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Isotope effect for the penetration depth in superconductors
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We show that various factors can lead to an isotopic dependence of the penetratiod. dégtladiabaticity
(Jahn-Teller crossindeads to the isotope effect of the charge-carrier concentratiand, consequently, af
in doped superconductors such as the cuprates. A general equation relating the isotope coeffi€jcatsl of
of & is presented for London superconductors. We further show that the presence of magnetic impurities or a
proximity contact also lead to an isotopic dependencé;dhe isotope coefficient turns out to be temperature
dependentB(T), in these cases. The existence of the isotope effect for the penetration depth is predicted for
conventional as well as for high-temperature superconductors. Various experiments are proposed and/or dis-
cussed[S0163-18208)03617-0

I. INTRODUCTION isotope coefficienty is defined by the relatioif ;o~M ~ 0
and is equal toxg=—(M/AM) (AT /Teo). Suppose now
When speaking of the isotope effdét) in superconduct- that the superconductor is perturbed by some external factor
ors, one generally considers the influence of isotopic substis, €.g., the presence of magnetic impurities or a normal film
tution on the superconducting critical temperatdte. In  (proximity effec. Superconducting properties are affected
systems where the pairing mechanism is at least partly mé2y these factors. For exampl&c,—T. and, as a conse-
diated by the electron-phonon interactioh, depends on guence, the dependency of the new critical temperature on
phonon energies. Thus, replacing one element by its isotog@€ ionic mass T.~M ™) will also be changedd+# o, see
will affect T, via the change in phonon frequency. In a seriesR€fS: 2 and B This not only affects the isotope effect of
of recent papefs® we have shown that besides this mostPUt also, .g., the IE of the penetration depth. .
simple case, there are a number of other factors, not related In the following, we are concerned with the |sqtop|c de-
to the pairing mechanism, that can strongly affect the isotopgeqdence of the penetration de_p_th. By analogy th_h we
- . o define the new isotope coefficiem® by the relation §
coefficient(IC) of T.. The influence of the proximity effect, M-8 Therefore 4 i :
C " ) . . B is determined by
the presence of magnetic impurities, and nonadiabaticity
were specifically studied. Several experiments were pro- M AS
posed for conventional superconductors and the oxygen IE in B=———, (1)
high-T. materials was discussed. In the latter case it was AM §
experimentally showr(see, e.g., Refs. 4-8 and references,nere A 5 is the shift of the penetration depth induced by
therein, that the value of the isotope coefﬂmen_th;‘ ranges  isotopic substitution.
from almost zero to values above 0.5, depending on the dop- The structure of the paper is as follows. Section Il is
ing process. The theory developed in Ref. 2 allowed us t@oncerned with the nonadiabatic IE, whereas Secs. Ill and IV
present a systematic description of all experimental data cobkddress the impact of magnetic scattering and the proximity
lected to this day on the oxygen isotope effectTaf in  effect on the isotope coefficiefitC), respectively. An inter-
YBa,CuO;_ 5 related systems. We stress here the fact, howesting property of the two latter factors affecting the IE is
ever, that the theory is not restricted to higmaterials, but  that the isotope coefficient appears totbmperature depen-
applies to conventional superconductors as well. dent We not only demonstrate here that such effects exist
The influence on the IE of factors not related to the pair-but that they are also sizable. Moreover, we argue that the
ing mechanisrt 3 raises the question whether, besides measure of the IC can be used to probe the presence of
there are other superconducting properties that also displayonadiabaticity, magnetic impurities, or the proximity effect
these effects. In the present paper we focus on one of th@ superconductors. The theory leads us to propose several
fundamental parameters, the penetration depth, and demoexperiments for conventional and high-temperature super-
strate that, indeed, it can display a nontrivial dependence oconductors. We also discuss how recent experiments done on
isotopic substitution. The treatment is based on our previoukigh-T, superconductofs can be described by our theory.
analysis in Ref. 2 that focused on the unconventional isoto-
pic dependence of ...
After isotope substitution in a superconductdi-&M*
=M+AM, M is the ionic mass the value of the critical The theory for the nonadiabatic IE ®f has recently been
temperature is shiftedT,= T+ ATc. As is known, the proposed and applied to describe the oxygen IC in high-

II. ISOTOPE EFFECT OF & AND NONADIABATICITY
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temperature superconductdfsas well as properties of function (with electronic coordinates) depending para-
manganate&? We show in this section that other quantities metrically on the nuclear coordinat& and ®;(R) are the
like the penetration deptld@ of a magnetic field can be af- vibrational wave functions. The last equality in E§) was
fected by isotopic substitution through this nonadiabaticobtained becausg; (j =1,2) is a slow varying function dR
channel. and can thus be evaluated R§, the crossing of electronic
terms.L, does not depend on the ionic masses. On the other
A. Theory hand, the important Franck-Condon factey, depends on
the lattice wave functiond; and thus on ionic massés.
The reservoir-conducting-layer charge transfer is accom-
Let us describe the main concept of the nonadiabatic IEpanied by a change of electronic terms and can be visualized
introduced in Ref. 1(see also Ref. )2 Consider a system as a multistep process. First, the charge carrier can move
composed of a conducting system and a charge resdesir from the reservoir to the group of iorfe.g., from the chains
for example the Cu@plane and the buffer layer of a cuprate to the apical oxygen in YBCD Then, the complex tunnels
high-T. superconductgrand assume that there is a chargeto the other electronic terntd(; —¥,). As a final step, the
transfer between these subsystems. In general, the reservabharge carrier can hop to the conducting layer. We empha-
conducting-layer charge-transfer process occurs through gize that this charge transfer is a dynamical process and leads
group of atoms located in both subsystems and/or bridgingo a stationary state in the sense that the charges oscillate in
the two. For example, the charge transfer between the,CuCtime between the reservoir and the conducting subsystems,
plane and the reservai€uO chain for YBCO, BiO plane for with a frequency given by Eq2). Since the ionic masses
Bi-based oxides, etcoccurs through the apical oxygen. The affect F,,, and thusH,,, different isotopic masses imply
electronic degeneracy and the corresponding Jahn-Teller iglifferent values of the characteristic charge-transfer fre-
stability of the group of atoms leads to the crossing of elecquency. This in turn affects the charge-carrier concentration
tronic terms. Because of the breakdown of the adiabatic apa.
proximation for these atoms, the electronic and ionic degrees The isotope coefficient of . can be written asy=ay,
of freedom can no longer be considered as decoupled. The a,,, Wherea,,=(M/T.)(dT./9) (/M) is the usual
potential energy surface considered as a function of the ioniBCS) phonon contribution @ is a characteristic phonon
coordinate is composed of two electronic terms with twoenergy and the nonadiabatic contribution is given by
close minima. For example, the motion of the apical oxygen,
which is a lighter ion of the Cu-O-Cu Jahn-Teller complex, n JT.
is characterized by two minim@ more detailed discussion “na= YT Tgn (4)
is given in Refs. 1 and 2; experimental evidence of these
minima can be found in Refs. 11 and 12; see also Ref. 13where the parametey=—M/n(dn/dM) has a weak loga-
Note that each of these terms can be considered in the hatithmic dependence oM (see Ref. 1 Equation(4) shows
monic approximation. The “double well” is thus not related that the IC of T, depends on the doping of the conducting
to the anharmonicity of the lattice, but to the nonadiabatidayer and on the relatiofi.(n). This result was used in Ref.
behavior of the group of ions involved in the charge-transfer to analyze the IE of high-temperature superconductors.
process. In a qualitative picture, the charge transfer between
the conducting and the reservoir subsystems will involve the 2. Nonadiabatic isotope effect of
tunneling of the ionic complex between the two minima and, L . .
. o et us now focus on the nonadiabatic IE of the penetra-
as a consequence, the density of charge carriers in the cop-

ducting subsystem will depend on the ionic masses. Propef:- n depth. As shown abovee also Refs. 1)2nonadiaba-
. 9 5y P . L : P {icity for doped materials such as cuprates, leads to the de-
ties depending on the charge-carrier densitwill thus be

S o . endence of the charge-carrier concentratioon the ionic
|of?|c 1r731ass dependerin=n(M)] and exhibit an isotope %assM that is n=n(gM) In the weak-coupling London
effect: ’ ;

In order to consider the Jahn-Teller crossinghere the limit the penetration depth is given by the well-known rela-

1. Isotope effect of n

adiabatic approximation is not applicahlé is convenient to tion
use the so-called diabatic representatisee, e.g., Ref. 14
In this representation one can sHothat the energy-level 2= m¢c? _ mc? ®)
splitting has the form 4mrnge®  A4mne(TITy)e?’

Hip= (W 1|He| Vo) =LoF 12, (20 wherem is the effective massns is the superconducting
with density of charge carriers, related to the normal density

throughng=ne(T/T.). The functione(T/T.) is a universal

function of T/T.. For example, for conventional supercon-
Lo:j dry7 (r,Ro)Hetha(1,Ro), ductors,e=1—(T/T,)* nearT,, whereasp=1 nearT=0

(in the absence of magnetic impurities; their influence is dis-

cussed at the end of this and in the following sectiohote
F12=J dRPT (R)P,(R)=F5(M). (3)  that the relations”2~n, is also valid in the strong-coupling
case(see, e.g., Ref.)3
He is the electronic part of the Hamiltonian ani;(r,R) We can now determine the isotope coefficightof the

=4;(r,R)P;(R) (j=1,2). 4;(r,R) is the electronic wave penetration depth from the relati¢h):
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M 96 dng M dng

=— 5o (6)
Because of the relations=n¢(T), one has to distinguish
two contributions tg3. There is a usualBCS) contribution,

Bpn, arising from the fact thatp(T/T;) depends on ionic
mass through the dependencyl@fon the characteristic pho-

non frequency. Indeed, isotopic substitution leads to a shi

in T, and thus ins, which might be noticeable nedr, (see
the discussion in Sec. 11)BIn this paper, however, we focus

on the nontrivial manifestation of isotopic substitution, aris-
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have been done nedg whereany superconductoconven-
tional or highT.) displays an isotope shift of through the
dependenc;ﬁ(T/TC)~\/1—T“/TCZ and corresponds thus to
the usual BCS IEthis is the contributiorB,, arising through
¢(T) as discussed in the last section; see also Rgf. Tie
BCS isotope coefficient of (nearT;) can easily reach val-
fies of the order observed in the experinfeaven for a very
small IC of T, (with a value «a=0.025 as observed in
YBa,Cu;0O;_ 5 one obtainsB~—0.6 for T/T.~0.95). To
avoid the BCS contribution to the IC that appears in all su-

ing from the isotope dependence of the charge-carrier corperconductors because of the strong dependef{dyT.)

centrationn.
From Eg.(6), and the relatioms=ne(T), it follows that
IBZBna"',Bpha (7)
where
B M on g
Bna_ﬁ (7_|\/|’ ( )
M de(T)
C)

Pen=2,T) oM

Note thatn(M) is thenormalstate charge-carrier concentra-

tion. Thus, unlike By, [which depends onp(T/T.)], the
nonadiabatic coefficiens,,, doesnot depend on parameters

nearT., it is better to study experimentally the IE of the
penetration depth nedr=0. This statement is valid if one is
interested in determining the nonadiabatic contribution to the
IC B, but is not general. As will be shown below, it is for
example possible to extract the influence of magnetic impu-
rities on the |IE even near,.

The situation with the measurements of Ref. 9 is different.
The experimentsdone on LSCO were obtained nebe0
and reflect the unconventional depended¢®) (the BCS
contribution to the IC of§ vanishes at these temperatyres
The shift has been measured ngar0.11 andx=0.15.

Near the concentration=0.11, T, experiences a small
depression as a function of dopirg® Although several ex-
planations have been propoded, e.g., the presence of elec-
tronic inhomogeneities, a change of the electronic density of

characterizing the superconducting state. This effect shoulgtates due to lattice distortions, impurity scattering, magnetic

be observed neaf=0 K, whereg,, is negligibly small.
Comparing Eqgs(4) and (8), one infers tha{B,,= — v/2

ordering, etd’) the presence of the dip is not well under-
stood yet. The choice of this concentration is thus unfortu-

and thus establishes a relation between the nonadiabatic isnate and inappropriate for the study of the IE. It was argued

tope coefficients off . and §:

n JdT;

&pna= — Bna-l-_c m

(10

This result holds for London superconductors. The equatio
contains only measurable quantities and can thus be verifie

experimentally. It is interesting to note that, anda,,, have
opposite signs wheaT./dn>0 (which corresponds to the
underdoped region in high; materialg.

In later sections we will discuss the influence of magneti
impurities on the isotope effect af, and §. We note here
that in the presence of magnetic impurities the relatign
=ne(T) remains valid, butp(T) depends now on the direct
scattering amplitudd™, defined in Sec. Il B[this results,
e.g., in the inequalityng(T=0)<n in the gapless regime
As a consequence, magnetic impurities affégt in Eq. (9),
but leaveB,, and thus Eq(10) unchanged.

B. Nonadiabatic isotope effect in highT . superconductors

The value of the parameter[see Eq(4)] has been evalu-
ated in Ref. 2 for Pr-substitute@¥PrBCO) and oxygen-
depleted (YBCO) YBa,Cu;0,_5; and was found to be
y=0.16 andy=0.28, respectively. With Eq.10) one then
obtains the IC of the penetration depsi,=—0.08 in the
first case ang3,,,= —0.14 for the latter.

Experiments have been performed on YB(Rzf. 8 and
La, _,Sr,CuQO, (Ref. 9 (LSCO) that indicate that the Meiss-
ner fraction(and thus the penetration depihdeed displays

c

that there is no influence of isotopic substitution on the
charge carrier concentration nearx=0.11 and thah can
therefore not depend on the ionic mass. To support this idea
the influence of isotopic substitution on the structitetrag-

nal to orthorhombictransition temperaturé, was studied.
r%he assertion is based on the assumption Thatlepends
solely onn, that there is a monotonic relation betweégn
andn with nonzero slope and a one-to-one correspondence
betweenn and x. However, the experiments performed on
LSCO (Ref. 17 show that the hole concentrationdepen-
dency of T, and T as well as the relation(x) are not well
established, especially in the region of the dip. The structural
phase transition temperatufg has also only been measured
at three points in the vicinity of the dif§:}"°SinceT, has an
unexpected behavior, it would be of interest to study the
detailed dependency¢(x) in this region. Furthermore, as
known from other high-temperature superconduct(as,
e.g., YBCQ, it is unlikely that the relation betweamandx
is linear. We emphasize that our analysis of the IC from Eqs.
(4) and(10) does not require any assumption on the relation
n(x) since we rely solely on the experimental relation as
obtained, e.g., fromuSR experimentsin this case one has
T.(oc~ng/m*); see Ref. 3. In short, since the structural and
electronic properties are not well understood in the region
aroundx=0.11, it does not allow a conclusive statement on
the IE of 6.

The only experimental resdlthat can be discussed, and

that does not contain the BCS contribution, is the one done at
x=0.15 (for LSCO). Using Eg.(1) and the value of the

an isotope shift. Unfortunately, the measurements on YBC@xperimentally observed relative shifts/ 5=2%"° one ob-
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tains 8,,=~0.16[and y=0.32, cf. Eqs{(4) and(10)], which  spin-flip scattering amplituden,, is the concentration of

is in good agreement with the calculations presented aboveyagnetic impurities anfl is a constant NearT., the order
Indeed, it is of the same order &k, for oxygen-depleted parameter can be writtends
YBCO. This is consistent with the fact that in both these

materials the reservoir-Cu@plane charge transfer involves 1— o+ (1= D[ 3= Co+ L3l N,
the same group of ions including the apical oxygen. The A2:2F§(1—7) — = g_
larger value for LSCO can be traced back to the fact that in {3— {4 D1
YBCO one has taken into consideration the presence of mag- (12

netic impurities(which also enhances the JCwhereas in
LSCO there is no indication of the presence of significan
quantities of such impuritie¥

One notes further that the IC of is much larger in
YBCO and LSCO than in YPrBCO. The reason for this dis-

with £,= Ye iz, s+ 1/2),2=1,2, ..., andr=T/T,. Us-

ing Egs.(11) and(12) one can calculate the isotope coeffi-
cient of the penetration depth in the presence of magnetic
impurities (B8,). In order to single out the impact of mag-

crepancy can be twofold. On the one hand, the Charger]etlc impurities on the value of the IC, we calculate the

transfer channel is different in YPrBCO from the two other duantity Sn=—(M/AM)(A6/6) [cf. Eq. (1)], where &
materiald (e.g., it does not involve the apical oxygeon = 9(T,I's)/8(T,0). As a result, the IC is written as a differ-
the other hand, the concentration of magnetic impurities i€nceSn,= Bm— Bo WhereS, (By) is the isotope coefficient
higher in YPrBCO than in YBCQand LSCQ. This was of &(T,I's) [8(T,0)]. Using the relation /dq){(z,q)=
taken into account in the calculation ef,, and influences —zz(z+1,) one can expresg,, in the form
the value ofB,,, in YBCO related systems as well. A larger
part of the IC is thus due to the magnetic impurities in Em:(Rl_RO)amv (13
YPrBCO (see Ref. 3 for a detailed study of the interplay
between nonadiabaticity and magnetic impurities where

One should add that the experiment determining the IC
through magnetic susceptibility measureniéris rather in- 1 1
accurate. More reliable data could be obtained by measuring B B
the penetration depth shift using microwave measurements
or the Josephson effect. It would be interesting to perform 1 ag
experiments on the systems discussed above that display the Ro=— > a—fo= —3[1= ' (ys+12)yslfo, (15
nonadiabatic charge-transfer channel. m

As stressed earlier and according to the analysis of Ref. and f,=(3— 7%)/(1— 7)(3— 7). The functionsN,, D, are
one has, however, to include the contribution of magnetiadiefined in Eq(12) and
impurities to describe correctly the IE af, in some of the

———+2=—1>, (14)

high-T, superconductors. The magnetic impurities also di- No=3(1— 1) (o= 2{a+ (] +7(2—7)— >,
rectly affect the IC ofs and should be treated as well. This
will be done in the next section. D2=2(3Z1—§_3—2§_5)-

Furthermore, Eq(15) has been written using the relation for
the isotope coefficient off; in the presence of magnetic
impurities22°

lll. ISOTOPE EFFECT OF 6
AND MAGNETIC IMPURITIES

As described in Refs. 2 and 3 magnetic impurities modify
the IC of T.. We show here that it can also induce an IE of g
the penetration depth. Consider a supercondu@tonven- am=l_¢/,( T1/2)y,
tional or highT.) doped with magnetic impurities. Abriko- s s
sov and Gor'kov® have shown that these impurities act aswhere o, is the isotope coefficient of ., the critical tem-
pair breakers. In the dirty limit one can calculate the penetraperature in the absence of magnetic impuritig¢s$. is the
tion depth analytically for temperatures negy and atT  derivative of they function.

(16)

=0. We focus on this case. Equation(13) shows that the isotope coefficient éfis
proportional to the isotope coefficient ®f . This relation is
A. Magnetic impurity contribution to g near T, valid nearT (whereA is smal) and for impurity concentra-

tions such that the conditioAT./T. <1 is satisfied.

The penetration depth in the presence of magnetic im- — ap important feature of the resulL3) is that the IC ofé
purities and neafT, has been calculated by Skalski and is a universal functiond(T/T,). Indeed, Eq.(13) can be

9 ; 2 ;
co-workerst® Taking terms up to the ordex? the result is calculated oncd/T,, Teo, @0, and ye are given. The first

; 9
given by three quantities are obtained from experiment. The last pa-
) rametery, also determines the depressionTgfinduced by
572:UA (M {27+ 1) (11) magnetic impurities and can be calculated from the
Te Yo 2): Abrikosov-Gor’kov equatiotf
where o=40y/c (oy is the normal state conductivity | (Tco)_ 1+ ) (1) an
{(2,0) =S neol(n+Q)? and y,=Ty27rT, (Ts=T oy is the T, =2~ )
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FIG. 1. Temperature dependen@yearT,) of the isotope coef-
ficient B8 (a) in the presence of magnetic impurities only, with
T./T=0.35 (solid), 0.5 (dashed ling and «y,=0.025 [corre-
sponds to YBCu, _,Zn,)30;_s]; (b) in the presence of magnetic
impurities and nonadiabaticity fof./T.,=0.5 (dash-dottey 0.6
(dotted  ling.  @;=0.025, y,=0.16 (corresponds to
Y1 «PrBaCu0;_ 5, see text

FIG. 2. Isotope coefficieng,, nearT. as a function of magnetic
impurity concentration fofl/T.=0.75 (solid line), 0.85 (dashed]
and 0.95 (dotted. a,=0.025 [corresponds to the situation of
YBay(Cuy—xZn,) 307 - s].

be modified(in YBCZnO ay= a,,=0.025, which is much
smaller than typical values for conventional superconduct-
ors).

From Egs.(13), (16), and (17) we thus conclude that the o e 2 shows the dependency of the g, on T, (i.e.,
knowledge of the measurat’)le quantitieg, Tco, and T/, on the concentrationy,) for fixed values of the temperature.
completely determines the 1B3,,. It appears that an increase of magnetic impurity concentra-

If I_Jesi_des the magnetic irnpur?ty channel there is also &ion leads to an increase ¢F,,|. Moreover, the change of
contribution from the nonadiabatic channel as presented I%m(Tc) is stronger ag approached,. It turns out that the

the last section, the total IC takes the fop,= Bpnt Bm o L = S
+ Bnha- In addition, according to Ref. 2, one has to replacequa“tatlve behavior 0B(Te) is similar toan(T) [Eq. (16)

. o ' with ag= ap,] but with opposite sigrisee also Fig. 1 of Ref.
ag in Eq. (16) by anat aph [an, is given in Eq.(4) anda,p, P
is the usual phonon contribution to the ICBf]. The nona- 2). As for Fig. 1, the parametar, corresponds to the value

diabati d L . buti he | for YBCZnO, but the qualitative picture holds for conven-
iabatic and magnetic-impurity contributions to the IC arey superconductors as well.

thus nonadditive nedF. (because of the presence &f, in The calculation of the IC neaF, presented above sug-
Bm and the presence df, in Bp,; as shown in Sec. 1A 2, gests an experiment to determine the contribution of mag-
Bna is unaffected by magnetic impuritieOne notes further, netic impurities to the IC. For conventional superconductors
that if the IC is induced by magnetic impurities only, then its\yhere the magnetic moments are introduced into the super-
value is always negative, whereas the situation might be difzonductor as impurities, one can substract the BCS isotope
ferent in the presence of a nonadiabatic contribution. coefficient discussed at the end of the last section by mea-
The factor B, in Eq. (13), which is the IC of5 in the  gyring its temperature dependency. For high-temperature su-
absence of magnetic impurities, contains a trivial temperaperconductors the same procedure can in principle be ap-
ture dependence due to the facgdT/Tc)~1—(T/Tc) (Ref.  plied. Nevertheless, one has to be more careful since
4) and the isotopic dependenceTof. However, the presence magnetic impurities are intrinsically present in some of these
of magnetic impurities leads to an additiorteimperature  materials as shown in Ref. 22. Indeed, there is evidence that
dependence oB,,, beyond the BCS one. This temperature already optimally doped YBCO contains magnetic impuri-
dependence is shown in Fig. 1 for fixed valuesTgf(i.e., of  ties. Upon depletion of oxygen one further adds magnetic
the magnetic impurity concentratipriThe solid and dashed impurities. One can thus not avoid the presence of these
lines describe the case where only magnetic impurities arlcalized magnetic moments. As a consequence, it is more
added to the systefmo nonadiabatic contributionThe situ-  difficult to extract the BCS component for these materials.
ation corresponds to Zn-doped YBCQ'BCZnO). It has  The procedure in high~ superconductors would thus con-
been shown with use of the NMR technique that Zn substisist in measuring thétemperature dependerisotope coef-
tution (for Cu) occurs in the Cu@ plane and leads to the ficient of § at optimal doping(which contains the smallest
appearence of localized magnetic momesee Ref. 21 and concentration of intrinsic magnetic momentend substract
below). The two other curve&dotted and dash-dotted lines this component from the measurements at a given doping.
are obtained when, in addition, a nonadiabatic channel i¥his applies, e.g., to oxygen-depleted, Pr or Zn-doped
present. They are discussed below. Figure 1 shows that ttéBCO (see also Refs. 21 and 22
absolute value of the IC increases as one approathes Note that our analysis in this section is based on the
This temperature dependency is significant since in certaitheory in Ref. 1§see Eq(17)]. The core of this theory is the
cases the value oB triples when7=0.75 increases ta=  introduction of the pair-breaking effect. This effect requires
=0.95. Note also, that the solid and dashed lines describgsinglet pairing and is applicable to bash andd-wave sym-
conventional superconductors as well, since amjyhas to  metries of the order parameter. There is, of course, a quan-
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titative difference between these two cases, but the isotop: 0 T T T T ==
effect for the penetration depth should be observed, regard ey
less of the symmetry. In this paper, in analogy with Ref. 2, —0.2 | - -
we make specific calculations for thewave scenario. S
Therefore, these calculations are valid, even quantitatively —04 S
for conventional superconductors, as well as for some oxides #
(e.g., Nd-based cuprates, Ba-Pb-Bi-@s for the YBCO &
compound, our calculations of the isotope shift Torcaused —06 T
also by magnetic impurities, revealed excellent agreemen /
with the data[see Ref. 2, Fig. (B)] that is interesting from —0.8 |- / 1
the point of view of analyzing the complex problem of the ;
symmetry. In this paper, we employ a similar approach. It is —1 L 1 L L
essential, however, to note that, as mentioned above, th
gualitative picture is similar for both scenariasdr d wave. @ T/Teo
The results presented in Figs. 1 and 2 were calculated ot
the basis of the parameters for Zn-doped YBC@CZnO)
and consider solely the influence of magnetic impurities on
B. The situation is more complicated if, in addition, nona-

diabaticity is present in the system. In this c#gis given

by Egs.(13)—(17) and «q by Eq.(4). To stress the influence

of nonadiabaticity on3,, througha, we write B+ g in the

following. We have calculated the IC of the penetration

depth neaiT, for Pr-doped YBCO(YPrBCO) using the pa- °

rameters derived in Ref. 2. The results are shown in Figs. 1 —02

(dotted and dot-dashed lineand 3 for the temperature and

magnetic impurity concentration dependence, respectively. L | |
Several comments can be made by analyzing these fig 0.8 0.85 0.9 0.95 1

ures. Figure 1 shows that there is no qualitative change ir T./Teo

B(T) (at fixed T.) when adding the nonadiabatic contribu-

tion. Nonadiabaticity merely induces a stronger temperature FIG. 3. (a) Bmina @S @ function of magnetic impurity concen-

dependency. This may, however, be specific to the materiakgation in the presence of nonadiabaticity f6fT.=0.75 (solid

studied here. On the other hand, contrary to the case of mag@ne), 0.85 (dashed 0.95 (dotted. a=0.025, y=0.16, andT

netic impurities alongFig. 2), there is a qualitative differ- =123 K (parameters for Y_,Pr,Ba,Cu;0;_,). (b) Low doping

ence(besides the opposite sigrisetween the IC of . andé  regime of Fig. a). In addition, the case without nonadiabaticity is

taken as a function of . and in the presence of nonadiaba- added for comparison(long dashed line, corresponding to

ticity. To understand this, one has to come back to EqsYBay(Cu;_,Zn,)s0;_ s with T/T.=0.9).

(13)—(15). Let us first rewrite Eq(13) in the form

/Bm or ,Bm+na

~ N ing to a departure from the behavior af,,. The fact that
Bm=Bm=Bo=~z(Tram=Too), (18 B+ na is mainly determined byy,,— o, (instead ofa,, for
wheref, andf; are defined in Eqg14) and(15). It turns out  the IC of T.) explains why the change of curvature®,.
thatf,(T/T.) andfo(T/T.) are never more than several per- [see Fig. 8)] takes place at higheF.'s (lower magnetic
cents apart from each other for giv€randT.. The shape of impurity concentrationsthan the IC ofT, «, [see also Fig.
B+ na in the presence of nonadiabaticity and magnetic im-2(a) of Ref. 2. The change of curvature should be measur-
purities is thus mainly determined by the differenag, able since the precision of measurements increases with de-
— ag [whereay, is given by Eq.(16) and ap= apn+ an, by creasing doping.Accordingly, the effect should also be ob-
Eq. (4)]. Using a polynomial expansion at.(n) (as done in ~ Servable for oxygen-depleted YBCO fag, near its optimal

Ref. 2 one can show that, saturates with decreasing, ~ Vvalue and below but near the 60 K plateau.

[na(Te—0)— v, with y defined in Eq.(4)], whereasa,, We have not calculated the penetration depth IC for
increases am? in the same limit(see Refs. 2 and)3Thus,  Oxygen-depleted YBCO neaF; because the dependencies

at high impurity doping, the behavior @, . ., is dominated I'y(x) (the spin-flip scattering amplitude as a function of

by the denominator of Eq16), that is by the magnetic im- oxygen doping andn(x) are not well known for this mate-
N . - .~ - ) rial. This was not a major problem for the calculation of the
purities. In the opposite low doping regimey,,. na is domi-

; ) . _ IC a, of T., becauser,, is mainly determined by the nona-
nated by the nonadiabatic part i, and ao. Accordingly,  gianatic channel in the regime where the experiments were

Bm+na behaves similarly near optimdl; and near the 60 K performed and is affected by magnetic impurities in the
plateau(in YBCO), WhereaTc/&n is small. Thus, as can be h|gher doping(i_e_, |OW€FTC, away from the p|ateam3’e-
seen in Fig. ®), Bm.na behaves approximately asa,, in gime [see Eq.(16) and Ref. 2. However, it might be of
these regions but is smaller by an amount approximatelymportance for the calculation of the IC éfbecause of the
equivalent toag. As one gets away from the plateaus, themore complicated structure of the relatiBp(I's). This case
magnetic impurity part ofy,,— ay becomes dominant, lead- is discussed in more detail in Ref. 3.
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Finally, one should note that there is no apparent reason 143073 f
for the IC of § to be restricted to values below 0.5. In fact, K,=— _77 /Z_ (7
the calculations show that at high enough dopant concentra- Uj \ 2 R(7)
tion, the effect should be very lardgghis is also true afl — a4 —
=0 as shown in the next sectipn +1+F77 n F(7)— 1) 22)
R(7m? \R(7)

B. Magnetic impurity contributionto B at T=0

Since we want to determine solely the contribution of
nonadiabaticity and magnetic impurities to the IC, one is
interested in eliminating the presence of the BCS contribu-
tion caused by the factop(T/T;) and the usual isotopic T — ; _ T. —
dependence of .. Besides the procedure presented in the{?orwl;}zzi f[(u%p:e;rilg]:r,]%z)ndarcosﬂ or I'<1, =1
last section there is another way to av@iges. Indeed, the '
BCS part becomes negligibly smatp~1—(T/T,) (Ref. 4]

— . m
Ke=T'n 7\ 2= 7],

as one lowers the temperature. At=0 its contribution is _ 1+317773 m I'-1 1 o
zero. The penetration depth calculated by Skalski and co- ™1~ 7 2 R(I_‘_)__R(Z)(arcos Ui
workers at zero temperature is given by 2
= —(4mne?/mP)K(w=0,0=0) with*® 1+T73 T(r-1 1
—2 artanhR)  — — 2————
Y RI)®  R(7)
~ 1+1__‘773[’7T f(p) | — 52 7_ — R 2
KOO=-— LE_ R(7) Ty Sgn=gntl X Lz(arcoshF—Z artanhR) + 2( —
g K R(7) 1-R2\ R(I)2
(19
= — 7 7
for T',7<1 [with f(7)=arcosy] or I'<1, >1 [with + Sl === (23
f(7) =arcoshz] and R(7) R(7)

17w T o= | 23+ 1IR3 pR(D) 721
+ - p— = — — p— —_— J— —
K00=-—" 5 —2———R"(7)(arcoshy K 278
l ) r-1\ 1| r (2 4
e ) [l Bl PR - JP ) -
— s (2 ) T ﬂ“ R(T) +?[ R<F)(3 e
—2 artanhR); + 7 37 +1|( '=R(I")) N
— — 1 T?%2/2
_ X[T—R(F)Hzn —(5772—1)
(— x I'—1 R(I")
—EﬂR(F) 371 — I Z_ﬁ , (20 =

+2—F{E—F_1(1+
TlaT R\ 2R/ )

for T,7>1 andAT./T(T —1)<1. The last condition ex-
presses the fact that the calculation is not valid in the imme-

BYiate vicinity of I'=1. Equation(21) containsa, , which is

the IC of the order parameté. In strong-coupling systems,

a, has to be calculated numerically using Eliashberg’s equa-

ions. In the following we calculate the IC in the framework
the BCS model wherer, can be calculated analytically.

Indeed, from the relations

for I',»>1. We have introduced the notatidh=1"g/A, 7
=g'=T,/A, 5=T,ITs, RX)=]1-x? with x=T,7
and R=[(T-1)(7—-1)/T+1)(7+1)]¥2 A=A(T
=0[I',) is the order parameter in the presence of magneti
impurities. Equationg19) and (20) are valid whenl'¢<TI"5.
These two scattering amplitudds; andI'g (I's=1"1—1T5),
defined by Abrikosov and Gor'kd¥, describe the direct and t
exchange scattering, respectively. One can calculate th
magnetic impurity contribution to the IC dat=0 from Eq.
(1) in a straightforward way using Eq§19) and (20). The

result can be written as

(29N K1+K2
WT=0)=— =22
Bm(T=0) 2 %00

(21)

where «, is defined belowK(0,0) is given by Eqs(19),
(20), and

r

771'_‘ -
s I'si
A P— —
|n<_) ={ —In[T+R(I")]
A, o
RT) T _ _
+ ——— — arctanR(T") ¢ r>1,
. 2r 2

(29)
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derived by Abrikosov and Gor'’kofAg=A(T=0,'s=0) is 0 T T T —
the order parameter in the absence of magnetic impuites | T -
one obtains —02 | e .
o1 - I —04 /,/’ .
( 1- Z F) I'si &~ //
£ 06} .
(29N aAO F . R(ﬁ . QU
1- = arctanR(I') " 1—— r>1.
2 T —0.8 |- .
(25
—1 1 ] ]
o 0.2 0.4 0.6 0.8 1
In the BCS approximation one further hag = o, where @) T./Tw
the last quantity was defined before as the 1O gf, that is,
in the absence of magnetic impurities. As for the calculation 0 . - .
nearT,, the isotope coefficien®,, at T=0 is independent of
any free parameter. Indeed;s is determined by the —02 kL _

Abrikosov-Gor’kov equation relating . and T.,, whereas

I', (the direct scattering amplitugleis determined via =

normal-state properties of the material. Thus the relation),

Bm(Te) is also universal at=0. &~
Since the penetration depthdoes not depend explicitly « 06 7]

on T, at T=0 [see Eqgs(19) and(20)], B,,(T=0) is inde-

—0.4 |- -

pendent of the isotope coefficieat Consequently, the con- —0.8 | -
tributions of magnetic impurities and the nonadiabatic chan-

nel to the IC ofé are simply additive al =0. This has to be 1 1 1 1 1

seen in contrast to the calculation of the last section per- 0.2 0.4 0.6 0.8 1
formed nearT.. In the following we neglect the additive  (b) T./Two

nonadiabatic additive contribution and show oy .
The numerical calculation gB,, from Egs.(21)—(25) is
shown in Figs. &a) and 4b) as a function off; (that is of the

magnetic impurity concentratigrior two values of the ratio coefficient 8, for high-T. superconductors dt=0 as a function of

7=I3/I's(>1). Figure 4a) displays the case of a conven- magnetic impurity concentration fdt, /I's= 10 (solid line) and 50
tional superconductor and Fig(b} was obtained with pa-  yashet ao=0.025.

rameters corresponding to the situation of high-temperature
superconductors. The result shows that in analogy with the
IC of T, in the presence of magnetic impurities and with the

FIG. 4. (a) Isotope coefficientB,, for conventional supercon-
ductors atT=0 as a function of magnetic impurity concentration
for I', /T's=10 (solid line) and 50(dashefl «(=0.3. (b) Isotope

IV. ISOTOPE EFFECT OF & IN PROXIMITY SYSTEMS

calculations of the last section3,,(T=0)| increases with In this last section we consider another physical situation,
increasing magnetic impurity concentration. However, thea proximity system, in which a factor not related to lattice
two coefficientse and 8 have opposite signs. dynamics induces an IE of the penetration depth. We have

There are two main differences between the situations ofhown in Ref. 2 that the presence of a normal film on a
conventional and high-temperature superconductors. On theuperconductor induces a change in the ICTgf Here we
one hand, the isotope coefficiefit, at T=0 K of high-T,  show that it also induces an isotopic shift & We study a
superconductors remains small over a relatively large conproximity system of the typeS-N, where S is a weak-
centration range of magnetic impurities. The effect becomegoupling superconductor amtlis a metal or a semiconductor
sizable in the gapless regime. The increasgBa{T=0)| is  (e.g., Pb-Ag. Let us noteT,, the value of the critical tem-
much larger at low doping for conventional superconductorsperature for an isolate8 film. As is known, the proximity
As a consequence, on the other hand, the effect of the paffect leads to a critical temperatufe that differs fromT
rameters is sizable only in the case of conventional super-(see, e.g., Refs. 2 and R he proximity effect also affects
conductors and in the low impurity concentration regime.the shielding of a weak magnetic field. The most dramatic
The calculations suggest also that for both types of supercorffect of the normal layer on the penetration depth is seen in
ductors the largest effect is observed at Idw where the the low-temperature regimd(T.<0.3). Although the pen-

superconductor is in the gapless stdfezf>1). The values €tration depth of a pure conventional superconductor is
of the IC are then of the same order as those of the [T.of ©Only weakly temperature dependent in this regime
It would be interesting to perform experiments both on con{ 8 *=+/1—T#/T) the presence of the normal layer induces
ventional and high-temperature superconductors. As disa temperature dependence through the proximity effect.
cussed before, Zn- or Pr-doped YBCO are interesting candi- Consider a proximity systens-N and assume thab
dates since the IC of; as a function of dopingwhich is <Ly<§y (which is certainly satisfied in the low-
necessary in order to calculatg,=Bpnt+ Bmt Bna) is  temperature regime sinég=ruvg/27T; see, e.g., Ref. 24
known in both cases*® whereLy and &y are the thickness and the coherence length
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~0.06 —0.05 , ,
—0.09 —0.07
4 s —0.09
IS — 9 £
& 0.12 o
B —0.11
—0.15 H-
' ~0.13
— | | 1 1 | |
018 0 1 2 3 4 5 0 0.1 0.2 0.3
t T/T.
FIG. 5. Isotope coefficienf, o for a proximity system as a FIG. 6. Isotope coefficienBpox for a proximity system as a
function oft for T/T.=0.1 (solid line), 0.2 (dashey, and 0.3(dot- function of T/T, for Sy=0.2: =1 (dashed |=0.5 (solid), and
ted). a(=0.5. Sy=1:1=1 (small dotg, | =0.5 (dotted. a(=0.5.

of the normal film, respectively(cf. Ref. 2 and references them is an increase of the parametér-Ly/Lg (e.g., an
therein. In this case, the penetration depihhas been cal- increase of the thickness of the normal filog). Note that

culated by one of the authof$: there is a lower bound ,,;, to the value of/, since it was
., assumed tha<Ly to obtain Eq.(26).** The IC |Bpo
o =ayd, (26)  decreases with increasing thickness rdEa. 5 then corre-

sponds to the valueSy=0.2 for /7 e[/ min1]). However,
the higher the temperature the smaller the decreagg, of ,
which then rapidly reaches saturation with increasing thick-

whereay is a constant depending only on the material prop
erties of the normal filntit is independent of the ionic mass

and
ness.
1 Instead of changing the thickness raticone can vary the
Q:WTZ -5 Pn=1l+st xﬁ+1. (27 parameted”;. One possibility is to use different films, an-
n=0 Xppyt1 other is to modify the quality of th&-N interface. Figure 5

then implies that theB,,, decreases with decreasing tun-
neling parametef’. It would be interesting to perform an
experiment where the isotope effect Bf and 6 are deter-
mined for a proximity system with different values of the
thickness ratio”.

Note that the resul{28) has another interesting feature;
one can see that the isotopic shift of the penetration depth is
temperature dependerfigure 6 shows the temperature de-
pendence o8, for two sets of parameters. The two upper
curves are obtained fd®,=0.2 and two thickness ratio$
=0.5, 1; the two lower curves are f&=1 and/=0.5, 1.
From Fig. 6 one concludes thgBy,, increases with in-
creasing temperature. Furthermore, a weak tunneling be-
tween the superconducting and the normal figmallerS;)

Xn=w,leg(T) with w,=(2n+1)7T (the Matsubara fre-
guenciesandeg(T) is the superconducting energy gapf
In the weak-coupling limit considered hereg(0)=e7 T
with £=0.56. The dimensionless parameter/ /S, with
/=Ly/Lg and S5=T'¢/7T,o (I'g~1/L,y is the McMillan
paramete?). Ly andL, are the thickness of the normal film
and some arbitrary thickness, respectiveiy,the following
we takeLy=Lg, the thickness of the superconducting film

Since é depends nonlinearly of;, (through the proxim-
ity parametet), the penetration depth will display an isotope
shift due to the proximity effect. From Ed26) one can
calculate the isotope coefficies, .« [as defined by Eql)]
of the penetration depth due to the proximity effect:

5 202 / induces a strong temperature dependence. Finally, the tem-
__% nPn — (28)  perature range over which the IC remains unchanged is
:Bprox 3P 2 2 ) .
n>0 X{p7+ 1\ pn\/xzn+1 broader for a larger, rather than a smaller, tunneling param-
. o eter.
where aq is the IC of T¢o for the superconducting film S Therefore, the presence of a normal layer on a supercon-
alone. ductor induces an isotope shift of the penetration depth.

This result has several interesting properties. First, it turn§,oreover. in a proximity system the IC depends on the
out that the isotope coefficienf, o, andag have generally  thickness ratio and the temperature. The values of the isotope

opposite signgsee below. Second, the IC depends on the coefficient are such that they are measurable in conventional
proximity parametert, that is on the thickness ratie"  anq high-temperature superconductors.

=Ly/Lgof the normal and superconducting films and on the
McMillan tunneling parameter.

The dependency on the rati6 has already been men-
tioned in connection with the IE of..?3 Figure 5 shows the We have shown that the value of such a fundamental pa-
isotope coefficienB, o« as a function of the parametefor ~ rameter as the penetration degtfdepends on isotopic sub-
fixed temperaturesjﬂprox| decreases with increasing stitution. This unconventional dependency is caused by a
There are two ways to change the valugef//S,. One of  number of factors not related to the pairing mechanism.

V. CONCLUSION
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At first, we focused on the nonadiabatic IE. This effect,ence of magnetic impurities the IC fdis temperature de-
manifested in the dependence of the charge-carrier concependent.
tration on the ionic masses for doped systems such as All these effects should be measurable in conventional
cuprates;?leads to a noticeable isotopic shift of the penetra-and in high-temperature superconductors and several experi-
tion depths. For this case, we established a general relatiornents were proposed. In the case of highmaterials it
between the isotope coefficient @f and of 5 for London ~ Would be of interest to study oxygen depleted ¥B8&0;_ 5
superconductorfsee Eq(10)]. The isotope coefficient of @S well as the Pr- and Zn—substltl_Jted systems, since t_he IE of
is a constant independent of doping or temperature; we delc has been successfully described in these matefiais
termined its value for oxygen depleted and Pr substitutedRefS- 1-3. The case of Zn-substituted YB2,0s ;. is here
YBa,Cu,0,_ 5 as well as for La_Sr,CuQ,. Note that simi- qf spemal.mtergst, since experiments ;how that' th_e depres-
lar effects are expected in manganifemhere the charge- sion of T, is mainly due to the change in magnetic impurity

transfer processes also involve the nonadiabatic oxygen jongoncentration and our theory is free of any adjustable param-

The presence of magnetic impurities also leads to a non(g'ter in this case. Note, finally, that not oflly and § exhibit

trivial isotope effect fors. We studied this effect for tem- the unconventional isotope effects studied here and in Refs.

peratures near, and atfT=0. It turns out that the coefficient 1-3, but any quantity that depends on the charge-carrier den-

obeys a universal law: it is determined by the experimentaf'yy Of the superconducting condensate and/oT ote.g. the

values ofT,. in the absence and presence of magnetic impu§pec'f'c heat
rities[Eqgs.(13) and(21)] as well as the isotope coefficient of

T. in the absence of magnetic impurities. The combined ef-

fect of magnetic impurities and nonadiabaticity was also dis- A.B. is grateful to the Swiss National Science Foundation
cussed. Finally, we showed that the penetration depth foand the Naval Research Laboratory for financial support. The
proximity systems also displays an isotopic shift. It is inter-work of V.Z.K. is supported by the U.S. Office of Naval
esting that in the case of a proximity system or in the presResearch under Contract No. NO0014-96-F0006.
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