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Unconventional isotope effects in superconductors
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The value of the isotope coefficient could be greatly affected by a number of factors not related to the lattice
dynamics. Among them are magnetic scattering, the presence of a normalpfimimity effecy, and
nonadiabaticity(dynamic Jahn-Teller effectThe results are in good agreement with existing experimental
data for oxygen isotope substitutiofO®—0'%) in the YBaCu0;_5, Y, _PrLBaCwO,_ s,
YBa,(Cuy, _,Zn,)30;_ s compounds. In addition, we make several predictions related to conventional as well
as to highT, materials[S0163-182607)04825-X]

INTRODUCTION whereTl'j =|Ti|?» Vi, Tix is the tunneling matrix element,
v, is the density of stategper unit of volumeV,), i,
This paper is concerned with various aspects of the isok={S,N}, i #k. The critical temperatureT. of the whole
tope effect(IE). It will be shown that the value of the isotope system differs fromT; (T, is the critical temperature of the
coefficient (IC) a(T,<M~%) may depend on a number of isolatedS film) and is describedby the equation:
factors not related to the pairing mechanism. We consider
two scenarios. Initially we focus on the situation when the Te=Teo(mTo/2yu)?;  p=wyLy/vsls, 1)

value of the critical temperature is affected by external fac- B . )
tors (Teo—T,) not related to the lattice dynamics, is the wherey=0.577 is Euler’'s constant. The value wis deter-

intrinsic value of the critical temperature. A perfectly realis- Mined by the interplay of two parameteis,and (), where
tic case is when the relation betwe€g, andT. is not linear. Q=(Q%¥>~ is the average phonon frequency.
For example, we consider the IE in a proximity syst&n ['>() (this case corresponds to almost id&aN contac,

N (whereS andN are superconducting and normal filmé  heny~@. In the opposite case whefe<@l, which is also
will be shown that the value of depends on the relative perfectly realistic, we obtain~T" (see Ref. V.

thicknesses of the films. The value @fcan also be greatly If we make an isotope substitutiod —M* in the iso-
affected by the presence of magnetic impurities and depenqgieqs film, one can measure the shift Ty, and determine

strongly on their concentration, . the IC ay, which is described by the relation
We discuss also a nonadiabatic IE. The Jahn-Teller cross-

ing of electronic terms leads to the carrier concentration ag=—(M/AM)(AT o/ Teo)- 2
(and, henceT,.) dependence on the isotopic substitution. A

general method was described by us in Ref. 4. One can show Here AM=M* -M, AT o=Tg,— Teo- The presence of
(see belowthat the model allows us to describe the data onthe N film leads to a change ifi, and in the IC. One can see

the dependence af on oxygen depletiori;the nonadiabatic directly from Egs.(1) and (2) that the relative shift inl
effect also makes a strong impact on the IE in Pr-substitutednd the new value of the IC

Y 17xPpraZCU3,O77 I

f

Our study was motivated by interesting experimental a=—(M/AM)(AT./T.) 3)
data’=® We will also make several predictions for conven- )
tional superconductors and for the layered cuprates. differ from AT.,/T¢o and the value ofag. Indeed, if the

superconducting film is covered by the normal filin then
the value ofT. is modified by the proximity effect, and the
value of the critical temperature for the whole sandwich is

Consider ars-N proximity sandwich(e.g., Nb-Ag. One  described by Eq(1). Then the value of the shifAT, is
can show that the proximity effect can make a strong impacfletermined not only byA T, but also by the value of the
on the effect of isotope substitution. Indeed, assume that thearametep [see Eq(1)], which reflects the presence of the
thicknessLy<¢y, where éy=hvg.\/27T is the coherence N film. N
length for theN film.% Then one can use the well-known  Consider, for example, the case wheg<I'<{). Then,
McMillan tunneling modef. According to Ref. 6, the prox- u~T". The isotope substitution leads to a shift T
imity effect is described by the parametBr=T"gy+1'ys, (AT.o). Based on Eq(1), one obtains

ISOTOPE EFFECT IN PROXIMITY SYSTEMS
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AT.=(p+1) (7T /2yl )PAT . ) tain Aaocnfn, i.e., the dependence becomes strongly nonlin-
ear. This picture is in very good agreement with experimen-

Dividing both sides by, and using Eqg1)—(3), we obtain (-, 4atal2 see below.

_ Note also thaff,—0 K asn approaches,. In the low-
ATe/Te=(ATco/Teo) (1+p) @ temperature regiotat T=1 K) one should take into account
and, therefore, the frustration of the spin-flip scattering caused by the order-
ing trend of magnetic impuritiesAs a result, the depen-
a=ag[ 1+ (vnLn)/(vsLs)]. (5 dencea onn,, is reduced as—n,.

One can study a more general case combining the prox-

One can see that> aq. Therefore, a decrease i, de- . . : : L e :
; o imity effect and pair breaking by magnetic impurities. This
scribed by Eq.(1), which is a well-known feature of the case will be described elsewhere.

prpxtlmltyt_effetcht, ;S accompan:;d tt?]/ an llncregse Ihn the IC. It Note that the effect of magnetic impurities on the value of
Is interesting that one can modify the valueaby changing the IC should be observed for conventional as well as for

the thickness of the films. For example, &0:0'2’ high-T superconductors. To the best of our knowledge, this
vn/vs=0.8, andLy/Ls=0.5, thena=0.28. If we inCrease oot has not been studied experimentally for conventional
the thickness of the n_ormal film, so thatN_: Ls. thgn .superconductors, and it would be interesting to carry out
a=0.36. Note that the increase of the IC discussed in thig,age measurements on simple monoatomic superconductors.
section is not related to lattice dynamics; as a result, gy regard to the higfT, oxides, we think that the interest-
vaolue of a can, in principle, exceed, the value of ,q oynerimental dafa® are directly related to the present
@ph, max= 0-9- L theory.

In the opposite limit (~Q;I'>() the IC is small, be- The value of the critical temperature for the Y-Ba-Cu-O
cause bothT ., and Q) are affected by the isotope substitu- compound was modified by Zn and Pr substitutibAdsor
tion. Since the proximity effect leads to a change in the valuéyoth types of substitution one can observe a decrea3g in
of the isotope coefficient, it would be interesting to performand an increase in the value of the IC.

experiments aimed at the observation of such effect. Consider first the case of Zn substitutiofBaCuZnO
system which leads to a decrease Ty. This decrease can
MAGNETIC SCATTERING AND Zn SUBSTITUTION be explained by the pair-breaking effect. Indeed, according

. ) o to Ref. 12, this substitution leads to the appearance of addi-
In this section we focus on another IE which is also notijgnal magnetic moments on the Cu site in the Cu-O plane.
related to lattice dynamics. Let us consider a superconductQqte that this decrease i, is also accompanied by a pecu-
which contains magnetic impurities. This case is important;;,, temperature dependence of the critical fiéd, ob-
because it is related to recent experiments with Aiglex-  carved in Ref. 13positive curvature, sharp upturn &t-0
ides (see below. It is important to stress, however, that the K) and studied in Ref. 8.
effect we are discussing, can be observed in conventional” 1o dependence on the IC aq is described by Eq<7)
superconductors as well. . ith n,=n;,. Equation(6) was used in order to determine
The presence of magnetic impurities leads to decrease e values ofys for variousT,: in addition ag=0.025(see
the critical temperatureT, relative to the intrinsic value Refs. 1-3. The theoretical curvéFig. 1a)] is in a good
i ) 11 . . .
Tco, because oef%the pair-breaking efféct; Such a depres-  4greement with experimental data particularly for small
sion is describedby a well-known equation: and intermediate values of impurity concentration. As for the
_ B region neang, (T.=1 K), there is a large spread of the data
IN(Teo/Te)=W[0.5+ 5] =¥(0.5). ©®  and also large error bafboth ina andT,); this is, probably,
HereW is the digamma functionys=T'g/27T,, [s=75'is  due to the sample quality, see Ref. 2. We hope that future
the spin-flip scattering amplitude introduced in Ref. 9;experiments provide more reliable data for this region. It is
FS:TSnma wheren,, is the concentration of magnetic im- essential to realize that the analysis described above has been

purities andf* <= const carried out without any adjustable parameter.
S_ .

Based on Eqgs(2), (3), and(6) one obtains
ISOTOPE EFFECT AND NONADIABATICITY

=a[1-V'(0.5+ -1 7
= aol ( 79)7s] @) If we are dealing with a doped superconductor such as a

Here « is the IC in the presence of magnetic impurities. high-T, cuprate and, in addition, the material is characterized

Equation(7) is valid in a broad range except a very small by the crossing of electronic terni§ahn-Teller(JT) nona-

region nean,, (thenT, is close toT=0 K and the condition diabaticity], then the superconductor displays an*IEne

AT, /T.<1 is not satisfied Equation(7) was obtained in can show that the isotope substitution affects the doping,

Ref. 10, and we will use it to analyze experimental daiee  and, therefore, the carrier concentrationSince the critical

below). temperature of cuprates depends stronglynpthis leads to
The presence of magnetic impurities leads to an increasan isotopic dependence ©f. As was shown in Ref. 4, if the

of the IC (> ay), sinceW’'>0. For smallys (small values charge transfer is accompanied by the transition between

of n,) Aaxn,,. Therefore, neaf, the critical temperature electronic termgrelated to the dynamic Jahn-Teller effect

displays a linear decrease, whereas the IC increases lineatlye process of doping depends on the Franck-Con&a

as a function ofn,,. In the regionys>1 one can use an factor. The value of the FC factor strongly depends on the

asymptotic expression for the digamma function, and we obionic mass and, therefore is affected by the isotope substitu-
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substitution? The Pr substitution occurs on the Y site, that
is located between the CyQOplanes. The value of; de-
creases with increasing Pr content, whereas the value of the
IC increases. In fact, the effect is similar to Zn substitution;
however, this case is more complicated. Indeed, as we know
(see, e.g., Refs. 14 and)15he effect of Pr orT . is twofold.
First, the presence of Pr leads to a pair-breaking effect, simi-
lar to Zn. Secondly, the mixed valence state of Pr leads to
depletion of holes from the CuQplane and, correspond-
ingly, to an additional decrease T . This second channel is
related to the charge transfer between the gpane and Pr
and involves dynamics of the in-plane oxygen. Two facts are
important regarding the charge transfer. First, note that, in-
deed, according to the selective stdfythe main contribu-

T. [K] tion to the oxygen isotope coefficient comes from the in-
plane oxygen for YBaCu;O,. Secondly, the in-plane
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0.6 oxygen is characterized by a Jahn-Teller instability, since the
electronic states which determine its equilibrium position,
0.5} are triple degeneraisee Ref. 1Y. Therefore, one can expect
also a contribution of the nonadiabatic channel to the total
04l oxygen IE. As a whole, the IC is described by Ef), where
ag is described by Eq8). Then the expression far [see
03l Egs.(7) and(8) with Qo= = anat apn, ap,=0.025 (Ref.
° 3)] contains two parameterg andI's. One can se¢Fig.
02l 1(b)] that our calculation is in a good agreement with the
experimental dafa(y=0.16,T s=123 K).
o1l It is well known that a decrease iy in the Y-Ba-Cu-O
’ compound as well as in other cuprates, can also be provided
by oxygen depletion. This process is accompanied by an in-
0010 20 30 40 50 60 70 80 90 crease in the IC; see Ref. 3. Oxygen depletion from the

T [K] chains affects the doping of the Cu@lanes and the carrier
concentration. The charge transfer from chains to planes oc-

FIG. 1. Dependence of the isotope coefficienbn T, for (8)  curs via the apical oxygen, and this manifests itself in the
YBay(Cu—4Zn)30;_5 and (b) Y,_,PrBaCw0,_5. Theory: nonadiabatic IE which plays a key role heisee Ref. &
solid line; experiment® and + for dc magnetizatioriRefs. 1 and  According to various experimental daterays and Raman
2), [ for resistivity (Ref. 2, X for ac susceptibilityRef. 2. spectroscopy, transport data, see, e.g., Ref. 18 and recent

ion-channeling measuremets the apical oxygen position
tion. This leads to the following expressfoior the nonadia-  has two close minima, and this leads to the |E described by
batic 1C: Eq. (8). The analysis carried out in Ref. 3 supports this pic-

ture [see also their Fig. (b)]. Note, that unlike the Pr-

ana=y(NT)(3Tc/dy) ®) substitution case, this process should be sensitive to the iso-

plope substitution of the apical oxygen, and the IC caused by
its substitution should increase upon oxygen depletion and
the associated decreaseTip. The method of selective iso-
tope measurements developed in Ref. 16, which was applied
only to optimally doped Y-Ba-Cu-O, should demonstrate the
growing effect of the apical oxygen contribution. It would be
interesting to perform such measurements.

As can be seen on Fig. 2 calculations done with &g,
where ap=a;, ap,=0.025, anda,, is given by Eq.(8)
(y=0.28,T's=123 K) provide a good description of the ex-

In this section we discuss the experimental dafaThe  perimental data(Ref. 3. Note also that the dependence
approach described above cannot be applied to any case, btg(n) (see Ref. Bis characterized by a jump iaT./d, at
requires special conditions. The sample should contain localome value oh=n;. This corresponds to the well-known 60
magnetic moments. Another situation occurs when the&K plateau and leads to the peak i@ratn=n;,. It would be
charge transfer is combined with a JT instability. The presinteresting to perform measurements @ffor the oxygen-
ence of these factors can be established by independent edepleted sample in the regior=n,. Note that such peak has
periments. It is interesting that the systems studied in Refdheen observed in Ref. 20 for the La-Sr-Cu-O compound. We
1-3 satisfy both of the aforementioned criteria. will describe a detailed analysis for this material elsewhere.

Let us first discuss the change of the IC caused by the PXote also that the system studied recently in Ref. 3 differs

[y is a constant, introduced in Ref. 4; do not confuse wit
Euler's constant, Eq(1)]. The total IC(in the absence of
magnetic impurities and the proximity effects a sum
;= apat apn, Where ayy is the conventional contribution
caused by modification of the phonon spectrum. If, in addi
tion, the sample contains magnetic impurities, the IE is de
scribed by Eq(6) with ag=a;.

DISCUSSION
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0.7 . . . : . : . . . In summary, it has been shown that the proximity effect
(S-N sandwich leads not only to depression ., but to a

0.6 1 noticeable increase in the value of the isotope coefficient.
The value ofa depends on the relative thicknesses of $he

05p 1 and N films. The presence of magnetic impurities also
greatly affects the value of the IC. These effects can be ob-

04T | served for conventional as well as for the highsupercon-

S sl | ductors. It would be interesting to carry out direct experi-

ments aimed at the observation of these effects.
In addition, the carrier concentration, and, subsequently,

02 ‘ T. of doped superconductors, such as the cuprates, can be
01k o | greatly affected by the isotope substitution of an ion, whose
dynamics is characterized by the Jahn-Teller crossing and,

0 . . . . . s . 0ot therefore, by two close minima. This process also leads to an
0 00 a [K"io 60 70 80 90 isotope effect. The calculations show that our approach pro-

vides a very good description of the experimental data pre-

FIG. 2. The dependence (T.) for YBa,Cu;Og.4. Theory: sented in Refs. 1-3.

solid line; experiment® for dc magnetizatioriRef. 3.
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