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A model for high-temperature superconductivity with a mass-independent electronic mechanism
in conjunction with a moderate amount of electron-phonon coupling has previously been shown to
be inconsistent with experimental constraints on T, the isotope effect exponent, and the electron-
phonon coupling. The present work allows for an electronic mechanism with an inverse isotope
effect. In this case, the model is consistent with the experimental constraints.

A major reason for the proliferation of models involv-
ing electronic mechanisms to explain high superconduct-
ing transition temperatures is the very small isotope ef-
fects observed in the materials with the highest transition
temperatures T,.173 It is therefore necessary that models
postulating electronic mechanisms explain not only the
large values of T, but also the small isotope effect. At first
sight, this seems to be a trivial requirement since for most
models, a purely electronic mechanism gives zero isotope
effect. However, as stressed in Ref. 4, the isotope shifts
are finite albeit small and there are experimental and
theoretical estimates that indicate the electron-phonon
interaction in these materials is substantial. Thus, any
model based on a dominant electronic mechanism for su-
perconductivity must also include the electron-phonon
interaction, especially when calculating the isotope shift.
The combined electronic and electron-phonon interac-
tions must somehow produce a small isotope effect.

To explore the consequences of this model, the ap-
proach taken in Ref. 4 was to solve the Eliashberg equa-
tions for combined electronic and phonon-mediated pair-
ing interactions. The electronic mechanism is represented
by an attractive interaction at a particular energy, we,
with a coupling strength A, while the phonons are rep-
resented by an electron-phonon coupling function with
a total coupling Apn. Within the approximation of the
McMillan formula for T, it was shown that

a = Apn/2A, (1)

where A = Apn + Ae. As expected, « is reduced by the
presence of an electronic mechanism.

To determine whether it is possible to produce the ob-
served values of T, and « for reasonable values of Apn,
we solved the Eliashberg equations for specified 7, and «
(taken to be 93 K and 0.02, respectively, for Y-Ba-Cu-O)
by choosing an appropriate phonon spectrum consisting
of Lorentzian peaks. For a given energy of the electronic
mode, we, the strength of this mode relative to that of
the phonon modes as well as A were varied until correct
values of T, and « were obtained. It was found that the
Aph obtained from these calculations increased as w, de-
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creased. However, even for very small values of w, down
to 30 meV, the resultant values for Ay, were consider-
ably smaller than theoretical and experimental estimates,
which range upwards from Apn = 0.3. For still smaller
values of we, A becomes unphysically large; A >> 10. It
was concluded that low values of w, are necessary for this
model because they produce the largest values of Apy,, but
that the predicted value of Apy is still less than half of
the smallest estimates of that quantity. Our purpose is to
show that an electronic mechanism with an inverse iso-
tope effect is capable of resolving this difficulty. As dis-
cussed in Ref. 4, it is possible that the Eliashberg model
is not adequate to describe the high-T, materials because
of low-dimensionality effects, a possible non-Fermi-liquid
ground state, or a failure to describe the electronic mech-
anism by the model assumed there. However, it has gen-
erally been assumed that many of the central features
of superconductivity can be adequately described by the
Eliashberg equations and even if this is not the case, it is
still instructive to examine the consequences of the con-
ventional theory.

Recently, it has been shown that anharmonic phonons
can produce values of T, and « in agreement with exper-
iment for the high-T, oxides,® and there has been some
experimental evidence for the existence of anharmonic
modes. A model with large electron-phonon coupling for
the anharmonic modes is capable of explaining the values
ofa > % and the dependence of a on doping in La-Sr-Cu-
0.577 Anharmonic phonons can also explain site-selective
isotope experiments.® Here, we take a different point of
view and consider a nonphonon mechanism (e.g., elec-
tronic) that couples to the lattice so as to produce a pos-
itive isotope shift, (i.e., ae < 0, as opposed to a, = 0 for
a purely electronic mechanism or apy = 0.5 for harmonic
phonons). This mechanism is modeled as described ear-
lier by an energy we and a coupling strength A relative
to the phonon modes which is determined by 7, and a.
Unlike previous models, we also assign a positive isotope
shift to the mode by considering negative values of ce. At
first sight the model appears to be restricted to the case
of a mass-dependent w, and mass-independent A\.. How-
ever, for the purposes of calculating a, a mass-dependent
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Ae can be formally incorporated into an effective mass-
dependent w, which yields the same change in T, under
isotopic shift of just the electronic mode, as will be shown
below.

Experimental motivation for consideration of such an
inverse isotope effect is provided by site-selective oxy-
gen isotope effect experiments.® A careful choice of ex-
change conditions allows selective diffusion of plane oxy-
gen sites by exploitation of the different microscopic dif-
fusion rates. An extrapolation of site-selective isotope
effect results to perfect site selection implies an increase
in T, of 0.32 K for 180 substitution with off-plane oxygen
remaining 60, suggesting the presence of some variety
of inverse isotope effect.

To illustrate the changes expected for a, # 0, a cal-
culation similar to that which gave Eq. (2) and allowing
for a mass-dependent )\, yields

Aph o — Qe — )‘/\
Tt @
27 Qe
where a, measures the isotopic dependence of the elec-
tronic mode frequency,

M dX)
e _ = 77
A = A dM’ ®)

and A = Ac + Aph. Here we assume harmonic phonons
so that /\ﬁ,}; = 0 and app = 1/2. Because a = 0.02 is
very small, even modest negative values of a, and A,
can increase Aph/A substantially, as required to obtain
agreement with the estimated values of Apn. To illustrate
this result we consider the case of a, < 0 and A\, = 0.
For detailed numerical calculations the phonon spec-
trum was again modeled by Lorentzian peaks and the
Eliashberg equations were solved numerically. The elec-
tronic contribution has a strength which depends on its
energy we and which is determined by the values 7,=93
K and a = 0.02, where p* = 0.12 is assumed. Results

lotgy |= 0.5\
- \,
15 |-
ol
< sl
j‘ L
6
o
4
2+
0
e (MeV)
FIG. 1. Values of the electron-phonon coupling strength,

Aph (dashed), and the ratio of the electron-phonon coupling
to the total coupling, Apn/A (solid), vs the energy of the elec-
tronic mode for various values of the electronic isotope shift,
|ae|=0.0, 0.1, 0.3, and 0.5. The curves are determined by the
constraints 7.=93 K and a = 0.02.
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of the numerical calculations for e = 0.0, —0.1, —0.3,
and —0.5 are shown in Figs. 1 and 2. In all cases, Aph /A
is relatively independent of w, as predicted by Eq. (2).
Equation (2) is accurate to ~25%, even though it was de-
rived for u* = 0.0 and A < 1.5. The value of Ay}, is seen
to increase rapidly with increasing |a.| for a given value
of we. The shape of the curves describing App in Fig. 1
are also described well by Eq. (5) since App < A. The
total coupling strength A must increase with decreasing
we as shown in Fig. 2 to maintain a constant 7,; hence
Aph also increases for decreasing w, according to Eq. (5)
as shown in Fig. 1. The lower bound on the range of es-
timates for Apy in Y-Ba-Cu-O is roughly 0.3. As shown
in Fig. 1, the addition of a small negative a. yields App
above this value for a wide range of electronic mode fre-
quencies. A value of |a.| as small as 0.02 yields App ~ 0.3
for an electronic mode at w, = 30 meV.

The total coupling strength A and the gap ratio
2A/kT, increase with decreasing w, as shown in Fig. 2,
with A becoming very large for w. < 30 meV. The gap
ratio is a weakly increasing function of |ae|. Experimen-
tal values for the gap ratio up to 2A/kT, ~ 8 have been
reported and the current calculations yield 2A/kT, ~ 6
for we ~ 30 meV. A careful study of Raman phonon
frequency shifts at T, suggests 2A/kT, ~ 5,10 which is
consistent with an electronic mode in the frequency range
40-90 meV. These relatively low frequencies are also most
conducive to large values of App, suggesting that this fre-
quency range is most plausible for an electronic model of
high T..

The preceding analysis assumes that o? F'(w) is entirely
due to oxygen-atom phonons. A significant portion of
the coupling, particularly in the lower frequency range,
could arise from nonoxygen vibrations. This situation
has been modeled by using the same form for o?F(w),
but assuming the the modes below 26 meV do not shift
upon isotopic substitution. Since a portion of Ay is mass
independent, this treatment yields values of Apn roughly
10% larger than those previously obtained.

The site-selective isotope effect experiments provide an
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FIG. 2. Values of the total coupling, A\ = JApn + Ae
(dashed), and 2A/kT. (solid) vs the energy of the elec-
tronic mode for various values of the electronic isotope shift,
|ae|=0.0, 0.1, 0.3, and 0.5. The curves are constrained by the
condition T.=93 K and o = 0.02.
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additional constraint on the model. These measurements
are accounted for within the present model by assum-
ing that the mass dependence of the electronic mech-
anism depends exclusively on the mass of the in-plane
oxygen atoms. The site-selective material is modeled by
a spectral function in which the electronic contribution
is isotopically shifted along with the planar portion of
the phonon-mediated contribution. The phonon contri-
bution to a?F(w) is apportioned between planar oxygen
and off-plane oxygen contributions by dividing each of
the Lorentzians above 25 meV into two separate peaks,
one attributed to planar oxygen phonons and the other
off-plane oxygen phonons. The relative strength of these
two contributions is varied to obtain agreement with
the site-selective isotope effect results. Since the total
phonon contribution has not been modified, agreement
with the full isotope effect is not affected. For o, = —0.3
or —0.5, the model is consistent with the site-selective
results if ~75% of the oxygen phonon contribution to
Aph arises from planar oxygens. A value of a, = —0.1
implies that ~50% of the oxygen phonon contribution to
the electron-phonon coupling arises from in-plane modes.
Smaller values of |c.| require that a larger fraction of the
electron-phonon coupling arise from nonplanar phonons.

With a view towards the evaluation of possible physical
mechanisms for a negative a., we determine the minimal
possible values of |a,| which are consistent with the site-
selective isotope effect and the constraint Ay > 0.3. For
these calculations p* is allowed to vary between 0.1 and
0.2 and the modes in o®2F below 25 meV are assumed
to be nonoxygen. These conditions weaken the exper-
imental constraints on o, so as to yield a more rigor-
ous lower bound. For electronic mode frequencies below
~100 meV, the primary constraint is the site-selective
isotope effect, which requires that |a.| > 0.05. Values
of |a| less than 0.05 imply that less than ~15% of the
oxygen contribution to Apy arises from in-plane modes, a
physically implausible situation. (Without the constraint
from the site-selective isotope effect, the lower bound on
|ae| for a low-frequency electronic mode is reduced to
roughly |a.| > 0.02.) For electronic frequencies above
~100 meV, the primary constraint is the requirement
that Apn > 0.3. This condition is satisfied for |a.| > 0.1.
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It is instructive to examine the way in which our cal-
culations place restrictions on a particular model for an
inverse electronic isotope shift. If it is assumed that the
shift in T, is due solely to the fractional change in lat-
tice spacing, €2, under ¥0—10 substitution, then the
shift in T, can be estimated from the pressure depen-
dence of T,..!! (The variation in T, with pressure would
also involve changes in the phonon spectrum. However,
the present model implies that the electronic contribu-
tion dominates the superconductivity, suggesting that
the increase in T, under pressure can plausibly be as-
cribed to changes in an electronic mechanism.) The
isotopic shift due to the change in lattice constant can
be estimated from the isothermal compressibility and
the Gruneisen constants as was done for Ge,!? and the
value %2 ~ 1 x 1074 at T =0 is' obtained. This yields
ae ~ —0.005, roughly a factor of 10 smaller than the
minimal value required by our calculations. Obviously
there are other models possible for an inverse electronic
isotope effect which will require a similar analysis. In
particular, there may be interesting classes of electronic
mechanisms in which A\, # 0.

In summary, we have shown that an electronic mech-
anism for superconductivity in Y-Ba-Cu-O is consistent
with values of T,=93 K and a = 0.02 as well as esti-
mates of App if the electronic mechanism couples to the
lattice in such a way as to produce an inverse isotope
effect. Electronic models for high-temperature supercon-
ductivity should be evaluated in terms of their ability to
produce a significant inverse isotope shift.
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