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Analysis of polarized copper K-edge extended x-ray-absorption fine-structure (EXAFS) measurements
on YBa,Cu;0, for temperatures 10= T, <105 K indicates that the axial oxygen moves in a double-
well potential which softens within a fluctuation region associated with the onset of superconductivity in
this material. This fluctuation follows from the coupling between the phonons derived from this
double-well potential and the superconducting order parameter. The advantages of EXAFS compared
to crystallographic measurements in discerning these aspects of the local structure are discussed. Metri-
cal parameters and the characteristics of the potential are determined by curve fits of the EXAFS. This
method is based on the calculation of radial distribution functions from selected model potentials, the
forms of which are determined along with the absorber-scatterer distance, scatterer type, and number,
by optimization of fits of the experimental data with the EXAFS calculated from these parameters. Un-
like perturbative treatments, this approach is ideally suited for highly anharmonic systems because the
putative potential can be a very close approximation to the real one and it also offers the advantage of

providing dynamical information not available through perturbative treatments.

I. INTRODUCTION

We have recently presented an analysis of polarized ex-
tended x-ray-absorption fine-structure (EXAFS) data on
oriented YBa,Cu;0, powders as a function of tempera-
ture which indicates that a lattice fluctuation accom-
panies the superconducting transition."”? This analysis
showed a split position for the axial oxygen atom [O(4)],
which we related to the motion of the O(4) atom in an
anharmonic double-parabolic-well potential. The ex-
istence of this split O(4) position has now been confirmed
by other groups.’ This double-well potential shows
softening in the vicinity of T..2 We have interpreted
these changes as a result of the coupling between anhar-
monic phonons, derived from this double-well potential,
and the superconducting order parameter. The coupling
between anharmonic phonons and electronic degrees of
freedom which are involved in the superconductivity
leads to predictions of the oxygen isotope effect very
different from those of harmonic theories, and in agree-
ment with recent experimental observations.*>

Additional evidence for the existence of O(4)-related
lattice instabilities in these materials has been given by
several experiments on YBa,Cu;O; and related com-
pounds.®"!® Infrared absorption measurements on
YBa,Cu;0,; have shown an anomalous frequency shift
and a decrease of 80% in the intensity of the 585-cm !
mode [which involves the Cu(1)-O(4) vibration] in the vi-
cinity of the superconducting transition.® Recent pho-
toinduced infrared absorption of local modes of insulat-
ing YBa,Cu;04 and Tl,Ba,Ca;_,Gd, Cu,0; (Ref. 7) sug-
gest a double-well potential structure, in agreement with
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the EXAFS results."> Cu-O(4) elastic anomalies across
T. have also been found in ErBa,Cu;O, by ion-
channeling experiments.?

Direct theoretical support for the existence of anhar-
monic potentials for the O(4) comes from the interpreta-
tion of infrared and Raman experiments® ' in terms of
charge-transfer models.!! If the electron-phonon cou-
pling is sufficiently large, the charge-transfer models lead
to double-well potentials.'>!3 Such potentials commonly
occur in ferroelectric materials that have a perovskite
structure analogous to that of YBa,Cu;0,.!*!* Several
other models also predict a double-well behavior for the
motion of the oxygen atoms in these materials.'® ™ 1°

Although such details of the structure of the axial-
oxygen site have not been reported by traditional crystal-
lographic measurements, recent pair-distribution func-
tion analysis of elastic- and inelastic-neutron-scattering
data have shown evidence for a split axial-oxygen posi-
tion both in Tl,Ba,CaCu,O4 and La, g;Bay ;sCuO,, sup-
porting our dynamical interpretation of this lattice fluc-
tuation.?’

EXAFS and other local probes such as vibrational
spectroscopy can be better than x-ray and neutron
diffraction for locating and characterizing small pertur-
bations in local structure, especially for low-Z atoms in
materials with complicated structures which are inap-
propriate for single-crystal neutron-diffraction studies.?!
An additional complication in the interpretation of both
diffraction and EXAFS results is the anharmonicity
which we have found to be associated with this site.

The effect of lattice vibrations on EXAFS, reflected in
the relative motion of atomic pairs, is usually taken into
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account by the use of a harmonic Debye-Waller factor.
However, such treatment is invalid when the atomic vi-
brations sample anharmonic contributions to the intera-
tomic potentials.?? For cases of weak to moderate anhar-
monicity, perturbative treatments in which the first few
cumulants to the Debye-Waller factors are retained are
applicable.”»?* However, for systems which exhibit
strong anharmonicity (whenever ko~ 1, where k is the
photoelectron wave vector and o the second-order cumu-
lant of the Debye-Waller factor), the cumulant expansion
diverges, and it is necessary to consider the effect of
anharmonicity in a nonperturbative manner. Examples
of this behavior are materials near a structural phase
transition, e.g., systems near the melting point.>> The
effect of non-Gaussian radial distribution functions
(RDF’s) on EXAFS was first discussed by Eisenberger
and Brown?® and Crozier and Seary?® in the interpreta-
tion of the EXAFS of Zn near its melting point. Hayes
and Boyce?’ described a general approach in which the
RDF is parametrized in terms of variables which were al-
lowed to vary when fitting the calculated EXAFS to ex-
perimental data. In this approach the temperature does
not enter explicitly in the parameterization of the RDF
and, consequently, the effect of the temperature in the
atomic vibrations and static disorder cannot be separat-
ed. Atomic potentials in the classical limit were subse-
quently derived from these non-Gaussian RDF’s for su-
perionic conductors, illustrating the utility of EXAFS as
a probe of interatomic potentials.?8

We have generalized the derivation of the EXAFS
equation, considering a general pair potential describing
the relative pair motion, to the finite-temperature quan-
tum regime. This regime contains as limiting cases both
the zero-temperature limit and the classical regime. In
this approach we consider a RDF directly derived from a
model potential, which is parametrized in terms of vari-
ables determined from nonlinear least-squares fits be-
tween calculated EXAFS and experimental data. This
approach permits the treatment of highly anharmonic
motion that cannot be addressed using series expansions
of the Debye-Waller factor (cumulant expansions).>>2*
For cases in which the interatomic pair-potentials do not
depend on temperature, this method does not requires
fitting the RDF at each temperature of interest because,
when the potential is determined at a given temperature,
the temperature dependence of the RDF follows.”’
Moreover, in the general case (a quantum-mechanical
system at finite, nonzero temperature) no explicit analyti-
cal relation exists between the RDF and the potential. It
is consequently impossible to extract an interatomic po-
tential from determined RDF’s.

Because harmonic analysis of the contribution of the
axial oxygen to the Cu K-edge polarized EXAFS in
YBa,Cu;0, failed, we have applied this approach to the
determination of the structure of this site. An applica-
tion of this method for a system in the classical limit has
been discussed elsewhere.*

Here we present the detailed analysis of polarized Cu-
O(4) EXAFS contributions to the Cu K edge, using
RDF’s derived from different model potentials including
double-parabolic, and single- and double-well ¢* poten-
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tials. We also present the results of fits using a harmonic
Debye-Waller factor, indicating the deficiencies of the
harmonic treatment in fitting the experimental data. We
discuss the relation between the results obtained and oth-
er diffraction and EXAFS studies.

In Sec. II we introduce the general formalism used to
analyze EXAFS in anharmonic systems. In Sec. III we
discuss the reduction of the EXAFS data and the results
of fitting the EXAFS data using a double-parabolic-well
potential, a modified ¢* potential, and harmonic fits. In
Sec. IV we review results of other diffraction and EXAFS
studies of the axial oxygen in YBa,Cu;0, and discuss
their relation to the EXAFS results presented in this pa-
per. Finally, in Sec. V, we present a summary of results
and conclusions.

II. ANALYSIS OF EXAFS
USING INTERATOMIC POTENTIALS

To calculate the effect of anharmonicity of EXAFS, we
start with the standard K-edge single-scattering EXAFS
formula for polarized x rays incident on an oriented sam-
ple for the case of a static bond of length r.3! The struc-
ture of the results will have the same form for absorption
from an arbitrary edge in polarized or unpolarized mea-
surements.

exp[2ikr +iylk,r)]
kr?

x(k)=—(€1)*N Im |B(k,r) , (D

where € denotes the x-ray polarization vector, r is the
bond vector between absorbing and scattering atoms, and
N is the number of atoms located at a distance r from the
absorbing atom. Here k =1/2(E —E,) is the photoelec-
tron wave vector in atomic units (=e =m,=1, these
will be used throughout this paper unless otherwise not-
ed) referenced to the arbitrary energy reference, E,, e.g.,
the ionization threshold. (k,r) denotes the total phase
shift Y(k,r)=28,(k)+¢(k,r), with 8, denoting the / =1
central-atom partial-wave phase shift and ¢(k,r) the
backscattering phase. B (k,r) is an amplitude factor asso-
ciated with the backscattering process, which also takes
into account inelastic scattering suffered by the photo-
electron and the effect of the core-hole relaxation.*?

To account for the motion of the atomic pair of in-
terest we form a statistical average of y [cf. Eq. (1)],

(x)=Tr[px] . (2)

Here p denotes the density matrix associated with the
many-body Hamiltonian, H ({q;},{p;}), that involves the
coordinates, {g;}, and momenta, {p;}, of all the ions in
the system. We approximate this average assumi .g that
the motion of the pair of interest can be described by a
single-particle Hamiltonian, h=p?/2m +V(z), where
V(z) denotes an effective single-particle potential, p is the
relative momentum of the pair, z denotes the displace-
ment relative to the average pair distance R, i.e.,
r =R +2z, and we consider only motion along the bond
direction. X is taken to be an operator due to its depen-
dence on the parameter r. The statistical average can be
expressed in terms of a RDF, g(z),
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()= [dzg(2xtk,r(2)), 3)

where g(z) is given in terms of the single-particle wave
functions, {¥;(z)}, derived from the Hamiltonian h:

zilwi(Z)Pe e

Zie_BEi

Here, €; denotes the ith eigenvalue of the Hamiltonian, A,
and B=1/kyT, where ky is the Boltzmann constant and
T the temperature of the system. We determine the wave
functions {¥,(z)} by solving the Schrédinger equation us-
ing the reduced mass, m, for the atomic pair of interest,
and a model potential, ¥ (z), characterized in terms of pa-
rameters determined by fitting { ¥ ) to experiment.

Since the variation of the EXAFS phase 9(k,r) and
amplitude functions B (k,r) is small in the region of in-
terest of the ionic motion, we approximate Eq. (3) by

g(z) 4)

(x)=—(€%)*NIm |B (k,R)e V&R

2ikr
X fdz g(z) ek

(5)

r2

This allows us to use EXAFS amplitudes and phases de-
rived from reference systems.>*

Due to the reduction of the many-body problem, re-
quired to evaluate Eq. (2) to the single-particle average
defined by Eqgs. (3) and (4), the effective single-particle po-
tential, ¥ (z), may exhibit temperature dependence.? In
addition, in cases in which degrees of freedom other than
the ionic ones, e.g., electronic degrees of freedom, exhibit
significant changes in the temperature range of interest,
the effective single-particle potential obtained after in-
tegrating out these other degrees of freedom will exhibit
temperature dependence. This is the case in the analysis
of O4) in YBa,Cu;0; across the superconducting transi-
tion (see Sec. III). Since V(z) represents the effect of all
surrounding atoms in the relative motion of the pair, any
correlations between different pairs are neglected. In this
sense this treatment is analogous to the Einstein approxi-
mation commonly used in EXAFS analysis. Also, the
fact that we only consider effective pair potentials implies
that the properties derived from different pairs, even
when one atom is involved in both pairs, will be different
(see Sec. III).

Equations (4) and (5) represent the average of y for the
most general case of a quantum system at finite nonzero
temperature. In several applications, e.g., materials near
the melting point,’® however, all temperatures of interest
are far above the lowest-energy eigenvalues of & (T >>¢).
In this case a simpler classical treatment can be used,
where the RDF is given by

g@=e 0 [ | [azemov ] (©)

The RDF gives a complete description of the pair motion
and one can extract the temperature dependence of any
cumulant by calculating the moments of interest,
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(z")=fdzg(z)z" , N

allowing the testing of the convergence of cumulant ex-
pansions in situations of interest. In the harmonic case,
V(z)=mw3z?/2, the RDF has a Gaussian shape given by
—22/0%(T)
g(z)=—F——=, (8)

where the mean-square fluctuation of the bond length is
given by>*

oX(T)=coth

Bﬂ)o
2

/2m @y » 9)

which, in the classical limit (7 >>w,), reduces to
o T)=1/Bmw}.

Given the calculated {x), defined by Eqgs. (4) and (5)
[or in the classical regime, Eq. (6)], we perform a non-
linear least-squares fit between {y) and experimental
data in the k region of interest, using as parameters to be
determined R and the constants which define V(z), at a
fixed temperature. The number of atoms, N, is held fixed
at the crystallographically determined value. The
EXAFS amplitude function and phase functions are
determined using reference compounds (if a material with
a similar local structure is available), theoretical calcula-
tions, or (if the anharmonicity is negligible at low temper-
atures) the low-temperature data, and then held fixed as a
function of temperature. As shown by Eq. (4), in the gen-
eral case of a quantum system at finite, nonzero tempera-
ture there is no explicit relation between the RDF, g(z),
and the potential V' (z). Consequently, fits between exper-
iment and theory using the parameters that define g(z)
do not yield V' (z) and the dynamical information associ-
ated with this potential. We note, however, that the pa-
rametrization of g(z) provides a natural way to study
non-Gaussian static disorder, as commonly encountered
in materials that undergo rapid annealing. In this case,
one can still use Eq. (5), with g (z) characterized in terms
of parameters determined by fitting Eq. (5) to experimen-
tal data.

, The usable region of EXAFS data is typically k 22.5
A—l, since, at lower energies, the x-ray-absorption signal
is usually dominated by multiple scattering and transi-
tions to bound states, and chemical effects limit the
transferability of the EXAFS amplitude and phase func-
tions. Consequently, information about the large dis-
tance behavior of the RDF, |z| >0.4 A, is lost in the stan-
dard EXAFS analysis.?’” The method described above
provides a reconstruction of this large-distance behavior
of the RDF, using the available EXAFS data, data from
other experimental probes, i.e., coordination numbers de-
rived from crystallographic studies, and functional forms
for the potential suggested by other physical properties.
The application of this method is then limited by the
availability of this extra information, as fits in which the
coordination numbers are allowed to vary and the poten-
tial has a general form can lead to convergence to the ex-
perimental spectra but result in unphysical potentials.
However, we note that, given accurate information about
coordination numbers and reliable reference amplitudes,
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this method leads to a precise characterization of the po-
tential. As discussed in Sec. III, this method allowed us
to discriminate between different double-well potentials
for the motion of O(4) in YBa,Cu;0,, indicating that a
double-parabolic-well potential was more adequate than
the ¢* potential commonly encountered in ferroelec-
trics.!* It is also important to mention that this method
provides dynamical information about the motion of the
atoms contained in the eigenvalue spectrum of the pair
potential.

We finally note that the applicability of this method is
not restricted to systems of high anharmonicity, where
the cumulant expansion breaks down (ko ~1), and actu-
ally provides a way to test the validity of the cumulant
expansion in situations of moderate anharmonicity.

ITI. ANALYSIS AND INTERPRETATION
OF EXAFS RESULTS

Sample characteristics and data acquisition procedures
of these measurements have been previously discussed.!
Here we discuss the reproducibility and accuracy of the
data, uncertainties in the interpretation introduced by
“leaks” from higher shells in the Fourier-filter isolation
of the Cu-O(4) signal and misorientation of the sample,
and the results of the fits using different model potentials,
including harmonic fits to the data. The temperatures
covered in this analysis are T,,, =9, 10, 83, 86, 88, 95,
and 105 K, where T, is the measured temperature of
the cold finger and may be ~5 K lower than the temper-
ature of the sample. In YBa,Cu,0,,*° the CuO; chains
are composed of Cu(1) and O(1,4) where O(4 ) is the axial
oxygen with Cu(1)-O(4)~1.87 A and Cu(2)-0(4)~2.29
A. The joint contribution of the Cu(1)-O(4) and Cu(2)-
O(4) pairs lies in the region ~1<R~2 A, where two
peaks are discernible in the plot of the Fourier transform
(Fig. 1). After normalization and background subtrac-
tion of the absorption coefficient, u(E), the Fourier trans-
form was obtained by weighting the total EXAFS signal
with a factor k. Several fits to the background were
tried until the background residual in the Fourier trans-
form, i.e., the contribution for » <0.5 A was minimized.
The k -space range used in the Fourier transform was
1.74<k <14.94 A~ (m all Fourier transforms square
windows were used),® where the photoelectron momen-
tum, k, was defined with respect to E;=9000 eV (the
inflection point of the first feature in Cu-metal K edge be-
ing 8980.3 eV). The EXAFS signal from the Cu(1)-O(4)
and Cu(2)-O(4) pairs was obtained by Fourier filtering—
e.g., back transforming over the range in real space
~1.15r<2.0 A, using square windows in the process
(Fig. 1).

The 1solated EXAFS signal exhibits a ‘“beat” near
k=12 A" for temperatures outside a fluctuation region
(Fig. 2). This beaf indicates the presence of two waves
from shells at different distances. The rapid damping of
the Cu(2)-O(4) signal>*® implies that the origin of this
beat is not destructive interference of the Cu(1)-O(4) and
Cu(2)- ( ) signals. However, the presence of a beat at
k~3 A™! and the maximum in the amplitude at k ~7.5
A ! result from interference between the Cu(1)-O(4) and
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FIG. 1. Fourier-transform modulii of the EXAFS of oriented
YBa,Cu;0; €||c at (from top to bottom) 9, 10, 83, 86, 88, 95, and
105 K. The transform range is kK =1.74-14.94 A (square
windows were used). The contribution of the Cu-O(4) pairs is
observed at R =1.1-2.0 A. (Note the different structure of the
83- and 86-K spectra). The peak near R =3.1 A contains the
contributions of the Cu(2)-Y, [Cu(1)+Cu(2)]-Ba, and Cu(2)-
Cu(2) and the peak near 3.7 A contains the Cu(1)-Cu(2) signal.
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FIG. 2. Comparison of Fourier-filtered data from individual
runs on the same sample taken at different times. In all cases
the transform range is kK =1.74-14.94 A~ (square 0windows
were used), the backtransform range is R =1.1-2.0 A. (a) 10
K, (b) 86 K, (c) 105 K. Note that, although there are noticeable
difference in the amplitude, the phase difference over the whole
k range is very small.
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Cu(2)-O(4) signals, with these bond lengths differing by
AR ~0.42 A. This is shown in Fig. 3, where the indivi-
dual Cu(1)-O(4) and Cu(2)-O(4) obtained in the fits of Ref.
2, which use a double-parabolic-well potential, are plot-
ted, indicating that, for k >11 A~!, the Cu(2)-O4) con-
tributes to less than 10% to the total Cu-O(4) signal.
From these observations we conclude that the origin of
this beat is associated with rwo O(4) positions separated
by ~0.13 A.

The reproducibility and implied high level of accuracy
of this data over the entire k range is demonstrated by
the Fourier-filtered signal from individual runs taken at
the same temperature (Fig. 2). The level of reproducibili-
ty can also be inferred by the very small difference in the
resulting fitting parameters, between data at T, =9 and
10 K, as these two data sets were collected on different
beam lines under different operating conditions. (See
Tables I and I1.) In order to quantify the effect of noise
and other systematic errors in the data, we averaged all
the data with a beat present (data outside the fluctuation
region) and calculated the standard deviation of each in-
dividual set at each temperature. From this standard de-
viation the probability that the absence of a beat at tem-
peratures T, ... =83 and 86 K was due to noise was calcu-
lated to be less than 0.5%.

It is important to accurately characterize the orienta-
tion of the sample in order to ensure that the two ob-
served distances do not contain contributions from
Cu-equatorial-oxygen bonds. This was accomplished by
x-ray diffraction and pole-figure analysis. In Fig. 4 we
present a pole-figure scan of the (012) peak in the polar
direction resulting from averaging four different
azimuthal-angle scans. This figure shows that more than
96% of the particles in the sample are oriented with the ¢
axis within 5° of the z axis (assuming a Gaussian peak
shape, not including the instrumental linewidth of 3°).
Unlike normal diffraction patterns, the pole-figure scan
reflects the actual distribution of orientations about the ¢
axis.’’ This leads to an upper limit of equatorial oxygen
contributions in the EXAFS signal for €||c of less than
2%. The >909% polarization of the beam is then the lim-
iting factor on the Cu—equatorial-oxygen contributions,
which are thus <10%, are much smaller than the
~50%-50% ratio for the peak heights corresponding to
the two O(4) sites obtained from fits to the data using a
double-parabolic-well potential (see below).?

We estimated contributions from the Cu(2)-Y,
[Cu(1)+ Cu(2)]-Ba, and Cu(2)-Cu(2) shells to the main fre-
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FIG. 3. EXAFS fits using the double-parabolic-well potential
V (z) defined in Eq. (10): solid line, total Cu(1)-O(4) + Cu(2)-O(4)
contribution; dotted line, Cu(1)-O(4) contribution; dashed line,
Cu(2)-O(4) contribution at (a) 10 K, (b) 86 K, and (c) 105 K.

quency range of the axial oxygen by performing a
multiple-shell fit using theoretical EXAFS phases and
amplitudes, and the Cu(1)-O(4)-Cu(2) single- and
multiple-scattering contribution were modeled using
empirical parameters derived from La,Cu0,*>* We
filtered these contributions using the same ranges used
for the isolation of the O(4) contribution. As seen in Fig.
5, the effect of these contributions is negligible in the beat
region.

In order to compare anharmonic fits obtained using a
double-parabolic-well potential®> with fits using other po-
tentials we show these double-parabola fits in Fig. 6, and
the RDF, g(z), and potential V(z) in Fig. 7. We note
that, although the RDF shows a double-peak structure,

TABLE I. Cu(1)-O(4) parameters resulting from the fit to €||c EXAFS data.

Toom R +z, R +z, a b, fiwor AE,
(K) (&) (A) (10° K/A%) (10° K/A”) (K) V)
9 1.821 1.954 1.92 1.98 151 6.5
10 1.820 1.955 1.85 1.85 153 6.5
83 1.821 1.941 1.64 1.54 205 4.6
86 1.823 1.945 1.51 1.51 274 4.6
88 1.820 1.955 1.85 1.95 157 6.5
95 1.821 1.955 1.91 1.98 137 6.7
105 1.821 1.954 1.89 1.89 155 6.5
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TABLE II. Cu(2)-O(4) parameters resulting from the fit to €||c EXAFS data.

J. MUSTRE de LEON et al.

T om R +2z, R +2z, a, b, AE,
(K) (A) (A) (10* K/A%) (10* K/A%) eV)
9 2.178 2313 3.45 3.25 6.5
10 2.179 2312 3.58 3.58 6.5
83 2.176 2.299 3.35 3.35 4.6
86 2.181 2.303 3.48 3.48 4.6
88 2.179 2313 435 3.75 6.5
95 2.183 2319 4.16 3.62 6.7
105 2.189 2.322 3.88 3.88 6.5

this is not the case for the Fourier transform of the data.
This is expected, since the structure of the peaks in the
Fourier transform contains broadening introduced by the
photoelectron backscattering amplitudes, many-body
effects, etc. A similar effect is expected in Fourier density
maps obtained from diffraction measurements, as those
peaks are broadened by the inherent width of scattering
factors (in x-ray diffraction), instrumental resolution, etc.
The form of the potential, ¥ (z), used in these fits is

Vi)=%(z—z,?, z<

2 %o

(10)
E(Z —22)2 , 2224,
where z, is determined by the continuity condition
V(zg )=V(zy ). We fit the EXAFS from this potentlal
as described in Sec. II, over the range k =3-14 AA1
the Fourier-filtered data. Fitting over a region 1 Al less
than the transform range at both ends avoids distortions
introduced by the filtering procedure at the edges of the
filtering region. The ten parameters determined by the fit
were E,, and the potential parameters a, b, R +z,,
R +z,, for each bond, i.e., Cu(1)—0O(4) and Cu(2)—O0(4)
(Tables I and II).? The temperature-independent EXAFS
amplitude, B(k,R), and phase, (k,R), functions were
obtained from the EXAFS of Cu—O bonds in the a-b
plane.! The number of O(4) atoms at a distance R from

intentisty (arb. units)

20 30 40 50 60 70
X (deg)

FIG. 4. Pole-figure curve for the (012) peak as a function of
the polar angle, trace resulting from averaging four different
azimuthal-angle scans, illustrating the degree of orientation of
the sample.

Cu(1) was fixed at two. Estimated errors in the resulting
parameters were obtained by averaging the values of
these parameters outside the fluctuation region
(T ,om =83 and 86 K), and calculating the standard devia-
tion from these average values.’

As pointed out in Ref. 2, the most important finding
from this fit is that the shape of the Cu-O(4) interatomic
potential is a double well with two nearly degenerate lev-
els, with €;-e<200 K, separated from higher levels by
~1500 K, and minima located ~0.13 A apart. The O(4)
motion thus requires a quantum-mechanical description,
since only these two vibrational levels are appreciably oc-
cupied at the temperatures of interest. The site separa-
tion decreases 0.02 A for temperatures inside a fluctua-
tion region T, =83—86 K. This change in the potential
results in an increase of the interwell tunneling frequency,
fiwor=Ae =g, —¢g,~80 K (Fig. 9). The rms fluctuation of
the bond length, o, the Debye-Waller factor in a harmon-
ic treatment, shows a corresponding decrease at
T,om =83 and 86 K [Fig. 10(a)]. Similar decreases in the
rms fluctuation from the equilibrium positions of the Cu

Cuy-O4 + Cuy-04

L]

[
T
1

ARV
Ba+Y
.2 —
3l 4
4 1 I 1 1 |
4 6 8 10 12 14 16

Kk (A1)

FIG. 5. Contributions from higher shells  to the EXAFS at 88
K, filtered over the range k =1.1-2. 0 A : (i) contributions
arising from the peak at R =3.1 A (Cu(2)-Y, [Cu(2+Cu(1)]-Ba,
Cu(2)-Cu(2)) calculated using theoretlcal phase and amplitude
functions (Refs. 31 and 32). (ii) Contributions from the peak at
R =3.7-A single- and multiple-scattering paths involving
Cu(1)-O(4)-Cu(2), calculated using amplitude and phase derived
from La,CuO,.
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and axial O atoms have been observed in ion-channeling
experiments on ErBa,Cu;0,.%

It is important to note that, as EXAFS measures the
average environment around an absorbing atom, the
double-well potential is thus a convenient description for
the average Cu(1)-O(4) motion. A more realistic model
involves a cluster formed by the Cu(1) and the two neigh-
boring O(4) atoms. Exact diagonalization of the model
electron-phonon Hamiltonian described in Ref. 9 (which
takes into account charge transfer) indicates that, for
large enough electron-phonon coupling, the asymmetric
vibration of the fwo O(4) atoms with respect to the Cu(1)
(infrared-active mode) develops two degenerate minima
leading to the observed RDF using EXAFS.!* The sym-
metric vibration (Raman-active mode) of the two O(4)
atoms with respect to the Cu(1) does not show a double-
well behavior even for strong electron-phonon coupling.
This behavior might explain the apparently contradictory
observations of the anomalous behavior described above
for the infrared-active 585-cm ™! mode,® and the sugges-
tion of harmonic behavior from Raman measurements of
the 505-cm ™! mode.*! It also explains the derivation of a
nearly symmetric RFD and associated double-well poten-
tial from EXAFS,? in spite of the asymmetric environ-
ment around the O(4) atom, i.e, short Cu(1)—O(4) bond
and long Cu(2)—O0(4) bond.

We also note that the tunnelling frequency w; was ob-
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tained assuming the effective mass of the pair to be given
by the reduced Cu(1)-O(4) mass,? if the effective mass of
the pair is bigger [for example, if the Ba atom is
“dragged” by the O(4)] the tunneling frequency will be
smaller. In this sense the obtained values represent an
upper limit for the tunneling frequency.

In order to check the sensitivity of the results to the ex-
act form of the potentials employed, an alternative poten-
tial used in the fits is a modified ¢* potential, commonly
used to describe transitions in ferroelectrics. This poten-
tial is defined as

e—d|z/2| ) (11)

Vo= |22+ 204 \/LEZS

2 4
This form of the potential can represent a single-well po-
tential (@ >0, b >0) or a double-well potential (a <0,
b >0). The parameter c is introduced to account for any
asymmetry in the potential. Finally the exponential term
is used to avoid the unphysical behavior ¥V (z)—z*, for
large |z|. A nonlinear least-squares fit in the region
k=4-14 A" ' was tried, using, as parameters to be deter-
mined, R, E, and the potential parameters q, b, c, d, for
both the Cu(1)-O(4) and Cu(2)-O(4) contributions. The
number of atoms NV at a distance R, and the phase func-
tion, ¥(k,R), obtained from the Cu-O contribution from
the E||ab-plane EXAFS data, were fixed as a function of
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temperature. It was not possible to fit the data using the
amplitude function B (k,R) derived from the Cu-O con-
tributions from the E||ab-plane EXAFS data, with at-
tempted fits leading to an amplitude that was ~50% too
small compared with experiment at high values of k.
However, allowing modification to B (k,R), it was possi-
ble to fit experimental data with an accuracy similar to
that obtained using the double parabolic potential [cf. Eq.
(10)]. Although the modification needed in the amplitude
function B (k,R) lay outside the range given by the exper-
imental uncertainty, indicating the inadequacy of the ¢*
potential in describing accurately the motion of the
Cu—O(4) bond, this allowed us to check that the con-
clusions reached in Ref. 2 were independent of the exact
form of the potential.

The optimized potential, determined from the non-
linear least-squares fit, leads again to two closely spaced
levels €,—¢,~200 K, with higher levels located ~ 1200
K above the first excited-state level €,. Thus, the motion
of the O(4) atom needs to be described quantum mechani-
cally. At all studied temperatures the fits converged to a
potential that exhibits a double-well structure [i.e., a <0
and b >0 in Eq. (11)] with a small asymmetry, the well
nearer to the Cu(1) site being deeper than the well located
farther form the Cu(l) site by about 2% [c <0 in Eq.
(11)]. As was the case for the double-parabolic-well po-
tential for T,,,, =83 and 86 K, the separation between
the two minima of the double well decreases by ~0.02 A
(Fig. 8). In this case, however, the system is not in a deep
double-well potential (¢~ potential barrier height) and
although the quantity £, —¢, shows a similar increase to
that obtained in the fits using the double-parabolic-well
potential (Fig. 9), it can no longer be interpreted as the
tunnelling frequency between the two well minima. In
fact, in the fluctuation region the RDF becomes single
peaked (Fig. 8).

A figure of merit used to decide the accuracy of these
fits was to compare the predicted Cu(1)-Cu(2) distance
with that obtained crystallographically. In these fits the
Cu(1)-Cu(2) distance, calculated using the average Cu(l)-
O@4) and Cu(2)-O4) distances [dcyi).cu2) =Dcuo@)
+dcuirow ), differs by ~0.06 A from the crystallo-
graphically determined values.’® For comparison, fits us-
ing the double-parabolic-well potential lead to an error in
the Cu(2)-Cu(1) distance of less than 0.015 A.>

The EXAFS were also fit assuming harmonic contribu-
tion from the Cu(1)—O(4) and Cu(2)—O(4) bonds. It was
not possible to achieve reasonable fits using as floating
parameters r, o, and E, for each shell and fixing the
coordination number N to the crystallographically deter-
mined values. Allowing the coordination number N of
each shell to vary led to fits comparable to those generat-
ed using anharmonic potentials. As illustrated by Fig.
10(a), the values of o for the Cu(1)-O(4) pair show un-
physical behavior in terms of random variations. Also.
the value of the energy reference shift, AE,, shows a ran-
dom trend and variations of the order of 8 eV that lie
outside physical expected ranges [Fig. 10(b)]. Finally, the
calculated Cu(2)-Cu(l) distance, adding the Cu(2)-O(4)
and Cu(1)-O(4) distances, is in error by more than 0.1 A
with respect to crystallographically determined values
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[Fig. 10(c)]. These results demonstrate the inadequacy of
the harmonic treatment of the Cu-O(4) contributions to
the EXAFS. In these harmonic fits the error bars in the
resulting parameters were estimated as in the case of the
double-parabolic-well fits.

From the three different fits described above, one can
conclude that the double-parabalic-well potential is the
one that leads to the most consistent results. These fits
also illustrate the sensitivity of EXAFS as a tool to deter-
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cited and ground states of the double-well potential for double-
parabolic-well potential [Eq. (10)], solid line; modified ¢* poten-
tial [Eq. (11)] dashed line.
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mine interatomic potentials: The double-parabolic-well
potential and the ¢* potential, although qualitatively
similar, lead to distinctly different EXAFS fits.

In the anharmonic fits in the quantum regime, the posi-
tion of the energy levels, £;, depends on the assumed
mass. In all cases we identified the mass with the reduced
Cu-O(4) pair mass. We note, however, that the reduction
of the many-body problem to single-particle average, de-
scribed in Sec. II, implies that the effective mass might be
different from the bare reduced mass of the pair, m,. In
order to test the sensitivity of our results to changes in
the mass, we used the mass m as an additional fitting pa-
rameter for the double-parabolic-well potential fits. We
found that the mass converged to values ~1.2m, result-
ing in changes in the tunneling frequency on the order of
~10 K, when all the other potential parameters are al-
lowed to vary as well. The changes are within the error
uncertainties in the values of w; obtained in fits where
m =m,> We note that these variations in w; are
different from the ones obtained for a fixed potential and
changing the value of the mass. In this case the expected
exponential isotope effect dependence of the tunneling
frequency is obtained as a function of mass.!'*
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We have interpreted the observed changes in the tun-
neling frequency as a result of the coupling between a
Hamiltonian describing a two-level system, with energy
levels €, and €,, and the superconducting degrees of free-
dom, described phenomenologically by a Ginzburg-
Landau free energy.? In order to explain these changes
we find it necessary to introduce a coupling of the elastic
degrees of freedom not only to the mean-field value of the
superconducting order parameter, but also to its fluctua-
tions. While in normal superconductors this fluctuation
region is very small, in the high-temperature materials it
extends several K around T,. We note that the ob-
served changes are not directly driven by temperature,
but rather are a result of the coupling of the electronic
degrees of freedom involved in the superconducting tran-
sition and the elastic degrees of freedom leading to the
potential describing the ionic motion.

IV. COMPARISON OF DEFRACTION
AND EXAFS RESULTS

In EXAFS, the complementary variable to r is the
change in momentum of the photoelectron after back-
scattering, 2k. This is the equivalent variable to the
momentum transfer, g, in diffraction experiments. Typi-
cal ranges of usable data in EXAFS are 2.5k <9-14

~!for light backscattering elements like oxygen, and up
to k=20 A"! for heavy elements such as barium. Con-
sequently, EXAFS provides details about the short-range
structure of the RDF that require the analysis of
diffraction peaks at high values of g ( > 25 A™Y). EXAFS
experiments in YBa,Cu;0; have analyzed the oxygen
contrlbutlon to Cu K -edge absorption in the range

-4<k<12.5-14 A™!, thus providing details of the ox-
ygen RDF on a scale of r~0.11 A>** To achieve a
similar resolution in discerning nuances in the RDF on
this scale using diffraction experlments would require the
analysis of data for ¢ ~25-28 A~!. Because of this in-
herently higher momentum-transfer upper limit, EXAFS
is advantageous in discerning fine details of the local
structure that diffraction methods include in the thermal
parameters.?’ It is therefore not surprising, especially in
this case (weak scatterer for x-ray diffraction and powder
samples for neutron diffraction), that EXAFS identifies
details in the local structure that have not been observed
using traditional crystallographic methods.’>** On the
other hand, many-body effects, chemical transferability,
and multiple scattering limit the range of photoelectron
momentum transfer in EXAFS to k 22-3 A~ . Because
it is precisely this low-k region (k —0) which is capable
of yielding definitively the coordination number N and
the average nearest-neighbor distance R, diffraction
methods determine the centroid positions of atoms and
coordination numbers with greater accuracy than
EXAFS.

In x-ray-diffraction experiments, the position of the
O(4) atom is the one determined with the greatest uncer-
tainty.>> This is due in part to the difficulty of accurately
resolving the position of a low-Z scattering atom embed-
ded in a matrix of heavy metal atoms, but might also
point out to anharmonic motion of this atom. Deter-
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minations of the Cu(1)-O(4) distance vary from 1.78 (Ref.
46) to 1.86 A in most recent measurements.” We note
that, although the individual Cu(1)-O(4) and Cu(2)-O(4)
distances determined from the EXAFS fits, using
double-parabolic-well potentials, in Sec. III differ by
~0.02-0.03 A from the crystallographic values, the
Cu(1)-Cu(2) distance determined from our EXAFS results
differs by less than 0.01 A from the reported crystallo-
graphic distances.’>*%4” Although no changes in the lo-
cal Cu-O(4) structure have been reported in x-ray-
diffraction studies, recent high-resolution x-ray-
diffraction studies in untwinned single crystals of
YBa,Cu;0- have found discontinuities in the c lattice pa-
rameter across the superconducting transition.*®

Neutron powder diffraction experiments, which tend to
be more sensitive to the position of oxygen atoms, mea-
sure a Cu(1)-O(4) distance similar to that obtained using
x-ray diffraction. However, the Rietveld technique is not
well suited to determining anisotropic thermal motion. 46
It is interesting to note that, in some refinements, a split
position of the O(4) was assumed, giving a somewhat
better agreement factor.* 4 Neutron-diffraction studies*
of the Cu-O(4) motion have reported no change in the
average Cu-O(4) distances across T, and no evidence in
the Fourier density plot for a split O(4) position on a
scale >0.35 A. The results present in Sec. III are con-
sistent with these findings, as we do not observe a change
of the average Cu—O(4) bond lengths, and the separation
of the two well sites is only 0.13 A.

It is important to note, however, that in recent pair-
distribution function analysis of elastic- and inelastic-
neutron-scattering data, a split axial-oxygen position has
been reported in T1,Ba,CaCu,Oz and La,CuO,.*° These
studies indicate that the nature of this distortion is dy-
namic (as assumed in our EXAFS analysis) and, conse-
quently, might not be detectable by elastic-neutron-
diffraction studies, even by increasing their sensitivity.

In EXAFS, each near-neighbor atom gives a unique
signal that can be separated from contributions of the
other atoms to the spectrum when their positions differ
by more than AR >1/k_,,, where k., is the maximum
value of k available in the data. This feature is enhanced
by the polarized XAS measurements on the oriented
YBa,Cu;0; samples.” 3% In EXAFS experiments carried
out in polycrystalline unoriented samples,***° it is not
possible to directly resolve by Fourier filtering of the data
the O(4) signal from that originating from other oxygen
atoms, since their separations are within a range ~0.1 A.
However, the Cu(1)-O(4) distance has been determined
using curve fits to the experimental EXAFS signal assum-
ing different shells of oxygen atoms. It must be noted,
however, that, in the case of unpolarized EXAFS in an
unoriented sample, the Cu(1)-O(4) signal corresponds to +
the total Cu-O EXAFS signal in the range 1.85=<r=1. 95
A. Consequently, the accuracy in the determination of
parameters is reduced from that obtained in polarized
EXAFS experiments. The determined values for the
Cu(1)-O(4) distance, assuming harmonic motion for the
pair, vary from 1.845 (Ref. 49) to 1.88 A% consistent
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with the Cu(1)-O(4) distance 1.88 A derive from the
weighted average of the Cu(1)-O(4) positions found in
Sec. III. Yang et al.’® have performed polarized EXAFS
experiments in YBa,Cu;0,. They analyzed the depen-
dence of the Cu(1)-O(4) EXAFS contribution as a func-
tion of temperature (10=7 =300 K) in the region of
photoelectron momentum 4 <k <10 AL, finding no
significant changes in the average Cu-O(4) distance and
Debye-Waller factors. We note, that, in our measure-
ments, the occurrence of two Cu(1)-O(4) posmons in sig-
naled by the beat in the EXAFS at k ~ 12 A

V. SUMMARY AND CONCLUSIONS

In summary, we have developed a method to interpret
EXAFS data of anharmonic systems. This method is val-
id both in quantum and classical regimes and leads to
precise determination of interatomic potentials, yielding
dynamical information associated with these potentials.
Using this method we have obtained the temperature be-
havior of the copper—axial-oxygen radial distribution
function from polarized EXAFS measurements. These
results illustrate the sensitivity of the EXAFS technique
as a tool to determine interatomic potentials, and also
demonstrate the necessity of using an analysis that goes
beyond the harmonic approximation of the Debye-Waller
factor to interpret these data. The anharmonic analysis
indicates that the average O(4) motion can be described
by motion in a double-well potential, leading to the obser-
vation of a split position for the O(4) position. This
double-well potential naturally appears in the diagonali-
zation of electron-phonon models (that take into account
charge transfer and electron-phonon coupling) in O(4)-
Cu(1)-O(4) clusters. The results for average distances,
Debye-Waller factors, and nearest-neighbor coordination
numbers are in good agreement with other EXAFS and
diffraction results. The detection of a split position for
the O(4) ion can be understood as a result of the increased
sensitivity of this exoperlment that allows the use of high-
energy data k =10 A Within a fluctuation region near

T,, this separation decreases, leading to an increases tun-
neling between the two well sites. We note that similar
effects have been observed in thallium-based and doped
1:2:3 samples.’®>! 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 po-
tential, where coupling to the fluctuations of the order
parameter are included.
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