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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 normal film~proximity effect!, and
nonadiabaticity~dynamic Jahn-Teller effect!. The results are in good agreement with existing experimental
data for oxygen isotope substitution~O16→O18) in the YBa2Cu3O72d , Y 12xPrxBa2Cu3O72d ,
YBa2(Cu12xZnx)3O72d compounds. In addition, we make several predictions related to conventional as well
as to high-Tc materials.@S0163-1829~97!04825-X#
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INTRODUCTION

This paper is concerned with various aspects of the
tope effect~IE!. It will be shown that the value of the isotop
coefficient ~IC! a(Tc}M

2a) may depend on a number o
factors not related to the pairing mechanism. We cons
two scenarios. Initially we focus on the situation when t
value of the critical temperature is affected by external f
tors (Tc0→Tc) not related to the lattice dynamics;Tc0 is the
intrinsic value of the critical temperature. A perfectly real
tic case is when the relation betweenTc0 andTc is not linear.
For example, we consider the IE in a proximity systemS-
N ~whereS andN are superconducting and normal films!; it
will be shown that the value ofa depends on the relativ
thicknesses of the films. The value ofa can also be greatly
affected by the presence of magnetic impurities and depe
strongly on their concentrationnm .

We discuss also a nonadiabatic IE. The Jahn-Teller cr
ing of electronic terms leads to the carrier concentrat
~and, hence,Tc) dependence on the isotopic substitution.
general method was described by us in Ref. 4. One can s
~see below! that the model allows us to describe the data
the dependence ofa on oxygen depletion;3 the nonadiabatic
effect also makes a strong impact on the IE in Pr-substitu
Y 12xPrxBa2Cu3O72d .

Our study was motivated by interesting experimen
data.1–3 We will also make several predictions for conve
tional superconductors and for the layered cuprates.

ISOTOPE EFFECT IN PROXIMITY SYSTEMS

Consider anS-N proximity sandwich~e.g., Nb-Ag!. One
can show that the proximity effect can make a strong imp
on the effect of isotope substitution. Indeed, assume that
thicknessLN!jN , wherejN5hvF;N/2pT is the coherence
length for theN film.5 Then one can use the well-know
McMillan tunneling model.6 According to Ref. 6, the prox-
imity effect is described by the parameterG5GSN1GNS,
560163-1829/97/56~1!/107~4!/$10.00
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whereG ik5uTiku2nkVk , Tik is the tunneling matrix element
nk is the density of states~per unit of volumeVk), i ,
k5$S,N%, iÞk. The critical temperature,Tc of the whole
system differs fromTc0 (Tc0 is the critical temperature of the
isolatedS film! and is described7 by the equation:

Tc5Tc0~pTc0/2gu!r; r5nNLN /nSLS , ~1!

whereg50.577 is Euler’s constant. The value ofu is deter-
mined by the interplay of two parameters,G and Ṽ, where
Ṽ5^V2&1/2'VD is the average phonon frequency.
G@Ṽ ~this case corresponds to almost idealS-N contact!,
thenu'Ṽ. In the opposite case whereG!Ṽ, which is also
perfectly realistic, we obtainu'G ~see Ref. 7!.

If we make an isotope substitutionM→M* in the iso-
latedS film, one can measure the shift inTc0 and determine
the ICa0, which is described by the relation

a052~M /DM !~DTc0 /Tc0!. ~2!

Here DM5M*2M , DTc05Tc0* 2Tc0. The presence of
theN film leads to a change inTc and in the IC. One can se
directly from Eqs.~1! and ~2! that the relative shift inTc0
and the new value of the IC

a52~M /DM !~DTc /Tc! ~3!

differ from DTc0 /Tc0 and the value ofa0. Indeed, if the
superconducting film is covered by the normal filmN, then
the value ofTc is modified by the proximity effect, and th
value of the critical temperature for the whole sandwich
described by Eq.~1!. Then the value of the shiftDTc is
determined not only byDTc0, but also by the value of the
parameterr @see Eq.~1!#, which reflects the presence of th
N film.

Consider, for example, the case whenTc!G!Ṽ. Then,
u'G. The isotope substitution leads to a shift inTc0
(DTc0). Based on Eq.~1!, one obtains
107 © 1997 The American Physical Society
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DTc5~r11!~pTc0/2gG!rDTc0 . ~18!

Dividing both sides byTc , and using Eqs.~1!–~3!, we obtain

DTc /Tc5~DTc0 /Tc0!~11r! ~4!

and, therefore,

a5a0@11~nNLN!/~nSLS!#. ~5!

One can see thata.a0. Therefore, a decrease inTc de-
scribed by Eq.~1!, which is a well-known feature of the
proximity effect, is accompanied by an increase in the IC
is interesting that one can modify the value ofa by changing
the thickness of the films. For example, ifa050.2,
nN /nS50.8, andLN /LS50.5, thena50.28. If we increase
the thickness of the normal film, so thatLN5LS , then
a50.36. Note that the increase of the IC discussed in
section is not related to lattice dynamics; as a result,
value of a can, in principle, exceed, the value o
aph, max
o 50.5.

In the opposite limit (u'Ṽ;G@Ṽ) the IC is small, be-
cause bothTc0 andV are affected by the isotope substit
tion. Since the proximity effect leads to a change in the va
of the isotope coefficient, it would be interesting to perfo
experiments aimed at the observation of such effect.

MAGNETIC SCATTERING AND Zn SUBSTITUTION

In this section we focus on another IE which is also n
related to lattice dynamics. Let us consider a supercondu
which contains magnetic impurities. This case is importa
because it is related to recent experiments with high-Tc ox-
ides ~see below!. It is important to stress, however, that th
effect we are discussing, can be observed in conventio
superconductors as well.

The presence of magnetic impurities leads to decreas
the critical temperature,Tc relative to the intrinsic value
Tc0, because of the pair-breaking effect.9–11 Such a depres
sion is described9 by a well-known equation:

ln~Tc0 /Tc!5C@0.51gS#2C~0.5!. ~6!

HereC is the digamma function,gS5GS/2pTc , GS5tS
21 is

the spin-flip scattering amplitude introduced in Ref.
GS5G̃Snm , wherenm is the concentration of magnetic im
purities andG̃S5const.

Based on Eqs.~2!, ~3!, and~6! one obtains

a5a0@12C8~0.51gS!gS#
21. ~7!

Here a is the IC in the presence of magnetic impuritie
Equation~7! is valid in a broad range except a very sm
region nearncr ~thenTc is close toT50 K and the condition
DTc /Tc!1 is not satisfied!. Equation~7! was obtained in
Ref. 10, and we will use it to analyze experimental data~see
below!.

The presence of magnetic impurities leads to an incre
of the IC (a.a0), sinceC8.0. For smallgS ~small values
of nm) Da}nm . Therefore, nearTc0 the critical temperature
displays a linear decrease, whereas the IC increases lin
as a function ofnm . In the regiongS@1 one can use an
asymptotic expression for the digamma function, and we
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tain Da}nm
2 , i.e., the dependence becomes strongly non

ear. This picture is in very good agreement with experim
tal data,1,2 see below.

Note also thatTc→0 K asn approachesncr . In the low-
temperature region~atT>1 K! one should take into accoun
the frustration of the spin-flip scattering caused by the ord
ing trend of magnetic impurities.8 As a result, the depen
dencea on nm is reduced asn→ncr .

One can study a more general case combining the p
imity effect and pair breaking by magnetic impurities. Th
case will be described elsewhere.

Note that the effect of magnetic impurities on the value
the IC should be observed for conventional as well as
high-Tc superconductors. To the best of our knowledge, t
effect has not been studied experimentally for conventio
superconductors, and it would be interesting to carry
these measurements on simple monoatomic superconduc
With regard to the highTc oxides, we think that the interest
ing experimental data1–3 are directly related to the presen
theory.

The value of the critical temperature for the Y-Ba-Cu-
compound was modified by Zn and Pr substitutions.1,2 For
both types of substitution one can observe a decrease iTc
and an increase in the value of the IC.

Consider first the case of Zn substitution~YBaCuZnO
system! which leads to a decrease inTc . This decrease can
be explained by the pair-breaking effect. Indeed, accord
to Ref. 12, this substitution leads to the appearance of a
tional magnetic moments on the Cu site in the Cu-O pla
Note that this decrease inTc is also accompanied by a pecu
liar temperature dependence of the critical fieldHc2 ob-
served in Ref. 13~positive curvature, sharp upturn atT→0
K! and studied in Ref. 8.

The dependence on the IC onTc is described by Eqs.~7!
with nm5nZn . Equation~6! was used in order to determin
the values ofgS for variousTc ; in additiona050.025~see
Refs. 1–3!. The theoretical curve@Fig. 1~a!# is in a good
agreement with experimental data,1,2 particularly for small
and intermediate values of impurity concentration. As for t
region nearncr (Tc>1 K!, there is a large spread of the da
and also large error bars~both ina andTc); this is, probably,
due to the sample quality, see Ref. 2. We hope that fut
experiments provide more reliable data for this region. It
essential to realize that the analysis described above has
carried out without any adjustable parameter.

ISOTOPE EFFECT AND NONADIABATICITY

If we are dealing with a doped superconductor such a
high-Tc cuprate and, in addition, the material is characteriz
by the crossing of electronic terms@Jahn-Teller~JT! nona-
diabaticity#, then the superconductor displays an IE.4 One
can show that the isotope substitution affects the dop
and, therefore, the carrier concentrationn. Since the critical
temperature of cuprates depends strongly onn, this leads to
an isotopic dependence ofTc . As was shown in Ref. 4, if the
charge transfer is accompanied by the transition betw
electronic terms~related to the dynamic Jahn-Teller effec!,
the process of doping depends on the Franck-Condon~FC!
factor. The value of the FC factor strongly depends on
ionic mass and, therefore is affected by the isotope subs
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tion. This leads to the following expression4 for the nonadia-
batic IC:

ana5g~n/Tc!~]Tc /]n! ~8!

@g is a constant, introduced in Ref. 4; do not confuse w
Euler’s constant, Eq.~1!#. The total IC ~in the absence o
magnetic impurities and the proximity effect! is a sum
a t5ana1aph, whereaph is the conventional contribution
caused by modification of the phonon spectrum. If, in ad
tion, the sample contains magnetic impurities, the IE is
scribed by Eq.~6! with a05a t .

DISCUSSION

In this section we discuss the experimental data.1–3 The
approach described above cannot be applied to any case
requires special conditions. The sample should contain lo
magnetic moments. Another situation occurs when
charge transfer is combined with a JT instability. The pr
ence of these factors can be established by independen
periments. It is interesting that the systems studied in R
1–3 satisfy both of the aforementioned criteria.

Let us first discuss the change of the IC caused by the

FIG. 1. Dependence of the isotope coefficienta on Tc for ~a!
YBa2(Cu12xZnx)3O72d and ~b! Y 12xPrxBa2Cu3O72d . Theory:
solid line; experiment: and1 for dc magnetization~Refs. 1 and
2!, ) for resistivity ~Ref. 2!, 3 for ac susceptibility~Ref. 2!.
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substitution.1,2 The Pr substitution occurs on the Y site, th
is located between the CuO2 planes. The value ofTc de-
creases with increasing Pr content, whereas the value o
IC increases. In fact, the effect is similar to Zn substitutio
however, this case is more complicated. Indeed, as we k
~see, e.g., Refs. 14 and 15!, the effect of Pr onTc is twofold.
First, the presence of Pr leads to a pair-breaking effect, s
lar to Zn. Secondly, the mixed valence state of Pr leads
depletion of holes from the CuO2 plane and, correspond
ingly, to an additional decrease inTc . This second channel is
related to the charge transfer between the CuO2 plane and Pr
and involves dynamics of the in-plane oxygen. Two facts
important regarding the charge transfer. First, note that,
deed, according to the selective study,16 the main contribu-
tion to the oxygen isotope coefficient comes from the
plane oxygen for YBa2Cu3O7. Secondly, the in-plane
oxygen is characterized by a Jahn-Teller instability, since
electronic states which determine its equilibrium positio
are triple degenerate~see Ref. 17!. Therefore, one can expec
also a contribution of the nonadiabatic channel to the to
oxygen IE. As a whole, the IC is described by Eq.~7!, where
a0 is described by Eq.~8!. Then the expression fora @see
Eqs. ~7! and ~8! with a05a t[ana1aph, aph50.025 ~Ref.
3!# contains two parametersg and G̃S . One can see@Fig.
1~b!# that our calculation is in a good agreement with t
experimental data2 (g50.16, G̃S5123 K!.

It is well known that a decrease inTc in the Y-Ba-Cu-O
compound as well as in other cuprates, can also be prov
by oxygen depletion. This process is accompanied by an
crease in the IC; see Ref. 3. Oxygen depletion from
chains affects the doping of the CuO2 planes and the carrie
concentration. The charge transfer from chains to planes
curs via the apical oxygen, and this manifests itself in
nonadiabatic IE which plays a key role here~see Ref. 4!.
According to various experimental data~x-rays and Raman
spectroscopy, transport data, see, e.g., Ref. 18 and re
ion-channeling measurements19!, the apical oxygen position
has two close minima, and this leads to the IE described
Eq. ~8!. The analysis carried out in Ref. 3 supports this p
ture @see also their Fig. 1~b!#. Note, that unlike the Pr-
substitution case, this process should be sensitive to the
tope substitution of the apical oxygen, and the IC caused
its substitution should increase upon oxygen depletion
the associated decrease inTc . The method of selective iso
tope measurements developed in Ref. 16, which was app
only to optimally doped Y-Ba-Cu-O, should demonstrate t
growing effect of the apical oxygen contribution. It would b
interesting to perform such measurements.

As can be seen on Fig. 2 calculations done with Eq.~7!,
where a05a t , aph50.025, andana is given by Eq. ~8!

(g50.28,G̃S5123 K! provide a good description of the ex
perimental data~Ref. 3!. Note also that the dependenc
Tc(n) ~see Ref. 3! is characterized by a jump in]Tc /]n at
some value ofn5n1. This corresponds to the well-known 6
K plateau and leads to the peak fora at n5n1. It would be
interesting to perform measurements ofa for the oxygen-
depleted sample in the regionn>n1. Note that such peak ha
been observed in Ref. 20 for the La-Sr-Cu-O compound.
will describe a detailed analysis for this material elsewhe
Note also that the system studied recently in Ref. 3 diff
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from those described in Ref. 21 and discussed in our pap4

Indeed, the YBaLaCuO compound was studied in Ref.
whereas direct oxygen depletion is described in Ref. 3. S
depletion is accompanied by the formation of magnetic m
ments~see Refs. 18,22!, and this leads to a different picture

FIG. 2. The dependencea (Tc) for YBa2Cu3O61x . Theory:
solid line; experiment: for dc magnetization~Ref. 3!.
ry
r.
,
h
-

In summary, it has been shown that the proximity effe
(S-N sandwich! leads not only to depression inTc , but to a
noticeable increase in the value of the isotope coefficie
The value ofa depends on the relative thicknesses of theS
and N films. The presence of magnetic impurities al
greatly affects the value of the IC. These effects can be
served for conventional as well as for the high-Tc supercon-
ductors. It would be interesting to carry out direct expe
ments aimed at the observation of these effects.

In addition, the carrier concentration, and, subsequen
Tc of doped superconductors, such as the cuprates, ca
greatly affected by the isotope substitution of an ion, who
dynamics is characterized by the Jahn-Teller crossing a
therefore, by two close minima. This process also leads to
isotope effect. The calculations show that our approach p
vides a very good description of the experimental data p
sented in Refs. 1–3.
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