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with respect to an arbitrary energy origin Fo (=9000
eV). The error in the EXAFS phase for the beat was

obtained by averaging spectra measured at temperatures
outside the fluctuation region around T, and calculating
the standard deviation between this average and the indi-
vidual spectra. We find that the probability that the ab-
sence of the beat in the spectra at T„, =83 and 86 K re-
sults from noise and other types of errors in the data and
its reduction is less than 0.5%.

The effect of the RDs of the Cu-O(4) pairs on the
EXAFS signal was calculated by performing a statistical
average of the single-scattering EXAFS formula for po-
larized x rays incident on an oriented sample for a static
bond. ' ' The usual EXAFS analysis of the atomic
motion in terms of the harmonic approximation' or cu-
mulant expansions for the Debye-Wailer factor are
inadequate when the atomic RDs are highly anharmonic,
such as the double-well potential we consider. ' '
Therefore, this average was calculated using the density
matrix associated with a single-particle Hamiltonian
describing the O(4) motion. This average can be ex-
pressed in terms of an RDF, g(z);

(g) = dz g(z)g(k, r),
where g(k, r) denotes the single-scattering polarized EX-
AFS contribution arising from O(4) atoms located at a
distance r from a Cu absorbing atom, and z denotes the
O(4) displacement relative to the average Cu-O(4) dis-
tance R, i.e., r=R+kz, where we consider only motion
along the c axis. The RDF, g(z), is given in terms of
single-particle wave functions Ip, (z)I and single-particle
energy levels jE;j;

g, i y;(z) i'e
(2)

and the temperature of the system T is introduced
through p = I/ktt T The wave f. unctions [1tt; (z)l are
determined by solving the Schrodinger equation using
the reduced mass for an isolated Cu-O(4) pair, and the
model potential V(z);

—. a (z —z 1 ), z ( zp,
V(z) =

—. b(z —z2) ', z )zo,
(3)

where zo is determinecl by the continuity condition
V(zu+) =V(zu ). Harmonic and single- and double-
well-modified p potentials [V(z) =az +bz +cz ]
yielded significantly worst fits than those obtained using
Eq. (3). Since correlation between different O(4) atoms
is neglected, this treatment is analogous the Einstein ap-
proximation. ' '

A nonlinear-squares fit including both the Cu(1)-O(4)
and Cu(2)-O(4) contributions was performed over
k =3-14 A ' on Fourier-filtered data (filtered over the
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range k =2-15 A ' and backtransformed over the
range 1.0 (R ( 2.0 A) measured at T„, =10, 83, 86,
88, 95, and 105 K, using as parameters to be determined
R, Eo, and the potential parameters a, b, zi, z2, for each
bond. The temperature-independent EXAFS amplitude
and phase functions in g(k, r) were obtained from the
EXAFS of Cu-0 bonds in the a bplane, -and the num-
ber of O(4) atoms at a distance R from Cu(1) was fixed
at 2. The comparison between experiment and the
achieved fits is presented in Fig. 1, and Table I lists the
Cu(1)-O(4) parameters. The values of the Cu(1)-O(4)
parameters indicate that the motion of the O(4) atom
must be described quantum mechanically, since only the
ground and first excited states are appreciably occupied
even at T„, =105 K (Table I). The Cu(2)-O(4) pa-
rameters are a2 =358, 335, 348, 435, 416, and 388 (10
K)/A; b2 =358, 335, 348, 375, 362, and 388 (10
K)/A; short Cu(2)-O(4) distances of 2. 179, 2. 176,
2. 181, 2. 179, 2. 183, and 2. 189 A; long Cu(2)-O(4) dis-
tances of 2.312, 2.299, 2.303, 2.313, 2.319, and 2.322 A,
at T„, =10, 83, 86, 88, 95, and 105 K, respectively.
These values indicate a rapid damping of the Cu(2)-
O(4) EXAFS, such that its contribution is less than 10%
of the observed EXAFS amplitude at k —11 A '. ' We
note that, although residuals from other shells (estimat-
ed to be (10%) introduce uncertainties in the fitting
parameters, changes in the parameters do not depend on
these residuals and can be ascribed to fluctuations near
Tc ~

The beat disappears in a fluctuation region around T,
because the separation between the minima of the poten-
tial V(z) decreases by —0.02 A.. This small change in
distance is well within the sensitivity of these data be-
cause it moves the beat from k=12 A ' to beyond
k=14 A ', the structural change lowers the potential
barrier between the two wells (Fig. 2). As shown in Fig.
2, g(z) exhibits two maxima located 0. 13 A apart for
T„, —10 K and T„, ) 86 K. Within the fluctuation
region, T„, =83 and 86 K, the separation between max-
ima decreases by —0.02 A, leading to a decrease in the
root-mean-square deviations of the Cu(1)-O(4) bond
length, consistent with ion-channeling results. We do
not yet have data to establish the lower limit of the fluc-

TABLE l. Cu(1)-O(4) (short Rl, long Ri, ai, bi, cur) pa-
rameters resulting from the fit to EXAFS data; Cu(2)-O(4)
parameters are given in the text.
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perimental data in the fluctuation region. While in nor-

mal superconductors this fluctuation region is very small,
in the high-temperature materials it is expected to ex-
tend several K around T, . ' If the coupling between the

superconducting order parameter and the nonlinear pho-

nons is strong, it is insufficient to consider the eA'ect of
this coupling in the phonon system and one has to solve

self-consistently the two equations that result from the
minimization of the free energy F [cf. Eq. (4)].

In summary, we have obtained the temperature depen-
dence of the Cu-O(4) RDFs. Above or away from T„
we find two sites for the O(4) atom with a separation of
0.13 A. For temperatures near T, this separation de-

creases leading to an increased tunneling. We note that
similar effects have been observed in Tl-based and
-doped 1-2-3 samples. ' This lattice fluctuation should

also be reflected in changes in pressure dependence and

other thermodynamically related properties, including

the speed of sound, ultrasonic attenuation, and changes
in specific heat. Our results are consistent with a cou-

pling between a Ginzburg-Landau free energy and a
two-level system describing the O(4) RD in a double-

well potential. The microscopic connection between the
observed changes and superconductivity is deferred for
future study. However, we note that (i) changes in the
electronic properties of the Cu(2) planes are suggested

by fluctuations in the x-ray-absorption near-edge struc-
ture, ' which may support dynamic Jahn-Teller cou-

pling; and (ii) we may conclude O(4) coupling to the
gradient of the superconducting order parameter, which

could also affect flux pinning.
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