL FIELD AND INHOMOGENITIES
Above, we described the clean cafiegs. (11)-(19)] In this section we discuss another aspect related to the

when the spin-flip interaction is the dominant scatteringmagnetic properties of layered superconductors. In fact, a
channel. This case arises for an out-of-plane location of magoticeable deviation from the conventional HW behavior can
netic impurities. Now let us consider the dirty limit of the pe caused not only by magnetic impurities, but by a different
usual elastic scattering with the free paffi<g,. There are  mechanism as well. Namely, positive curvature and a corre-
now two possibilities. One of them corresponds to the in-sponding increase i, relative to the HW valugcan be
plane location of the magnetic impurities. These impuritiescaysed by the presence of 2D in-plane inhomogeneities. In-
provide both a strong pair-breaking effect and the usual elagjeed, consider a dielectric island as an example of such an

is provided by out-of-plane magnetic moments, whereashe presence of inhomogeneities, but their presence leads to
nonmagnetic scattering is caused by other nonmagnetic ingy additional boundary condition

plane impurities and defects.
We will consider a more general case, hamely, the prox- n(oldo—2ieA)A=0 21
imity superconductor—normal-met&lS-N) system which (9l9p )Au=0. @D

consists of two dirty films with thicknesse andd, and  \yheren is perpendicular to the boundary apdis a 2D

densities of states; and v,. The equations describing pair- yector. The parametevis equal toeHY, (see Ref. 2 HY, is

ing in these fil be written in the f i the i i
Ing in these films can be written in the form the value ofH,, in the absence of the inhomogeneity, and

the dependencH %(T) is described by the HW theory.

2 —
0.80,9~B1+A=(w+TI'1) B, (173 Now let us focus on the effect of the inhomogeneities.
Assume that there are no magnetic impurities, that is,
0.5D,3% Bo— Bo(w+T5)=0. (A7b 75 1=0. The functiorH,(T) enters the left-hand side of Eq.

, . o . (1), and to determine this function, one has to apply the
Here 8, and 3, are the Green’s functions describing pairing poundary condition. This condition results in a deviation
in the S andN films, respectivelyD; are the diffusion coef-  fom the HW solution.

ficients, andA is the order parameter which is finite only in - For concreteness, consider a dielectric island in the shape
the Sfilm; 2 =(o#92°+4%), whereq_ is defined by Eq(1).  of a disk of radiusp,. The order parametes(p) can be
The pairing states are connected by the boundary conditioRyitten in the form A(p)=expin¢)f(p), n=0,1,2. .. .
Based on Egs(1) and (21), one can show that the radial
function has the form f(p)=y "W\ enyzna¥)

= 2 ; ; ; ;
Based on Eq917) and the conditior{18), one arrives at the (y_erd' f”de\;/'s thel/vmtteﬁerlzunzcnzhwnh th? bound-
following equation (see the Appendixwhich permits an &1y condition ¢f/dy)y, =0;y,=eHpg. As a result, we ar-
evaluation of the dependenég.,(T): rive at the following equation allowing one to evaluate
Heo(T):

(vDaplan),=(vDaBlon)_; B.=B_. (18

IN(TYT)=W¥{0.5+[T(T)/2aT]+eHD/2aT} - ¥(0.5),
(19 (nlyo)=1+29,/g,. (22
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FIG. 1. Dependencg,=H %/H., ony,=eHp3 for differentn: (a) n=2, (b) n=4, (c) n=7, (d) n=9.

Here gi=0i(y,n,Z)= [ ydt ¢;, i={1,2}, ¢1  gion. However, we should remark that the mechanism due to
=e YW2-(@2) (1 4 4)n-12+(@2) o =, /t, and Z=H %/ magnetic impurities, discussed above, leads to a larger effect
Heo. (see Figs. 2 an(_j)3 N _

Equation(22) determinesZ,=H %,/H, as a function of The size of inhomogeneities can be estimated from the
yo for a given n; see Fig. 1. Note that the function broadening of the transition in the region n&a+0 £<7. For
Z,=H%/H,, was studied in Ref. 34 for the 3D case. example, for the compound studied in Ref.pd=10"* cm,

that is,py<<&, (£&,>50 A for this overdoped material; see Ref.

). The effect observed in Ref. 4 is due to magnetic impuri-
ties (see beloy; in addition, the scale of the increase ob-
served in Ref. 4 greatly exceeds that which could be caused
the HW valueH %,. Note also that an increase jg provides t_)y inhomogeneities. N_evertheless, _the appearance of a posi-

. . tive curvature due to inhomogeneities may be relevant to

for a larger effect. Th? minimum valueodfn 1S equal 0 other systems, such as those encountered in Refs. 9, 10, 13;
Zn,min=0.6, corresponding 6l o max=1.7Hc,. This value is e shall discuss this problem in Sec. IV G: see below. It is
similar to the ratioH.3/H., in conventional superconductors important to note that this strong modification of the mag-
[see, e.g., Ref. 18)]. However, in the present case we arenetic properties can be induced by making layers with inho-
dealing with the critical field for bulk superconductivity. In mogeneities of a well-defined size. It would be interesting to
addition, the ratidd,/H 2, can be modified by varyingy. It carry out experiments of this type to confirm our conclusion.
is important to note that for inhomogeneity dimensions cor-
responding t(Z,jl > 1.4,positive curvature appears.

We wish also to emphasize that the effect of inhomoge-
neities becomes noticeable fpr=1, that is, if the sizep, is A temperature dependence of the critical field drastically
of the order of the coherence lengthAs a result, the de- different from that of the ordinary pictulé has been ob-
pendenceH .,(T) for temperatures nedr, is not affected by served in a number of layered superconductofsn this
such inhomogeneities. However, in the low-temperature resection we will present a detailed analysis for several such
gion whereH,, is large and the parametgg can become of systems.
the order of unity(for py=¢), there arises a noticeable in-  An analysis of experimental data has to be carried out
crease irH, relative to the HW valugby up to a factor of  with considerable care because in many cases one observes a
1.7). In addition, the curvature becomes positive in this re-broadening of the transition in a magnetic field, caused by

Let us describe the main features of the solution for lay
ered superconductors. First of all, one can see directly fro
Fig. 1 thatZ,<<1. This means that the presence of inhomo-
geneities leads to an increase in the valuéigf relative to

IV. EXPERIMENTAL DATA: DISCUSSION
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inhomogeneitiegsee Sec. I). This broadening frustrates a

2 . -3 T S S P S T R
determination of the value df .,. However, in a number of

caseqsee, e.g., Refs. 4, 5the applied field leads to a shift 14 r
of the transition, which allows one to determine the depen-
denceH,(T) with high accuracy. Indeetsee, e.g., the dis- 12 r

cussion in Ref. % one can employ different ways of deter-
mining H.,. Namely, H,, could be defined as the field
leading to some fixed loss in the resistance. It turns out that
the shape of the dependenkie,(T) for systems analyzed
below is universal and insensitive to the specific definition.

Hco(Tesla)
o0

A. Overdoped cuprates

Experimental studies carried out on overdoped samples
TI,Ba,CuQ; (Ref. 4 (T.=14 K) and BpSrL,CuQ; (Ref. 5 ]
(T.=18.5 K) revealed unusual magnetic properties of the 0 6 8 10 12 14 16
cuprates. Overdoping leads to a drastic decreadg jrand, Temperature (K)
correspondingly, irH,, thus making it possible to measure
H., in the entire temperature region. We conclude that the FIG. 2. Dependenct .,(T) for TI,Ba,CuQ;; diamonds, open
strong depression df,. [for example, the critical temperature circles, and open squares, experimental data; Ref. 4; solid line,
of the Tl-based sample prior to overdoping was 9QR&f.  theory.
4); thus, the decrease was truly drastic: —-9D4 K] is due to
the presence of magnetic impurities. In fact, their presenc&, H.,(0)=28 T. Similar to the case with the Tl-based
has been established by several independent experimentsiprate$ (see above we can describe the dependence
For example, heat capacity measurenténtshave revealed H,(T) in the entire temperature range with the use of only
Schottky anomalies; these anomalies are a direct manifesteawo adjustable parameters. Their values are equaktt.6
tion of the presence of magnetic impurities. As is kndsee K, 8=1.38 (with the same value ofz=1.3x10" cm/seg.
Refs. 14—-17, the presence of magnetic impurities leads toOne can see again that there is very good agreement with the
the pair-breaking effect. And, indeed, muon-spin-resonanceata(see Fig. 3.
(4SR) dat&®* show that the normal component decreases One can evaluate the valuié, which corresponds to
upon overdoping, corresponding to pair breaking. These datf.=0. Based on this value, one can then estimate the value
also demonstrated the appearance of a gapless state. The g@f=241"./# (this intrinsic value corresponds to absence of
lessness is caused by the presence of localized magnetic m@agnetic impuritiels It turns out thaﬂ'g is greater than the
ments; as was noted above, the presence of the latter wasperimental values guided in Ref. 4. For example, we ob-
detected in Refs. 29, 30. In addition, magnetic scattering alstain T2=155 K for the 2201 Tl-based samglehe experi-
leads to a decrease T, and, eventually, to suppression of mentally measured value at optimum dopinglis,,=90 K.
superconductivity. Such a decreaseTip was indeed ob- This means that the materials in Ref. 4 contained magnetic
served in Refs. 4, 5. impurities prior to overdoping and their, was depressed.
Note that at the same time the 2201 Tl-based sample uses a result, the value of the intrinsic critical temperature
in Ref. 4 is in the clean staighe sample is characterized by T, .=T? (this quantity was introduced in Sec. Il D abgve
a large mean free patr=10° A, as determined from normal for this material greatly exceeds the currently observed maxi-
conductivity data This means that doping results in the for- mum value. Therefore, th&, of these materials can be
mation of out-of-plane local magnetic momeigse the dis- raised further.
cussion, Sec. Il B As a result, the model described in Sec.
Il C above is fully applicable.
Let us now consider the JBa,CuQ; compound: For this
material T.=14 K and H.,(0)=15.8 T (Ref. 4 (we use A very interesting experimental study of the
ve=1.3x10" cm/sec, see, e.g., Ref. 8Using this value of Smy 5:C& 15CU0,_, compound has been described in Ref. 6.
H.,(0), one can calculate the parametgr[see the discus- The relatively low value off ;=9.5 K (the transition is rela-
sion following Eg. (15)], which appears to be equal to tively broad, leading to some uncertainty in determining
v,=6.8. Based on Eq912)—(15), we have calculated the permits measurements of the dependencélgf{T). Such
dependencel,(T) for the entire temperature ran¢the pa- measurementsshow that the dependenet,, is character-
rameters are#=1 K, 8=1.26). Figure 2 demonstrates that ized by positive curvature, similar to that observed in the
the present theory is in excellent agreement with the experieverdoped cupratdsee Sec. IV A The measurements were
mental data. performed forT>1 K. The absence of experimental data for
One can see that, indeed, a relatively small change in th€<1 K does not allow one to carry out a numerical analysis
scattering amplitud€AI'/T'(=0.37) leads to a sharp increase with the same accuracy as that for the,Bd,CuQ; com-
in the value oH ,, particularly at low temperatures. Such an pound(see abovk In addition, the noticeable broadening of
increase results in positive curvature; that is, its sign is opthe transition(3 K) means that this system is not homoge-
posite to that in the conventional HW theory. neous and therefore requires special treatment. Nevertheless,
The data obtained in Ref. 5 for the 8Br,CuQ; compound  the physical picture appears to be similar, which is supported
can be analyzed in a similar way. For this matefig18.5 by the magnetic susceptibility measuremérda the same
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FIG. 3. Dependenckl,(T) for Bi,Sr,CuQ;: solid squares, experimental data, Ref. 5; solid line, theory.

sample. These measurements have established the existeseenple withT.=10 K. As a result of such a procedure, a
of antiferromagnetic ordering of Simions. It is remarkable relatively sharp resistive transition with a parallel shift in an
that, according to Ref. 6, the departure from the HW curveapplied magnetic field has been observed. Therefore, it was
correlates with a drop in the susceptibility caused by thepossible to determine the dependeitg(T), which turned
ordering. out to display an upward curvature similar to that observed

Therefore, the model, described by E(, (3), (11), and  for the overdoped cupratésee above, Sec. IV A and Figs. 2
(12, appears to be fully applicable to the and 3. Recent NMR measuremefitsshow that magnetic
Smy 5:Ce 18CUG, —, compound. In addition, the d&tahow pair breaking can fully account for the observed decrease in
that increasing the magnetic field leads, mainly, to a paralleT; this observation supports our model. One should note,
shift, allowing us to carry out an analysis similar to that for however, that according to Ref. 8, the low-temperature resis-
the overdoped cuprates. The value of the mean free path caivity of the underdoped YB&u, g7Zng ¢3307— 5 Sample is
be estimated from the broadening, yieldihg30 A. The almost two orders of magnitude greater than that of the
nonmagnetic relaxation time is=3x10'* sec (with  TI,Ba,CuQs compound. This means that the data and the
ve=2x10" cmsec?). Since the situation does not corre- dependencel.,(T) can be analyzed, but the situation corre-
spond to any limiting case, we used the exact equatighs sponds to the dirty cagsee Sec. Il E
and (3). This provided a description of the dependence
Heo(T) for Smy gCey 18CUQ,_, for the entire temperature Hep
range(the values of the parameters wete2 K, g=1.15.

As shown in Fig. 4, there is good agreement with the
data® In addition, one expects a saturation ndar0 K,
which makes the SppCe, 15CuQ, _, system somewhat dif-
ferent from the overdoped TI- and Bi-based cuprates. This
saturation is due to the ordering at a finite temperature
T,=4.3 Kwith T;— 6T=1 K (this ordering is manifested in
the observed behavior of the susceptibjlityit would be
interesting to measure the dependehicg(T) in the region
T<1 K to verify the above prediction.

C. Underdoped cuprates 0

0 4 8 T
A very interesting study of the Y-Ba-Cu-O system was
published recently in Ref. 8. The authors used Zn substitu- FIG. 4. Dependencél ,(T) for Smy g«Cey 16CUQ,_y: circles,
tion with subsequent oxygen depletion and obtained axperimental data, Ref. 6; solid line, theory.
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accompanied by change of the cha#geon the (4) side, so
thatZ* =—2.07—0.67. This calculation explicitly shows that
the doping leads to formation of local magnetic moments on
the Ba-O layer. The calculatidhprovides a good descrip-
tion of the nuclear-quadrupole-resonan®¢QR) data and
supports our approach. However, one should note that for the
Y-Ba-Cu-O system the intrinsic value @f, can be also de-
pressed by other pair breakers. The fact of the matter is that
the mean free path for the Y-Ba-Cu-O compound is not so
large, indicating the possible presence of in-plane pair break-
ers. In connection with this fact, it is interesting to note that
a number of recent studidsee, e.g., Refs. 40—4have in-
dicated that the cuprate@ncluding the Y-Ba-Cu-O com-
pound are intrinsically inhomogeneous even at optimum

T doping. Phase separation and formation of small spin-
FIG 5 Dependence Hoo(T) for  Polarized clusters can also lead to the pair-breaking effect.
. . C .
YBa, (CuO,gZnyodsCuC, 5 diamonds, experimental data, Qur analysis of the dependenkl,(T) leads to the conclu-
Ref. 8: solid line, theory. sion that pair breakers are present in Y-Ba-Cu-O even at

optimum doping, but the question of the nature of these mag-
netic momentdi.e., whether we are dealing with the mag-
netic in-plane inclusions or whether there is also a contribu-
tion from the Ba-O layerdeserves special additional study.
In this paper we have focused on the case of a single layer

the diffusion coefficienD =0.8 cnf/sec. Using these values, in th_e “”‘g cell. This is ~appropriate, becau_se the
we get excellent agreement with the détsee Fig. 5. In experiments® were performed on 2201 samples with rela-

addition, the diffusion coefficiend allows one to evaluate tively low critical temperatures. Nevertheless, there exists an
the mean free path which appears to be equal to 12 A; thifiteresting question of the dependence Hf,(T) on the
Va|ue is in remarkab'e agreement W|th the Value:lo A number of |ayerS in the unit cell. This problem has been
measured in Ref. 8. studied in detail in Refs. 43, 44 for layered systems without
Based on Eq(20), one can also determine the intrinsic magnetic impurities. As regards magnetic scattering, which
value of the critical temperatufef. Egs.(9) and discussions is the subject of the present paper, one should note that a
in Secs. Il D and IV A. As a result, we obtaif =170 K.  study of overdoped 2212 compounds would be of definite
This is a very interesting result, because it shows, in analoginterest. Such a study would allow one to distinguish be-
with overdoped cupratgsee Sec. IV A, that the intrinsicT,  tween two types of magnetic scatteré&se aboveor, if both
exceeds the value of critical temperature at optimum dopingypes are present, to estimate their relative contributions. If
Te,opt: iMplying that the latter is actually depressed by thethe magnetic moments are located on the apical oxygen site,
pair-breaking effect. In other words, even at optimum dopinghen one should expect a relative decrease in the curvature of
(in the absence of Zn atomthe samples contain magnetic H.,(T); in other words, the ratiéd .,(0)/H:»(0),y, will de-
impurities which depress,, relative to its intrinsic value. It creasdH,(0),, corresponds to the absence of magnetic im-
is interesting that these intrinsic critical temperatures appeapurities; see Refs. 2, 43, #4ndeed, the Cu-O plane in the
to be closg160-170 K for all cuprates studie(see abovge 2201 compound is affected by two Capical ions. At the
including TI- and Bi-based samples, as well as the Y-Basame time, the effect of magnetic scattering is weaker for the
Cu-O compound. All of them contain the Cu-O plane as a2223 compound, because the apical oxygens are located out-
basic unit, and probably the vald& is an important intrin-  side of the set of three planes. As for the in-plane magnetic
sic parameter of this structural unit. If this is true, we can“clusters,” their contribution does not depend on the num-
conclude that the Hg-based cuprdie.=150 K) is not far  ber of the layers. Note that the valueTf is also affected by
from this limit. the total number of the layers. The observed increask,in
One can raise the very interesting question of the locationvith increasing number of layerée.g., T.=90 K for the
of the magnetic moments responsible for pair breaking. ArR201 Tl-based cuprate anfi.=125 K for the 2223 com-
unconventional temperature dependencédgf can be ob- pound provides support for our concept of the magnetic
served for different casgsee abovg since any set of mag- moments being located on the apical oxygen site.
netic moments located in the Cu-O plane or near it will pro- The experimenfs’ have generated a lot of interest. A
vide a pair-breaking mechanism depressifg H.,, etc. number of models leading to upward curvatureHg,(T)
Transport data showing a large mean free Héghd one to  have been develope@ee, e.g., Ref. 45 However, if we
the conclusion that in Tl-based cuprates the magnetic mowant to relate the theoretical model explicitly to the phenom-
ments are located on the apical oxygen lajgere the discus- enon observed in Refs. 4, 5, one should not only have a
sion in Sec. IV A above We can assume that the same istheoretically rigorous model, but one should carry out a de-
true for the Y-Ba-Cu-O compound. In connection with this, tailed comparative analysis of the d4faErom this point of
it is interesting to note that the calculation carried out in Refview, for example, the bypolaronic mod&? leads to a di-
39 has shown that the dopirfyBa,Cu,0g—YBa,Cu;0,) is  vergence afT—0, whereas the ddtestrongly indicate an

The analysis is based on Eq43), (19), and (20). The
value of H.,(0)=35 T implies y,=0.6. The values of the
adjustable parameters a=1.28 (note that this value is
very close to that for the overdoped cuprates=0.7 K, and
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almost linear dependence in this region without any sign otomponent. This decrease is manifested not only in the be-
divergence. havior of the critical field, but in a number of other proper-
We think that our approach, based on the presence dfes as well. For example, according to Ref. 14, the gapless-

magnetic impurities and inhomogeneities, is directly relatechess gives rise to a linear temperature dependence of the
to the datd % as well as to other similar observations; our electronic heat capacity; the value of the Sommerfeld con-
theory does not contain any additional assumptions, since thgant is directly related to the amount of the normal compo-
presence of magnetic impurities, as well as inhomogeneitiesient. The presence of magnetic impurities and their order-
is directly determined by number of other techniques.ing trend nearT=0 K decreases the pair breaking and,
Hc,(T) saturates a§—0 K for samples withT%"'=90 K;*®  consequently, further lowers the normal component. As a
this agrees with our theory sincTégp‘ corresponds to a result, the temperature dependenc€gfbecomes nonlinear.
smallerny,. Such an effect has, indeed, been observed experimefftally.

Note also that since the Sommerfeld constant is directly re-

lated to the normal density of states, which for a layered

D. Other systems: Superlattices, YNB,C compound structure is proportional to the effective maégne might

In addition to the systems discussed in detail above, &onclude that the ordering of magnetic impurities effectively
peculiar temperature dependence of the critical field, drastidecreasem”.  What is happening in reality is a decrease in
cally different from the conventional pictuté,has been ob- the normal component. The latter is also manifested also in
served for other systems as well. the penetration depth, electronic thermal conductivity, etc.

As was noted abovéSec. Il B, a change in the functional A study of the SmRIB, system has shown that the su-
form of H,(T), due to the pair-breaking effect of magnetic per.cond.uctlng order parameter me{:\sured by Jqsephson_ tun-
impurities and their ordering trend at low temperatures, cafeling INCcreases below the antiferromagnetic ordering
be observed in 3D systems as well. In connection with this'ge_mperaturé. This _observatlon is also dlrec_tly related to the
one should mention a very interesting study of NiV picture we have d|scussc—;~d. Indeed, or_dermg leads to a Ie;s
superlatticed? A decrease in the thickness of the Ni films depressed superconducting state, which is not only mani-
was seen to result in a change in the curvature 0fested in an increase iH ¢, bL_Jt is also accompanied by an
He(T). We think that this effect can be explained by the increase in the superconducting order parameter. As a result,
picture described here. Indeed, according to Ref. 12, a débe amplitude of the Josephson current increases. _
crease in Ni thickness below 10 A also leads to a decrease jn 10 Summarize the previous discussion, our approach is
the Curie temperatur@.,. Eventually, Te, drops below based on a specific physma}l model. N_amely, theltemperature
the superconducting critical temperaturéf,<T.. Then, dependenceH ,(T), which is our major focus, is greatly
in the regionT.>T>T,, one deals with the usual spin-flip affected by the correlation of magnetic impurities at low
scattering and pair-breaking effects, whereas the ordering oéémperatures. The trend weakens the pair-breaking effect,
curring atTc, frustrates such scattering and gives rise to s&nhances superconductivity, and increddes
“recovery” of H,, that is, to the type of behavior described o ) -
in this paper. At larger thickness@s<Tc, and belowT, F. Critical field and inhomogeneities
the magnetic moments are always ordered; as a result, the |n Secs. Il and Il we discussed two different scenarios
scattering amplitudéhere the dipole-dipole interaction plays |eading to a positive curvature for a dependeitg(T).
an important role; see Sec. I) Bnly weakly depends on the Such a curvature can appear as a result of spin-flip scattering
temperature. The scenario, described here, accounts for thy magnetic impurities, based on the temperature depen-
situation, observed in Ref. 12, whereby thg—Tc, cross-  dence of the scattering amplitude. The other possibility is
over drastically affects the dependenide,(T): The func-  related to presence of inhomogeneites. As described above,
tional form of the temperature dependence changes dramath both cases one can observe a positive curvature. However,
cally in the regionT <T¢,<T. the second scenario provides for a smaller increase,¢f0)

The YNi,B,C compound, studied recently in Ref. 11, hasrelative to its conventional HW value.

a layered structure, but, nevertheless, displays isotropic su- The presence of inhomogeneites is responsible for the up-
perconducting properties. Increasing magnetic field leadsward curvature oH,(T) in the Ba_,K,BiO; compound.
primarily, to a parallel shift in the-V curve, permitting  This effect has been observed in Ref. 9. The compound has a
reliable measurements of the depended¢g(T). The mea-  cubic structure and does not contain localized magnetic mo-
surements in Ref. 11 were performed in the regiomd—5 K ments. This is the reason why the spin-flip scattering mecha-
(Tc=15-16 K, but the data, nevertheless, clearly show anism is irrelevant in this case. However, it is known that
strong deviation from the HW picture with the appearance okamples of this material are of multiphase composition. In-
a positive curvature similar to that observed in Refs. 4—6deed, the superconducting state of this material occurs only
We think that this effect is caused by spin-flip scattering offor the cubic phase with>0.37 (see, e.g., Ref. 48At the

Ni ions and their ordering. It would be interesting to measuresame time, a very close value of the concentration0.35)
H¢2(T) nearT=0 K in order to observe a large increase in corresponds to a coexistence with the semiconducting phase.
Heo. Indeed, the upper critical fieltl., was measured in Ref. 9

for samples withx in the rangex<<0.4. Under such condi-
tions superconducting and semiconducting phases coexist;
that is, the sample is inhomogeneous. The scale of this inho-

Ordering of magnetic impurities leads to a frustration ofmogeneity is on the order of 100 %2 The coherence length
pair breaking, and consequently to a decrease in the normég), is of order of 50 A. In this case the model described in

E. Other properties
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Sec. lll is applicable. The presence of inhomogeneities leads (3) The material contains magnetic impurities even at op-
to the dependencel?,(T)=B(T)HLY(T) [hereH%, is the  timum doping, which implies that the intrinsicT,

nucleation field, andHY(T) is the conventional HW exceedTo%,.

dependendd. The function B(T) changes frompB=1 at (4) The dependencH ;,(T) can be also modified by 2D
T=T, to B=1.7 atT=0, which is, indeed, the scale of the in-plane inhomogeneities.

increase observed in Ref. 9. The treatment developed above not only allows one to

Note also that the semiconducting phase has an energgxplain the experimental data such as Refs. 4-13, but indi-
gap. The size of this gap is smaller that the valug ofthe  cates that it is possible to modify the behaviortdf, by
appearance of this gap is probably related to the chargemeans of adding magnetic impurities or selected inhomoge-
density-wave(CDW) transition. In this case one has to take neities.
into account the proximity effect between superconducting
and semiconducting regiotiparticularly neaf ). The prox- ACKNOWLEDGMENTS
imity effect leads to an effective decreaseTigp and, corre-
spondingly, to a broadening of the transition. Because the The authors are grateful to S. Wolf, A. Mackenzie, L.
value OchZ was determined from resistivity measurementsyGOl”kOV, and I. Schuller for fruitful discussions. One of us
this broadening leads to the appearance of a tail in the ddY.N.O.) wishes to acknowledge support of the Humboldt
pendencd—icz(T); such a tail has been, indeed, observed inFoundation. The research of V.Z.K. is Supported by the U.S.
Ref. 9. One should add also that the presence of the CDV@fflce of Naval Research under Contract No. N0O0014-95-
gap makes the number of carriers in the semiconductindrO006.
phase decrease a&—0 K. This greatly diminishes the
proximity effect and depression of the superconducting state APPENDIX
(including T;). Such a decrease in the proximity effect acts . o )
similar to magnetic impurity ordering and can also increase (1) The critical field is determined by Eq&2) and(3). In
H.»(0). We will describe this effect in detail elsewhere. ~ order to derive expressiai®) for the kernel(w, ,H) in the

The presence of semiconducting phase islands leads #P case, consider the relation
pinning in such materials and, consequently, to a finite value
of the critical curren{see Ref. 48 _ *

The observed dependentt.,(T) in Ba; _,K,BiO5 can A )\VZWTEO J'o (del2m) By A
be described with good accuracy by the model described in
Sec. llI, that is, by the presence of inhomogeneities. HereA is the order parameter arg is the Green’s function.

A positive curvature caused by the presence of inhomoAs was shown by one of the authdrsg, is satisfied by the
geneites has been observed also in Ref. 13. The authors pif@llowing linear equationat H=H_,):
pared holes in the Al films and observed changes in the de-
pendenceH .,(T) caused by the presence of such holes.

A positive curvature has been also observed in the organic
layered  superconductor k(BEDT-TTF), Cu(NCS),
compound® T,=10.5 K. Although the curvature is positive, 17
in contrast to the conventional HW pictute)o sharp in- *s JO (de/2m)
crease, similar to that observed in the cuprates, is seen at low
temperatures. The effect, observed in Ref. 10, is caused bihe operators_ is defined by Eq(1); the vector potential
inhomogeneities. This conclusion is supported by the larg@=H(0x,0). One can seek the solution in the form
value of the pinning force reported in Ref. 49, which greatlyA=A, exp(—eHx%). The solution of Eq(A2) can be written
exceeds the value in the cuprates. in the form

sgnw,wd_+2w+7 1+ Tgl—nvi dQp opp,
0

Bp=2A. (A2)

V. CONCLUSION Bp=sANw,| L+sgnw,(7~ 1= 751)Dy(wp)

The main results of this paper can be summarized as fol-
lows. *
. : X K —eHX A
(1) The magnetic properties of layered superconductors Jo dxaKp(X, Xy ) exp —eHxp), (A3)
and, in particular, the nature of the temperature dependence
of H, are greatly affected by magnetic impurities. The tem-where
perature dependence of the scattering amplitude leads to an

increase in the value dfl ., and results in a positive curva- Kp(X,X1) = 0(x—x;)Rs ™!, cogp>0,
ture, in complete contrast with the conventional picttfe.
(2) Our theoretical calculation explains recent experimen- 6(x;—x)Rs ™, cosp<O0,

tal dat4® on the critical field behavior in overdoped cu-

prates; Figs. 2 and 3 demonstrate an excellent agreement @f_ ex — a(x—x,)s L+ieH(x2—x)tan ¢]; s=v cosp.

the theory with the data. (A4)
The analysis is also in a very good agreement with the

data on the Sm-Ce-Cu-O systtand the underdoped Y-Ba- « is defined by Eq(3).

Zn-Cu-O compound. One can write also the following equation Br(w):
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D1(wn)=[sgnw,+ (77— 75 ) ID1(wy)
><J:(d@/Zw)dlep(x,xl)exr[—eH(xi—x%)].
(A5)
Based on EqsiA4) and(A5), we arrive at Eq(2") with

J(wn,H)=f dx;[2mreHv2(x2—x5) ]~ Y2
0

X exd — a?(2eHv?) " Y(x—x) (x+x;) 1]
(A6)
Equation(A6) can be reduced to Eq3).

(H) Consider thes-N system. The order parameter is not

equal to zero only in the first) layer, and we have

A=\v27TY, B4 (A7)
n=0
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not have, in a first approximation, the angular dependence

One can write expressions for the Green’s functighg(i
=1,2) in the form B,=C;(z,w)exp—eH>x?).>° Assume also
that the thicknessed;<¢; .

The functionsC; can be written in the form

C1(z,0)=Cyy(@)+Cifw)(d;—2)%, 0<z<dj,

CZ(Z,w)=C22(w)+C21(w)(d2+Z)2, _d2<2<0.
(A8)

With use of the boundary conditions, we obt&n,=C,,,
Cio= —Cy (kilky), and k,=vD;d;. Based on Eqs(173),
(17b), and(A8) and the expression=A, exp(—eHx?), one
can obtain

Cu=Ao[w(1+K)+ (I +kI,)+eH(D;+kDy)] L.
(A9)

k is defined by Eq(20). Inserting this expression i#7) and
introducing  the notation T2=TY (#TY2ywp)¥,

(N and v, are the coupling constant and density of states fol" = (I";+kI',)/(1+k), andD=(D;+kD,)/(1+k), we ar-
the first layer; for the dirty case, the Green’s function doegive, after some manipulations, at H4.9).

*Permanent Address: L. D. Landau Institute for Theoretical Phys??G. Eilenberger, Z. Phy14, 195 (1968.
ics, Russian Academy of Sciences, Kosygin 2, Moscow,?A. Larkin and Yu. Ovchinnikov, Sov. Phys. JETE8, 1200

11733V.

1L. Gorkov, Sov. Phys. JETRO, 593(1960.

2E. Helfand and N. R. Werthamer, Phys. Rev. LetB 686
(1964); Phys. Rev147, 288(1966.

3Yu. N. Ovchinnikov and V. Z. Kresin, Phys. Rev. ®, 3075
(1995.

4A. P. Mackenzieet al, Phys. Rev. Lett71, 1938(1993; J. Su-
percond.7, 27 (1994; Physica C235-24Q 233(1994; A. Car-
rington et al, Phys. Rev. B49, 13243(1994).

5M. Osofskiet al, Phys. Rev. Lett71, 2315(1993; J. Supercond.
7, 279(1994).

6y. Dalichaouchet al, Phys. Rev. Lett64, 599 (1990.

M. Suzuki and M. Hikita, Phys. Rev. B4, 249(1991.

8D. Warneret al, Phys. Rev. B51, 9375(1995.

9C. Escribe-Filippiniet al., Physica C210, 133 (1993.

. Oshimaet al, Physica C153 1148(1988.

. Xu et al, Physica 227, 321(1994); 235-240, 2533(1994.

124, Hommaet al, Phys. Rev. B33, 3562(1986.

1311. A. Bezryadin and B. Pannetier, J. Low Temp. P198.251
(1995.

1A, Abrikosov and L. Gor'kov, Sov. Phys. JETE2, 1243(1961).

15p_ de Gennes, Phys. Condens. MaBer9 (1964; Superconduc-
tivity in Metals and AlloygBenjamin, New York, 1966

18(3) D. Saint-James, G. Sarma, and E. Thoniage Il Supercon-
ductors (Pergamon, Oxford, 1969(b) K. Maki, in Supercon-
ductivity, edited by R. Parkg§Dekker, New York, 1968 p.
1035.

7S, Skalski, O. Betbeder, and P. Weiss, Phys. R&6 A1500
(1964.

18y, Kresin and S. Wolf, Phys. Rev. B1, 1229(1995.

19a, Abrikosov, Fundamentals of the Theory of Metalslorth-
Holland, Amsterdam, 1988

200. Fischer, Helv. Phys. Actd5, 332 (1972.

2lyu. Ovchinnikov, Sov. Phys. JETB9, 538(1974).

(1969.

24J. Winter, Magnetic Resonance in Metal©xford University
Press, New York, 1931 Chap. 2.

25yy. Ovchinnikov, 1. Vagner, and A. Dyagaev, JETP L&9, 569
(1994.

26y. Gantmakher and Y. LevinsorGarrier Scattering in Metals
and Semiconductor@North-Holland, Amsterdam, 1987

27Y. Shimakawa, Physica @04, 247 (1993.

28K, Moorjani and J. M. D. CoeyMagnetic GlasseéElsevier, Am-
sterdam, 1984 K. Fisher and J. HertSpin Glasse§Cambridge
University Press, Cambridge, England, 1291

2N. Phillips, R. Fisher and J. Gordon, iRrogress in Low-
Temperature Physic3, edited by D. BrewefNorth-Holland,
Amsterdam, 1992 p. 267.

303, Wadeet al, J. Supercond?, 261 (1994.

31A. Judod, inStudies of High Temperature Superconducters-
ited by A. Narlikar(Nova Science, Commack, NY, in presae

are grateful to the author for sending the manuscript prior to

publication.

32|, schuller, R. Orbach, and P. Chaikin, Phys. Rev. L411.1413
(1978.

33K. Biagi and V. Kogan, J. Clem, Phys. Rev.3, 7165(1985.

34Yu. N. Ovchinnikov, Sov. Phys. JETE2, 755(1980.

35C. Niedermayeet al, Phys. Rev. Lett71, 1764 (1993; J. Su-
percond.7, 165(1994.

363, Tallonet al, Phys. Rev. Lett74, 1008(1995.

87y. Kresin and S. Wolf, Phys. Rev. B1, 4278(1990).

38G. Williams, J. Tallon, and R. Meinhold, Phys. Rev5B, 7034
(1995.

3%V, Gusakov, Physica @35-240, 813(1994.

4Ophase Separation in Cuprate Superconductedited by E. Sig-
mund and K. A. Muelle(Springer-Verlag, Berlin, 1994

4LA. Furreret al, Ref. 39, p. 101; J. Supercondo be publisheg

42M. Osofskyet al, Appl. Phys. Lett68, 2729(1996.



54 RECOVERY OF SUPERCONDUCTIVITY AND THE CRITICA. .. 1263

43A. Rajagopal and S. Jha, Physical@4 161 (1991); 185-189  *’R. Vaglio et al, Phys. Rev. Lett53, 1489(1984.

1543(1991). 483, peiet al, Phys. Rev. B41, 4126(1990.
*'s. Jha and A. Rajagopal, Pramana J. PBgs615 (1992. “9A. Swansoret al, Solid State Commuriz3, 353 (1990.
“>(a) A. S. Alexandrov, Phys. Rev. B4, 10571(1993; (b) J.  50A_ Larkin and Yu. Ovchinnikov, ifNonequilibrium Superconduc-
Cooperet al, ibid. 51, 6179(1999. tivity, edited by D. Landerberg and A. Lark{&Isevier, Amster-
463, Smithet al, J. Supercond?, 269 (1994; A. Bykov et al, dam, 1986, p. 493.

Physica B211, 248(1995.



