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Extended x-ray-absorption fine-structure study of La2 — Sr Cu04 —„superconductors

J. M. Tranquada, S. M. Heald, and A. R. Moodenbaugh
Brookhaven National Iaboratory, Upton, New York 11973

(Received 28 August 1987)

From measurements of extended x-ray-absorption fine structure at the Cu E edge between 10
and 300 K, we have determined the temperature dependence of the mean-square relative displace-
ments a. for Cu —0, Cu —La, and Cu —Cu near neighbors in La2 —„Sr„Cu04—„with x 0, 0.15,
and 0.3. It is found that o. for Cu —0 and Cu —La neighbors shows little variation with x.
Model calculations are used to demonstrate that oP, o is sensitive to softening of the Cu —0
breathing mode which has been predicted to be important for superconductivity in these materi-
als. The Cu —0 bonding is observed to be quite strong and no evidence is found for any
significant change in the breathing-mode frequency with doping.

I. INTRODUCTION

The discoveries' of high-temperature superconductivi-
ty in several copper oxides have come as a pleasant
surprise to theorists who had previously predicted an
upper limit of —30 K for the transition temperature T,
assuming electron-phonon coupling, and have caused a
great deal of speculation on possible new electron-pairing
mechanisms. As the electron-phonon interaction is the
only verified mechanism of superconductivity in all previ-
ously studied materials, it is logical to first see whether or
not it may be able to explain the new phenomenon.
Several band-structure calculations and analyses
have been performed for the La2 „(Ba,Sr)„Cu04 ~ sys-
tem, indicating how such coupling might occur.

The structure of La2-„(Ba,Sr) Cu04 —~ consists of
alternating layers of La&-„(Ba,Sr)„02 and Cu02
planes. ' The structure is tetragonal for high tempera-
tures and/or large x, while an orthorhombic distortion
occurs at small x. The band-structure calculations in-
dicate that the valence-band structure is dominated by hy-
bridization between Cu 3d and 0 2p states. The topmost
band, which is the only one to cross the Fermi energy, is
formed from Cu 3dz2 y2 and 0 2pz~ states within the
Cu02 planes. For the half-filled band case, corresponding
to x =y=0, the Fermi surface is nested and a Peierls tran-
sition is predicted. As x increases the degree of Fermi-
surface nesting is reduced, removing the requirement of a
structural transition, but still resulting in a strong
electron-phonon coupling which would be responsible for
the superconductivity.

Early on it was believed that the orthorhombic distor-
tion might be the predicted Peierls phase. Assuming
the tetragonal-to-orthorhombic transition to be electroni-
cally driven, the phases should be related by a soft-phonon
mode. Weber has shown that the mode having the
strongest coupling to the electrons involves a "breath-
ing"-mode displacement of the oxygen atoms with respect
to the copper within the Cu02 planes. Stavola, Cava, and
Rietman" interpreted their Raman measurements in
La2 Sr„Cu04 —y as evidence of such a frozen-in
breathing-mode distortion for small x. However, the
feature assigned to the extra mode was also present in the

high-temperature tetragonal phase of La2Cu04, in which
such a distortion is inconsistent with the crystal symme-
try. (An alternative explanation for the x dependence of
the peak in question was given in an added note. )

In a recent neutron scattering study on single crystals
with x near zero, Birgeneau et al. ' have demonstrated
that the transition does occur via a soft-mode mechanism
but that no breathing-mode distortion is present. Obser-
vations of softening in Young's modulus' and sound ve-
locity' measurements in x=0.15 compounds near the
orthorhombic-to-tetragonal transition temperature pre-
sumably reflect the same eAect.

The negative result obtained in searches' ' for an iso-
tope eAect in YBa2Cu307 has cast some doubt on the im-
portance of phonons for superconductivity in that materi-
al. However, a significant reduction in T, due to partial
replacement of ' 0 by

' 0 in La&.s&Sro &sCu04 has now
been observed and interpreted in terms of a strong
electron-phonon interaction. ' ' Furthermore, the obser-
vation' of anomalous variations in the orthorhombic dis-
tortion near T„as well as the fact that the orthorhombic-
to-tetragonal transition temperature approaches T, as x
increases to the point of maximum T, (x =0.15), contin-
ues to keep the electron-phonon issue alive.

To better resolve things, it is important to check experi-
mentally to see whether any anomalies exist in the phonon
modes which are expected to be relevant.
Measurements of the phonon densities of states in

La~ ssSro ~sCu04 and La2Cu04 have been made by Renk-
er et aI. using inelastic neutron scattering from
powders. They found evidence for a slight softening of
some optical modes, but the specific modes affected were
not directly identifiable. The Cu —0 breathing mode pre-
dicted to be important is at the zone boundary and hence
cannot be directly probed by ir or Raman spectroscopies.

In this paper we present an extended x-ray-absorption
fine-structure (EXAFS) study of lattice dynamics in

La2 —„Sr Cu04 —~ for x=0, 0.15, and 0.3 at temperatures
between 10 K and room temperature. The mean-square
relative displacements a for Cu —0 and Cu —Cu near
neighbors provide good measures of bonding within the
Cu02 plane, and a~„o contains a significant contribution
from the breathing mode. %'e find no evidence for soften-
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ing of the Cu —0 bond in the x=0.15 material relative to
the x=0 or 0.3 samples. A brief description of this work
has previously appeared. '

The sample preparation and characterization as well as
the experimental procedure have been discussed previous-
ly. We begin with a review of the theory of the EXAFS
temperature dependence and the information which it
contains. The analysis of the data is then discussed and
experimental results are presented. Next, calculations us-
ing a simple lattice-dynamical model are described and
compared with the data. Finally, the results and their
significance are discussed and summarized.

the projection factor is

P„(qj) = e" ""i (qj) R„

mo

1(2

ip(q j).R„ (4)

where i„(qj) and eo(q j) are normalized phonon eigen-
vectors. When performing numerical calculations using
these formulas it is useful to know that the projected den-
sities of states satisfy the sum rule

II. THEORY OF EXAFS TEMPERATURE DEPENDENCE

The general theory and interpretation of EXAFS are
now well established and will not be discussed in de-
tail. Here we wish to concentrate on the temperature
dependence of the fine structure. As the EXAFS interfer-
ence function X(k) consists of a sum of scattering contri-
butions from coordination shells of atoms surrounding the
x-ray-absorption site, displacements of atoms within a
shell relative to a mean coordination distance will cause a
smearing of the interference function and a reduction in
the net scattering amplitude. Motions of the atoms due to
thermal (as well as zero-point) vibrations always cause
some amplitude reduction, and static displacements can
also be important. As long as the relative displacements
are su5ciently small, their eA'ect on the fine-structure am-
plitude is well described by a Debye-Wailer-like factor,
exp( —2k cr„), where cr„ is the mean-square relative dis-
placement for the nth shell and the photoelectron wave
vector k is related to the photoelectron's energy E by
k =(2m, E/~') '"

The mean-square relative displacement is defined by

cr„' =(Hu„—uo) R„)'),

,(T)= d
" oh (2)

p. (co) =—QP„(qj)8(co —co, (q)),1 (3)

co~ (q) is the frequency of a phonon with wave vector q and
mode j, the reduced mass p„ is related to the atomic
masses m„and mo by p„' =m„'+mo ', and N is the
number of atoms in the crystal. The general formula for

where u„and uo are displacement vectors relative to the
mean atomic positions for a particular atom in the nth
shell and the absorbing atom, respectively, R„ is a vector
connecting the two sites, R„ is a unit vector in the same
direction, and the angle brackets denote a thermal aver-
age. If static displacements occur, one must also perform
a configuration average. By transforming to normal coor-
dinates, one can convert Eq. (1) into a thermal average
over a projected density of phonon modes p„(co):

dcop„(co) =1.
Equations (2)-(4) show that a„contains information

about lattice vibrations in a crystal. While the phonon
density of states and dispersion relations can be deter-
mined more directly with techniques such as inelastic neu-
tron scattering, Eq. (4) shows that cr2 also contains infor-
mation about phonon eigenvectors, which is not directly
obtainable with most other techniques. EXAFS measure-
ments also do not require large samples or single crystals.
The complementarity of EXAFS and neutron scattering
techniques has recently been demonstrated in lattice-
dynamical studies of UBe/3.

If a force-constant model exists, one can calcu1ate the
mean-square relative displacements directly and compare
with experiment. Often times such calculations are not
practical, and it may be more convenient to parametrize
the measurements in terms of a simple model ~ A particu-
larly useful one, especially for near neighbors, is the Ein-
stein model, in which one approximates the projected
density of states as

p„(co) = a(co —coE),

where 8(co) is a Dirac delta function. Substituting into
Eq. (2), one obtains the simple formula

cr„(T)=
~ coth(@co„/2k' T) .

2P pg COp

Note that this model is diA'erent from the original Einstein
approximation for describing the specific heat at low tem-
peratures in which all atoms are assumed to vibrate in-
dependently but with the same frequency; here, it is as-
sumed that all of the relevant atom pairs vibrate indepen-
dently at the same frequency. Actually, the approxima-
tion has somewhat more general validity, and in certain
opportune cases involving nearest-neighbor pairs it is pos-
sible to relate eE directly to a nearest-neighbor force con-
stant.

On the practical side, it should be pointed out that at
the present time absolute determinations of o.„generally
have very large uncertainties, limiting the usefulness of
such results. However, the temperature dependence of o.„
in a single compound or in a group of closely related ma-
terials can be determined with relatively good precision.
As a result, our analysis will focus on the temperature
dependent, paIt of Q~.
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III. DATA ANALYSIS

Working at beam line X-11 of the National Synchro-
tron Light Source (NSLS), EXAFS measurements were
made at the Cu K edge in La2 „Sr„Cu04—~ for x=0,
0.15, and 0.3 at temperatures between 10 K and room
temperature. The interference function X(k) was extract-
ed from each data set using standard techniques. ' The
similarity between the Fourier-transformed data mea-
sured at 10 K on the undoped and x=0.15 samples has
previously been illustrated. ' Figure 1(a) shows the mag-
nitude of Fourier transforms of k Z(k) (k range of
2.0-17.7 A ') for x=0.15 at roughly 100-K intervals
over the measured temperature range. The approximate
radial distribution of atoms about Cu, determined from a
diffraction study, is listed in Table I. The coordination
shell peaks in Fig. 1 are shifted to lower R from their
correct crystallographic distances due to scattering phase
shifts. Figure 1(b) shows the same data transformed as
k X(k) multiplied by a Gaussian centered on the k-range
window and decaying to 0. 1 at the window edges. The
higher k weighting emphasizes the metal atom shells,
while the Gaussian window reduces the ripple and long
tails around the peaks due to transforming over a finite k
range. In both (a) and (b) the first 0, La(Sr), and Cu
shells are quite prominent, with the oxygen peak, which is
due predominantly to the four 0 neighbors within a CuOz
plane, showing very little temperature dependence. The
in-plane Cu shell shows a somewhat larger effect, while
the out-of-plane La shows the largest damping with tem-
perature. This pattern is repeated in higher shells, with no
significant scattering contribution observed from out-of-
plane Cu shells. Note that Cu atoms along [1001 and
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FIG. 1. Magnitudes of Fourier transforms of X(k) measured
at the Cu K edge for La& 85Sro&&Cu04 at approximately 100-K
intervals. (a) Transforms of k X(k). (b) Transforms of k 3X(k)
multiplied by a Gaussian k window as discussed in the text.
Some of the coordination shells are labeled in (b).

TABLE I. Radial distribution of atoms about the copper site
in La2-„Sr Cu04-„. Only selected shells beyond the first four
are listed and their shell indices are arbitrary. Typical position
vector coordinates are listed in the fourth column in units of
(a,a,c) where a and c are the tetragonal lattice parameters.

Shell Atom
Coordination

number (I,m, n)
Distance

0
0

La (Sr)
Cu

La (Sr)
Cu

La (Sr)
La (Sr)

CU

4

2

8

4

2

4

8

16

(-,', o,o)
(o,o,up)

(2 r 2 ruLa)

(l,o,o)
(o,o, —,

' —u„)
(l, l,o)

(l,O, —,
' —u„)

2 r 2 ruLa)

(2,0,0)

1.9

2.4
3.2
3.8
4.8
5.3
6.1

6.3
7.6

[010] directions are shadowed by intervening 0 atoms
which enhance the effective scattering due to the "focus-
ing" eff ect.

To quantify the temperature-dependent changes, the
first three peaks were individually Fourier transformed
back to k space and analyzed using the "ratio" method. '

The 0 peak was filtered using k weighting and a rec-
tangular R-space window covering 0.8-2.0 A. The
La(Sr) and Cu peaks were filtered with k weighting, no
Gaussian k window, and R-space windows of 2.3-3.3 A
and 3.3-3.8 A, respectively. Although the Cu and La
shells are not well separated, we believe that the tempera-
ture dependence of the interatomic distances and a„can
be obtained with reasonable accuracy.

As mentioned above, the Cu —0 peak in Fig. 1 is due
predominantly to the four in-plane 0 neighbors. We have
compared the amplitude of the filtered shell at 10 K for
each sample with the Cu —0 shell extracted from a 10-K
measurement on Cu20. Assuming that in Cu20 the am-
plitude corresponds to the known coordination number of
two and correcting for the R factor, the coordination
found in the La2 —„Sr„Cu04—~ samples is 4.2+ 0.2, indi-
cating that the EXAFS is relatively insensitive to the two
oxygens along the c axis. Figure 2 shows the Cu —0 single
shell amplitude for x=0.15. Interference from the two ox-
ygens should cause "beating, " with minima occurring at
k —3 and 9.5 A '. The lack of any significant dips at
these positions is further evidence that only the in-plane
oxygens are observed. In R space, it is likely that the con-
tribution from the c-axis oxygens at least partially over-
laps the peak at —2.5 A which is a side lobe of the La
peak due to minima in the La backscattering amplitude,
as shown in Fig. 2. The overlapping part cannot be isolat-
ed and is excluded from the filtered shell. Furthermore,
neutron scattering measurements indicate that the
thermal parameter for these atoms is quite a bit larger
than for the in-plane oxygens. Finally, the Cu —0 shell
from Cu20 did not appear su%ciently transferrable to jus-
tify two-shell fitting as was performed by Boyce et al.
We have assumed that the temperature dependence of the
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FIG. 2. Fourier-filtered single-shell amplitudes for near-
neighbor 0 and La shells in La2Cu04.
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filtered Cu —0 shell is due entirely to in-plane atoms.
In the ratio method, for a given shell the change in cx

between two measurements is obtained from the ratio of
the single-shell amplitudes. %'hen plotted versus k the
ratio should be a straight line with a slope of 2hcr . In the
present case, the ratio should intercept the origin at k=O;
any deviations should be due to measurement or normali-
zation errors. In practice, noise and artifacts of the
Fourier filtering process can cause straight-line fits to the
ratios to have a slightly nonzero y intercept. In order to
obtain consistent results, all linear fits were forced to have
a y intercept of zero. The fits were performed over a k
range of 3.5-16 A. ' and were weighted by error bars
determined from multiple (2-3) measurements of each
sample at a given temperature.

For the 0 and Cu shells, all ratio fits were performed
relative to the 10-K measurement on La2Cu04. This ap-
proach was not appropriate for the La(Sr) shell, since the
variable doping caused a change in the effective La(Sr)
backscattering amplitude between samples. Instead, the
La(Sr) ratios were referenced to the 10-K data for each
sample. The results are plotted in Fig. 3. For each shell,
the temperature dependence of o varies very little among
the three samples. The diff'erences between shells agree
with the trends observed in Fig. 1. The lowest values in
each case occur for x=0.15. The slightly larger values of
G( Q and o.~„c„for the x=O. 3 sample could be due to a
small amount of static disorder due to the greater level of
doping. The greater temperature dependence of crc„g„
for the undoped sample is probably due to the dimpling of
the Cu02 planes in the orthorhombic structure. The re-
sults for the Cu —0 shell are quite similar to those ob-
tained by Boyce et al. for x=0.15.

The solid lines in Fig. 3 represent Einstein model fits to
the x=0.15 data. The Einstein frequencies obtained are
603 ~ 27 K, 242~4 K, and 349 ~ 14 K for Cu —0, Cu-
La, and Cu —Cu, respectively. The bonding within the
CuOz planes is clearly quite strong, with weaker bonding
between planes.

We have also determined the temperature dependences
of the interatomic distances by taking diAerences between
single-shell phases. The results are shown in Fig. 4. The

0 100 200
T (K)
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FIG. 3. Temperature dependence of a for Cu —0, Cu —La,
and Cu —Cu shells in La2 — Sr„Cu04 —y. circles, x=0; squares,
x=0.15; triangles, x=0.3.
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FIG. 4. Temperature dependence of interatomic distance R
for Cu —0, Cu —La, and Cu —Cu shells in La2 — Sr„Cu04 —y.
Circles: x=0; squares: x=0.15; triangles: x=0.3.

dashed lines indicate the thermal expansion measured ma-
croscopically on an x=0.15 sample by Fleming, Batlogg,
Cava, and Rietman. ' For each shell and sample, the
temperature dependence is consistent with the thermal ex-
pansion data and the results of Boyce et al. for an
x=0.15 sample. A much larger change is observed in

Cu —0 and Cu —Cu distances in going from x=O to



36 EXTENDED X-RAY-ABSORPTION FINE-STRUCTURE STUDY . . ~ 8405

x=0.15 than in going from 0.15 to 0.3. This result is con-
sistent with the x-ray diff'raction study of Kanbe et al.
who found that the a lattice parameter stopped decreasing
with x and remained constant for x ~0.2. They suggested
that this break might occur due to reaching a solubility
limit.

It is interesting to note that from the analysis of
neutron-diAraction measurements on an x=0.15 sample,
Cava, Santoro, Johnson, and Rhodes find that the in-
plane Cu —0 distance changes by only 0.0003 ~ 0.0001 A
between 10 and 300 K. The change which we observe is
twenty times larger. We cannot help but question the ex-
treme precision with which the neutron results are quoted. 0

I 1 I I

f

t t I I

I
I I

I I j I I I I I I I

IV. MODEL CALCULATIONS
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It was shown in the last section that there is very little
variation in the temperature dependence of trc„o as a
function of doping level x. We wish to relate this observa-
tion to possible changes in particular phonon modes; how-
ever, o involves an average over the Brillouin zone [cf.
Eqs. (2)-(4)1, and the soft breathing modes predicted by
Weber occur in only a small part of that volume. To
determine the sensitivity of EXAFS measurements to soft
breathing modes, we have performed calculations using a
simple two-dimensional force-constant model for the
Cu02 planes. The model consists of a nearest-neighbor
force between Cu and 0 atoms of strength kc„~ and a
next-nearest-neighbor (NNN) force between copper
atoms of strength kc„g„. The in-plane motion of a Cu
atom is likely to be partially constrained by bonds to its
c-axis 0 neighbors, and the NNN force constant helps to
mimic these neglected constraints. The in-plane 0 atoms
are only allowed to move along the bond directions, so
that there are just four degrees of freedom per unit cell.

To simulate the breathing-mode electron-phonon cou-
pling, a breathing shell about each Cu atom was intro-
duced. The only degree of freedom for the shell is a ra-
dial dilation or contraction about the Cu core. A spring of
strength of kc„o couples each oxygen to the Cu shell, as
well as to the core, and a spring of strength kb, connects
the Cu core and shell. When kb, ~, one returns to the
two-force-constant model, while small kb, corresponds to
breathing-mode softening. In the usual breathing-shell
model, the force constant kb, appears in the dynamical
matrix multiplied by a phase factor sin(q;a/2)sin(q~a/2),
where q =(q„,q~) is the phonon's wave vector Using this.
standard q dependence, it was found that soft breathing
modes resulted in extremely large increases in chic„~, due
largely to softening of low-frequency, small-q acoustic
modes. Because our model is two-dimensional, with the
density of states remaining finite at co=0, it was felt that
the smaller-q modes might be contributing excessively rel-
ative to a proper three-dimensional calculation, and so the
phase factor for the kb, term was arbitrarily changed from
sin to sin .

We began the analysis by considering the case of
kb, =~. Adjusting the two force constants by trial and
error to obtain d o. values matching those observed for the
x=0.15 sample, we arrived at the results shown in Fig. 5,
with kc„o=7.5 eV/A. and kc„c„=3.5 eV/A. . The

FIG. 5. Mean-square relative displacements measured for
Cu —0 (circles) and Cu —Cu (squares) near neighbors in La~ s5-

Sro ~5Cu04. The lines represent theoretical results as described
in the text. The experimentally measured values of Ao. have
been shifted vertically to match the calculation.
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FIG. 6. Calculated phonon dispersion curves along q (2x/
a)((,$,0) in La~ s5Sro~5CuO4 for the two-dimensional force-
constant model discussed in the text.

solid curves correspond to the calculation and each set of
data has been shifted vertically by a constant. The pho-
non dispersion along the q=(2x/a)(g, (,0) direction is
shown in Fig. 6. The two solid curves, which are each
doubly degenerate, correspond to the present case.

Weber finds that for x=0.15 and kc„o=7.8 eV/A,
the breathing mode at the X point of the Brillouin zone is
reduced by about a factor of four. Simulating this soften-
ing with kb, =1.6 eV/A, we find that the phonon branches
are no longer degenerate along ((,(,0), and while two of
the branches remain unchanged (solid curves), the other
two (dashed curves) exhibit strong softening, as shown in
Fig. 6. The projected densities of states for Cu —0 nearest
neighbors with (dashed curve) and without (solid curve)
breathing-mode softening are plotted in Fig. 7. The
high-frequency peak due to zone-center modes remains
unchanged, while weight due to zone-boundary breathing
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FIG. 7. Projected density of states for Cu —0 nearest neigh-
bors with kc„o=7.5 eV/A and kc, c„=3.5 eV/4 . Solid line:
kb, =~., dashed line: kb, =1.6 eV/A. 2.

V. SUMMARY AND DISCUSSION

We have measured the temperature dependence of o.

for Cu —0, Cu —La, and Cu —Cu near neighbors in
La2 — Sr Cu04 —y and have shown that there is little vari-
ation in these quantities as a function of x. The Cu —0
bond is strong, with a characteristic frequency of approxi-
mately 600 K. Model calculations indicate that crc„o is
sensitive to breathing-mode contributions, and we con-
clude that any electron-phonon coupling is not extreme
and does not vary with doping.

Weber's calculations of electron-phonon coupling,
based on the band-structure results of Mattheiss, show
that the dominant electron-phonon interaction involves

modes shifts to much lower frequencies. The values of o
for Cu —0 and Cu —Cu pairs obtained in the softened case
are indicated by the dashed lines in Fig. 5. While there is
little change for Cu —Cu, the increase in the temperature
dependence for Cu —0 is quite large and should be easily
detectable if present.

Although we conclude that extreme softening of the
breathing mode does not occur, we cannot rule out a small
but finite amount of electron-phonon coupling. Good
agreement with the data can be obtained by adjusting
kc„o and kc„c„for a given value of kb, as long as kb, is
not too small; decreasing kb, (increasing softening) re-
quires that kc„o increase and kc„p„decrease. Howev-
er, if kc„o and kg„c„are fixed, softening becomes
detectable in op„o when the breathing-mode frequency
is reduced by ——, . The important point is, making the
reasonable assumption that the actual kc„o does not
vary, that there is no dramatic change in electron-phonon
coupling with doping.

breathing-mode displacements of in-plane 0 atoms about
the Cu. Furthermore, the electron-phonon coupling, and
concommitant breathing-mode softening, is calculated to
increase rapidly as x decreases, with the lattice becoming
unstable to a breathing-mode Peierls distortion for
x(0.1, Our results clearly contradict this prediction.
That a model for La2 —„Sr Cu04 —y based on band-
structure calculations which rely on the local density ap-
proximation does not agree with experiment comes as no
surprise, as we have previously shown ' from x-ray-
absorption near-edge measurements that the band-
structure results do not give an accurate description of the
electronic structure.

It should be noted that Fu and Freeman have per-
formed a frozen-phonon calculation for the breathing-
mode and find both a large electron-phonon coupling and
a high phonon frequency, cob, = 110 meV (1250 K) for
x=0. Such a frequency is certainly much larger than any
found in our experiment or in the neutron study of Renker
et al. However, the calculations do indicate that for
small x and small displacements the potential well is high-
ly anharmonic, and perhaps some of the discrepancy with
Weber's study involves the interpretation of the potential.
Regardless of that, an anharmonic potential well should
result in a strong temperature dependence of the phonon
frequencies, which is not observed.

We conclude that the breathing-mode electron-phonon
coupling is not strong enough to explain the high-
temperature superconductivity in La2 „Sr„Cu04—y.
While a diA'erent phonon mode could possibly be impor-
tant, an unanticipated way of coupling to the electrons
would have to be found. Is it possible to reconcile this re-
sult with the observation of an isotope effect in the x=0.15
compound? In the usual interpretation of the isotope
eff'ect, it is assumed that purely electronic interactions
are repulsive and the attractive interaction is due solely to
phonon exchange. Alternatively, Emery has pointed out
that if attractive interactions are due predominantly to
electron-electron eff'ects, with phonons making only a
minor contribution, a significant isotope effect is still pos-
sible and even likely. The surprise in this case is that no
isotope eff'ect is observed in the 90-K superconductors.
Certainly with the large Cu —0 relative motion ()0.05
4, due largely to the small oxygen mass) one would ex-
pect phonons to have some eAect on the electron pairing;
however, we believe it is likely that an explanation of
high-T, superconductivity will require a nonphonon mech-
anism.
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