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We assert that the one-site Cu(l)-O(4) model, suggested in the Comment by Thomsen and Car-
dona [Phys. Rev. 8 47, 12320 (1993)] is inconsistent with polarized x-ray-absorption fine-structure
and diffraction results. We also show that the two-site Cu(1)-O(4) distribution is not inconsistent
with optical measurements, although a rigid double-well modeling of this distribution is [Phys. Rev.
Lett. 68, 3236 (1992)].

The two-site Cu(1)-O(4) distribution derived from x-
ray-absorption fine-structure (XAFS) studies, i 4 and la-
beled the "double well, " is a subtle efFect, and poten-
tially of great importance in cuprate superconductors. It
was missed in early structural studies (XAFS and diffrac-
tion) and remains susceptible to misinterpretation, as ev-
idenced by the Comment of Thomsen and Cardona. s

First, it is essential to clearly distinguish three issues:
(1) Interpretation of XAFS data in terms of a two-site
Cu(l)-O(4) distribution, (2) a local model for the two-
site distribution, and (3) consequences of (1) and (2) for
the Cu02 planes including possible implications for su-
perconductivity. Reference 1 is devoted to establishing
point (1). Concerning point (2), Ref. 6 is our best at-
tempt to date to describe the two-site distribution in
terms of a local dynamical-polarizability model —a mi-
croscopic description of polaron tunneling due to lattice-
charge transfer coupling. Reference 6 is explicitly refer-
enced in Ref. 1. As we point out in Ref. 6 and earlier
references, ~ it is essential to correlate structural and
optical observations —here we agree with Thomsen and
Cardona. s However, our model points out that is not pos-
sible to predict IR and Raman mode implications on the
basis of a rigid double-well potential. This is the major
misinterpretation introduced in the Comment by Thorn-
sen and Cardona (i.e. , the difference between the infer-
ence of a two-site Cu(l)-O(4) distribution from XAFS
and a specific rigid double-well local model for such dis-
tribution). As we discuss below, there is no contradiction
with optical measurements to our knowledge.

Concerning point (3), we have not claimed that any
implications for superconductivity are proved by our ob-
servations. It is natural to speculate on such implications.
Indeed, indications in this direction have existed for sev-
eral years. 7 However, additional experiments and the-
oretical calculations are required to determine whether
anomalies in the two-site distribution are driving forces
or merely spectators through superconductivity-elasticity
coupling. 2 These (and several other)s local structural

anomalies are at least as striking as any anomalies in
the magnetic behavior and must be as seriously investi-
gated. However, to date our only quantitative assertions
have concerned points (1) and (2) above. Returning now
to these points, we have the following observations:

(i) Besides our own work, Yacoby et al. s( & and
Stern et aL. ~ ~ also found a split axial oxygen position
in YBazCus07 using polarized XAFS [the use of unpo-
larized XAFS as in Ref. 10 does not allow us to draw
quantitative conclusions on the Cu-O(4) distribution ],
and Bianconi et aLii have concluded the existence of
a split axial oxygen position in Bi2Sr&CaCu&08. In
addition, pair distribution function analysis of neutron
scattering in T12Ba2CaCu208 also yielded a split ax-
ial oxygen position, with dyncmicalt Buctuations between
these positions, in agreement with our original tunnel-
ing interpretation. C-axis structural anomalies have also
been found by ion-channeling, Mossbauer, and neu-
tron inelastic scattering experiments.

(ii) The possibility of interpreting our XAFS data us-

ing a single axial position, as proposed in the Comment
by Thomsen and Cardona and Ref. 10 was extensively
discussed in our paper. Here, we only remark that this
possibility is inconsistent with the XAFS data of Refs. 6
and 9, and leads to changes in the average Cu(1)-O(4)
bond length, in the vicinity of T„ in contradiction with
difFraction measurements.

(iii) The statement that our XAFS analysis included
only a single Cu(1)-O(4) bond is incorrect. We explicitly
statedi 2 that both the Cu(l)-O(4), and Cu(2)-O(4) con-
tributions were included, and contributions from further
shells were shown to have very small efFect. This was
con6rmed by Yacoby et at. g~ ~ and Stern et al. & ~

(iv) The statement that the fluctuation region pro-
posed in our work is an order of magnitude smaller than
that inferred from c-parameter difFraction and expansi-
bility measurements ( 40 K) is also not correct. In Ref.
2, we stated that we could not determine the extension
of this fIuctuation region, since we did not have any mea-
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surements at intermediate temperatures between 10 and
83 K. Subsequent measurementss indicate that the Huc-
tuation region extends at least 20 K.

(v) We stated in Refs. 1 and 4 that a rigid double-well
modeling of the split axial oxygen position was a conve-
nient phenomenological description of the XAFS struc-
tural observations, but that one cannot draw any conclu-
sions regarding excited states not accessible at the tem-
peratures used in the experiment (in this case T & 105
K). In order to interpret the optical data we consid-
ered the microscopic model presented in Ref. 6 and men-
tioned Refs. 1 and 4. Here we summarize the main con-
clusions: (a) The IR mode develops a distinct two-site
behavior, while the Raman mode does not, consistent
with the XAFS observation of a symmetric radial dis-
tribution function (RDF); (b) the calculation of the IR
absorption shows that the tunneling frequency derived
from XAFS cannot be identified with the measured Ra-
man (505 cm i) or IR (585 cm ) modes. The argu-
ments in the Comment by Thomsen and Cardona on the
relative percentage changes of the IR and Raman fre-
quencies thus do not apply. We also emphasize that this
two-site distribution cannot be obtained within homo-
geneous local-density-approximation (LDA) calculations,
unless specific correlation eKects are included. 7

(vi) The IR spectrum in Fig. 1(a) shows the tunneling
atverylowfrequencies( 60cm ), amainpeakat 620
cm, and a smaller side peak at ~510 cm . Experi-
mental datais [Fig. 1(b)j indeed show a marked asymme-
try of the "585 cm " peak with a structure similar to
the calculation. Clearly, an experimental search for the
low-frequency tunneling mode and its correlation with
the 585 cm mode is desirable. The smaller side peak
in the calculation corresponds to a Raman-active excita-
tion, which arises from the breaking of the symmetry, as
stated in the Comment by Thomsen and Cardona. We
note, however, that in order to discard evidence of a sym-
metry breaking from experimental data, it is necessary
to quantify such an effect. As shown in Fig. 1 in this
case the experimental data are actually consistent with
the breaking of the selection rules within our model.

'(vii) Although the effect of the superconducting tran-
sition is not included in the model, by changing the
electron-phonon coupling (these are electronic degrees of
freedom within the cluster, and not those representing
holes in the plane) to reproduce the split separation de-
termined by XAFS we can estimate changes in the fre-
quencies observed in the IR spectrum The changes in
the tunneling frequency are 70—80%, consistent with
the XAFS estimates. However, the changes in the fun-
damental IR-active peak and its satellite are only 2—

5%; these changes are not inconsistent with the results
from optical spectroscopy.

(viii) We note that the temperature dependences of the
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FIG. l. (a) Calculated IR spectrum using the model of
Ref. 1 and (b) imaginary part of the conductivity obtained
from IR-absorption measurements (Fig. 4) in Ref. 18. Note
the asymmetry (or side lobe) of the "585 cm " mode.
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frequencies of all observed Raman- and IR-active peaks,
except the 585 cm mode, have been explained by the
authors of the Comment by Thomsen and Cardona by as-
suming a superconducting gap 2A ~ 400 cm i. Soft-
ening of the 585 cm mode was postulated as evidence
for the existence of a second gap around 500 —550
cm i (p. 273 of Ref. 22). So far no conclusive evidence
for a second gap at those high energies has appeared.
Our interpretation is that the diferent temperature de-
pendence of the Raman (505 cm i) and IR (585 cm i)
modes reBects the diferent nature of these modes. 6

In conclusion, we assert that the evidence for a two-
site Cu(l)-O(4) distribution in YBaqCus07 and other
cuprate superconductors is strong and growing. It is
indeed crucial that it be correlated with optical spec-
troscopy. Available optical data are not inconsistent with
a two-site distribution, originating in polaron tunneling,
but certainly more experiments are called for. Finally,
the consequences for coupling to electrons in the CuOg
planes are tantalizing, but we are not in a position to
draw conclusions on the basis of current XAFS data.
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