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We have performed fluorescence x-ray-absorption fine-structure~XAFS! measurements from 20–200 K on
a 5000-Åc-axis film of YBa2Cu3O72d ~YBCO! on MgO (Tc589 K! using photons polarized perpendicular
to the film. The quality of the data is high out to 16 Å21. The data from 3–15.5 Å21 were transformed into
r space and fit to a sum of theoretical standards out to 4.0 Å. These data are compared to YBCO data from a
single crystal and from a film on LaAlO3 with the sameTc . The main difference between the single crystal
and the film data is that while the single-crystal data are well described by a two-site axial oxygen@O~4!#
distribution, we see no evidence for such a distribution in either thin-film sample. We place an upper limit on
the size of the axial oxygen distribution splitting for the film on MgO atD r&0.09 Å. Therefore, the magnitude
of any possible splitting is not directly related toTc . Fits to the temperature-dependent data from the YBCO
film on MgO indicate that all bonds show a smooth change of their broadening factors, except the Cu-O~4!
bonds, which show an increase ins in the vicinity ofTc , followed by a decrease of the same magnitude. Such
a feature does not occur in diffraction measurements. Since XAFS measurements ofs include any correlation
between the atoms in a given bond, we conclude that the O~4! position becomes less correlated with the Cu
positions nearTc . Correlation measurements of these and several further near neighbors are also reported.
@S0163-1829~96!07437-1#

I. INTRODUCTION

Since the discovery of the high-Tc superconductors
1 there

have been several measurements of possible structural
changes near the superconducting transition. Some measure-
ments were far enough above the noise that the result was
immediately convincing to the scientific community, such as
the ion channeling measurements of Sharmaet al. of a sud-
den correlation of the alignment in theab plane of the Cu~1!
~‘‘chain copper’’!, O~4! ~‘‘axial oxygen’’!, and Cu~2!
~‘‘plane copper’’! atoms in ErBa2Cu3O7 ~Ref. 2! and in
YBa2Cu3O72d ~YBCO!.3 Some have relied on relatively
small changes in a relatively large signal, such as the diffrac-
tion measurement of Hornet al. of an anomaly in the ortho-
rhombicity @(b2a)/(b1a)# of YBCO,4 or the x-ray-
absorption fine-structure~XAFS! measurement of Mustre de
Leonet al.of a split O~4! position distribution (dr.0.13 Å!
in YBCO that decreases somewhat or disappears (dr&0.11
Å! near Tc .

5,6 Both of these measurements were initially
treated with a fair amount of skepticism, because obtaining a
reliable signal for measuring such small changes is difficult.
The result of Hornet al. has since been confirmed both by

diffraction7 and by capacitive dilatometry measurements8

and consequently must be considered real, although its rela-
tion to Tc is still unclear. On the other hand, the measure-
ment of Mustre de Leonet al. has only been partially con-
firmed by XAFS ~Ref. 9! ~see below!, and no other
experiment has been able to verify the result in YBCO.

The XAFS measurement of a split O~4! site distribution
has been taken as a possible explanation for anomalous fea-
tures in vibrational spectra involving the O~4!.10 This distri-
bution may also fit into current polaron models for electron-
phonon-coupling~for instance, see Refs. 11–14!. In spite of
these important implications, the possibly dynamic nature of
the O~4! distribution has never been verified. In fact, it has
been suggested that the split distribution is actually due to
ordered O~1! vacancies,15 as in the Ortho-II phase of
YBCO.16,17Part of the ambiguity in the interpretation lies in
the difficulty of the measurement itself. The most serious
problems with the XAFS measurements are pointed out by
Sternet al.9 In their attempt to confirm the measurements of
Mustre de Leonet al., they tried several samples with vari-
ous oxygen concentrations. The only sample that was clearly
consistent with a split distribution of the O~4! position had
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the lowestTc of the samples measured~89 K!. Fits to a split
distribution for the other samples were less convincing; both
the single-site fit and the split-site fit were unsatisfactory.
The sample with the highestTc ~92 K! did not show any
temperature dependence nearTc , at least as far as the fits
were concerned. Since the measurement relies on such a
small change in the overall signal and the results were se-
verely sample dependent, the authors concluded that an in-
dependent method is necessary to confirm the split-site char-
acter of the O~4! distribution. They also concluded that the
relation between the split distribution andTc must be weak
and unimportant to superconductivity since the highestTc
sample showed the least change with temperature. This con-
clusion is weak, however, because the fits to thisTc592 K
sample were of poor quality.

Unfortunately, no independent experiments have been
able to confirm the result in YBCO, although x-ray-
diffraction analysis has seen a much larger effect in single
crystals of YBa2Cu2.78O7,

18 pulsed neutron diffraction~us-
ing a pair-distribution function analysis19! has seen corre-
lated displacements of the Cu and axial oxygen in Tl-2212,
and XAFS has seen axial oxygen changes nearTc in
Tl-1234.20

As Sternet al. have pointed out, until an independent ex-
periment confirms or refutes the possibly split nature of the
O~4! position, the split nature of the O~4! site will be ques-
tionable. However, with different samples, analysis tech-
niques, etc., XAFS can still help clarify the issue. For in-
stance, well oriented samples are important for these XAFS
measurements because the polarization of the incoming syn-
chrotron light can be utilized to remove the contribution to
the XAFS of the in-plane oxygens. Magnetically oriented
powders were used in the studies of both Mustre de Leon
et al.and Sternet al.Each of these absorption measurements
were made in the transmission mode. In the study presented
here, we use a 5000-Å film on MgO, a 4000-Å film on
LaAlO3, and a 17-mm ~1.4% Ni substitutes for Cu! single
crystal of YBCO, all with aTc of 89 K. Each of these
samples is highly oriented with thec axis perpendicular to
the sample surface. All measurements were made in the fluo-
rescence mode. Our analysis focuses on the film on MgO and
uses the other two samples for comparison.

In contrast to the results of Sternet al. and Mustre de
Leon et al., the film data can be well described by a single,
harmonic O~4! distribution that shows only very subtle
changes nearTc . These data are very reproducible over a
wide range of temperatures, and thus provide a null result to
compare with any other results. On the other hand, the
single-crystal data show a split O~4! distribution belowTc
consistent with previous measurements on oriented powders.
By comparing a case where the splitting is not present and
one where it is, we show that previous XAFS measurements
of a split O~4! distribution are not relying on an unusually
small signal.

The measurements presented here also provide details of
the harmonic broadening of the pair distribution of the atom
pairs in the film on MgO. These measurements show inter-
esting temperature dependences which are interpreted as
changes in the correlations between the atomic positions in a
given atom pair. Fluctuations in the broadening parameters
of the Cu~2!-O~4! pair, and to a lesser degree in the Cu~1!-
O~4! pair in the vicinity ofTc are also reported.

We begin our report by describing the experimental de-
tails in Sec. II. The data analysis procedures are given in Sec.
III. The isolation of the O~4! contribution to the XAFS is
presented in Sec. IV. Results of detailed fits to the film data
are given in Sec. V. Consequences of observed features in
the data are discussed in Sec. VI and the conclusions of this
work are summarized in Sec. VII.

II. EXPERIMENTAL DETAILS

The thin-film samples of YBCO were deposited by off-
axis single magnetron sputtering onto a MgO and a
LaAlO3 substrate. The film on MgO is estimated to be
5000-Å thick, and the film on LaAlO3 is approximately
4000-Å thick. On cooldown, the films are brought into equi-
librium with oxygen at 700 Torr at 450 °C. This condition
fixes the chemical potential for oxygen. The maximumTc
occurs for the films when they are brought into equilibrium
at 450 °C, 200 Torr of oxygen. This maximum is about 90
K. Tc drops somewhat for more oxygen~it drops about 1 K
for annealing at 700 Torr! and for less oxygen. The maxi-
mum critical current at 4.2 K increases as the oxygen anneal
pressure increases. This increase in the critical current is con-
sistent with an increasing carrier density and a decreasing
correlation length. Therefore the films are ‘‘overdoped’’
somewhat relative to maximumTc .

21 The actual carrier con-
centration, and therefore the actual oxygen concentration, is
not known since doping mechanisms other than oxygen in-
corporation exist, such as antisite disorder and substitions on
the cation sites. The oxygen content is also affected by the
large strains and high density of twin boundaries found in
thin films.

X-ray-diffraction measurements indicate less than 1% im-
purity phases. The diffraction measurements also indicate
that the films are oriented with theirc axes perpendicular to
the plane of the film with less than 1%a- or b-axis impuri-
ties for the film on MgO, and,3% for the film on
LaAlO3. TEM pictures confirmed that films created in the
same way arec-axis oriented, with trace impurities and that
the crystals are twinned. The transition temperatures were
measured with the standard four-probe technique and found
to be 89 K. A more detailed description of the sample prepa-
ration can be found in Ref. 22.

For comparison, we use a fairly large single crystal of
YBCO which is nominally YBa2Cu2.958Ni 0.042O6.9560.005,
that is, about 1.4% Ni substitutes for Cu. Although the oxy-
gen content is well determined for this sample, the presence
of nickel will affect the overall hole concentration and the
local oxygen stoichiometry. Unlike other transition metals,
Ni substitutes ontoboth the Cu~1! and the Cu~2! sites, and
causes some distortions at least around the Cu~2! site.23 Ni
K-edge data from this sample are qualitatively consistent
with our previous work on powders, but we could not further
elucidate the nature of the distribution or the local distor-
tions. Therefore we cannot know the local oxygen concen-
tration around Cu sites and cannot say whether the local
oxygen vacancies around the Cu~1! are the same or different
than in YBa2Cu3O6.95. The sample is, however, a high
quality superconductor which isc-axis oriented with aTc5
89 K. Details of the sample preparation are described in
Refs. 24 and 25. The thickness is estimated to be; 17

54 9543COMPARISON OF LOCAL STRUCTURE MEASUREMENTS . . .



mm by looking at the CuK-edge step in the x-ray transmis-
sion spectrum.

X-ray fluorescence measurements were made on beamline
7-3 at the Stanford Synchrotron Radiation Laboratory. The
samples were placed in an Oxford helium cryostat and ori-
ented such that the incident x-ray beam was striking the sur-
face of the samples between 10–12°. The x-ray-absorption

cross section is proportional tôeW• r̂ &2, whereeW is the polar-
ization vector of the incoming light, andr̂ is the unit vector
pointing along the direction of the ejected electron. The
amount of signal from atoms in theab plane, such as the
O~1! or O~2! oxygens, is small, since this plane is nearly

perpendicular to eW ; in this case, such a signal is

;cos2(79°)>4% of the signal from atoms alongeW . Such a
small signal cannot explain any of the effects we report in
this paper.

Temperature was regulated via two sensors, one in the
helium chamber and one about two inches above the sample.
Because of the geometry and later calibration measurements,
we estimate that the absolute temperature of the sample is
probably 1–3 K higher than the sample sensor was indicating
~the ‘‘nominal’’ temperature!. Relative changes in the tem-
perature of these data should be much better and is probably
around 0.5 K. All reported temperature measurements of the
XAFS data are the nominal temperature.

The fluorescence x rays from the film sample on MgO and
the single crystal were detected using a 13-element Ge de-
tector. This detector allows for energy resolution that isolates
the CuKa peak and eliminates any need for background
fluorescences to be removed from these data. Count rates in
each channel were kept well below saturation levels
(,20% of saturation!, but were in any case corrected for the
dead-time-constant (;5–10ms! introduced by the energy-
resolving peak-shaping filters. Besides the ability to resolve
the CuKa fluorescence, the main utility in using the Ge
detector is to aid in the removal of Bragg peaks in the ab-
sorption spectrum. Because the Bragg spikes occur at the
incident beam energy, the energy resolving power of the Ge
detectors can partially discriminate against them. However, a
large change in the fluorescence flux can bring the detectors
much closer to saturation, and thus the dead-time correction
becomes more important. If a Bragg spike is particularly
strong, the dead-time correction cannot account for the addi-
tional flux accurately enough, and the affected data must be
removed. Such removal is accomplished by replacing the
affected data by the normalized mean of the other channels.
In this way we can usually generate a full absorption spec-
trum over the energies of interest with almost no experimen-
tally induced spikes or dips. This method provides a signifi-
cant advantage over more traditional single channel
ionization counters when one realizes that for thin films on
well-oriented substrates, or for single crystals, Bragg spikes
can affect data over tens of eV.

Unfortunately, features which we call ‘‘glitches’’ can still
arise from nonuniformities in the sample coupling to nonuni-
formities in the incident beam.26,27 Since these occur in all
the channels of the Ge detector, we must remove such fea-
tures by fitting a low~second or third! order polynomial
through neighboring~unaffected! data points and replacing
these data with the fit. Fortunately, glitches often only affect

between one and four successive data points, and so this
procedure does not significantly alter the XAFS.

The fluorescence x rays from the YBCO film on LaAlO3
were collected using a gas-ionization detector with a Ni fil-
ter. This detector does not allow for easy energy discrimina-
tion, and consequently background fluorescence from atoms
other than the Cu atoms in our sample contribute;1/3 of the
total x rays. This system allows us to look at some features
of the XAFS spectrum from this sample, but does not allow
for detailed fits to be performed with any reliability since
amplitude information requires at least knowing the details
of the background fluorescences, if not removing them~as
with the Ge detector!.

III. DATA ANALYSIS

Our data analysis procedures have been detailed else-
where for standard transmission experiments. In this work,
we will describe briefly the general procedure and only give
details where significant differences in the procedure arise
over Refs. 28–30.

A. Basic XAFS

The main features in an x-ray-absorption spectrum are
due to single-electron excitations, namely, the photoelectric
effect. These excitations appear as sudden jumps in the ab-
sorption coefficientm(E). In a solid, the data just above
these jumps exhibit oscillatory structure which has been
named the x-ray absorption fine structure~XAFS!. The
XAFS are isolated by defining a function

x~E![
m~E!2m0~E!

m0~E!
~1!

which is used just beyond the edge, normally.25 eV.
m0(E) is a normalization function which is the absorption
due to all processes that do not include the photoelectron
backscattering effect described presently.

The oscillations inm(E) are primarily due to an interfer-
ence effect between the outgoing photoelectron’s wave func-
tion and the part of the photoelectron’s wave function which
has scattered off nearby neighbors and returned to the ab-
sorbing atom. As the photoelectron’s wave vector is in-
creased, the interference is modulated with a frequency given
by twice the distance to the backscattering atom. There are
several other factors which must be taken into account. The
version of the ‘‘XAFS equation’’ that we use in our data
analysis is

x~k!5Im(
i
AiE

0

`gi~r !ei @2r12dc~k!1d i ~k!#

r 2
dr, ~2!

where the amplitude factorAi is given by

Ai5NiS0
2Fi~k!, ~3!

Ni is the number of equivalent atoms in shelli , S0
2 is the

‘‘amplitude reduction factor’’ that accounts primarily for
many-body effects that reduce the XAFS oscillation ampli-
tude such as shakeup or shakeoff,Fi(k) is the backscattering
amplitude of the photoelectron off neighborsi including a
reduction due to the mean-free path of the photoelectron,
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gi(r ) is the pair-distribution function for the absorbing and
backscattering atoms, and the phase shifts of the photoelec-
tron from the central and the backscattering atom are given
by dc(k) and d i(k), respectively. The distribution function
gi(r ) is usually taken to be harmonic:

gi~r !5
1

A2ps i

e2~r2Ri !
2/2s i

2
, ~4!

whereRi is the average distance between the central and the
backscattering atomsi , and the broadening factors i ~other-
wise known as the Debye-Waller factor! combines the ef-
fects of thermal and static disorder. If a shelli contains at-
oms that are inequivalent, thens i may also be used as a
measure of any distortion in the shell, even though such dis-
tortions are rarely harmonic.

In studies of well-ordered materials~such as YBCO! we
expect there to be very little difference in the bond lengths
measured by XAFS compared to diffraction. In fact, with the
exception of the O~4! site, there are many XAFS studies
which demonstrate the strong agreement between local struc-
ture in YBCO ~and most of its relatives! and the average
structure.31–33On the other hand, comparative measurements
of the correlated Debye-Waller factors given by XAFS and
the uncorrelated ones given by diffraction have been virtu-
ally ignored by most experimenters.

Part of the reason for not making direct comparisons be-
tween XAFS and diffraction broadening factors is that get-
ting the absolute broadening factor is not always possible.
Experimental measurements of amplitude functions have
their own ~usually unknown! broadening, and until recently,
theoretical calculations were not of high enough quality to
give reliable results.FEFF6,34,35 written by Rehr and co-
workers, has been shown to calculate accurate backscattering
amplitudes and phase shifts, and even gives reasonable val-
ues for Debye-Waller parameters for simple materials with
known Debye temperatures.29,36 Such calculations provide a
backscattering amplitude function with a known~zero! width
for absolute comparison to real atom pairs. Although only
experience will allow us to determine how accurate absolute
measurements of correlated broadening factors really are, our
limited experience indicates that they are probably within
10% in most cases.

Another reason direct comparisons are rarely made is sim-
ply that diffraction and XAFS width parameters measure dif-
ferent quantities.~A useful text describing more details be-
yond the following discussion is Ref. 37.! Diffraction relies
on coherent diffracting of x-rays off many crystal lattice
planes to generate a diffraction spot, and therefore its mea-
surements of atom positions and broadening factors gives an
average over many unit cells. XAFS depends only on the
instantaneous~within ;10215 s! position of neighboring at-
oms with respect to the central~absorbing! atom, and there-
fore the broadening factors are a measure of variations in an
atom-pair’s distance. For example, if two neighboring atoms
are vibrating with the same~spatial! amplitudeW but are
somehow rigidly connected, the bond length would never
change, and XAFS would measure a zero width. Diffraction
would measure broadening factors for the two atoms to be
W. Mathematically, ifdr X is the instantaneous deviation of

atomX’s position from its mean position, the average devia-
tion in the distance between atomsA andB is given by

sAB5A^~dr A2dr B!2&5A^dr A
2&1^dr B

2&22^dr Adr B&.
~5!

If we definesA5A^dr A
2& ~which equalsAU in conventional

diffraction notation!, then the last term can vary between
22sAsB and12sAsB , depending on the degree to which
the motions of the two atoms are correlated. One can define
a ‘‘correlation’’ parameterf from

sAB
2 5sA

21sB
222sAsBf. ~6!

SincesA
2 is given by diffraction experiments, we can provide

measurements of correlation factors.f will vary between
11 for atoms vibrating in phase with each other~like in an
acoustical phonon!, 0 for atom pairs that are separated by a
few unit cells at temperatures well above the Debye tempera-
ture, and21 for pairs that are moving out-of-phase with
each other~like in an optical phonon!. Of course since the
XAFS measurements give average atom-pair distances over
the crystal, static disorder can produce the same results.
These concepts assume Gaussian forms for the distribution
functions. If anharmonic distributions exist, the interpreta-
tion of measurements off will be more ambiguous.

B. Data reduction

An initial estimate ofx(k) is obtained by approximating
m0(E) in Eq. ~1! by a cubic spline thoughm(E), k by
A2m(E2E0)/\ andE0 by the energy at the half height of
the edge. The data are fit inr space as described in Ref. 28.
The fit is then subtracted from the data to obtain a residue
which can be utilized to make a better estimate form0(E), as
described in Ref. 30.

The data have been corrected for the additional ‘‘self-
absorption’’ of the fluorescing photon in the sample using a
treatment which goes slightly beyond the usual correction
~for instance, see Tro¨ger et al.38! by including the finite
thickness of the sample and the effect of the XAFS oscilla-
tions in the correction term. This amplitude correction for the
5000-Å film is small @;8% of x(k)#, but for the 17-mm
single crystal the correction is more significant@; 60% of
x(k)#.

An example ofk3x(k) for the film on MgO which has
been obtained using the above procedures is displayed in
Fig. 1. The Fourier transforms~FT! of k3x(k) for these data
as well as for one temperature of the single-crystal data are
shown in Fig. 2.

IV. ISOLATING THE XAFS SIGNAL DUE
TO THE O „4… CONTRIBUTION

Since the information above 2.5 Å is complicated, we had
to perform fits to the data to discern any information about
the Y, Ba, and Cu environment. These fits are described in
Sec. V. However, since the Cu~1!-O~4! and Cu~2!-O~4!
peaks are relatively well separated, we can isolate them and
back transform the data tok space. Mustre de Leonet al.
based their argument on the fact that the O~4! position was
split by observing anharmonic behavior in the Fourier-
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filtered k-space data in the form of a beat near 12 Å21. If a
two-site distribution exists, we expect the contributions of
the two atom pairs to be split into four distinct distances: two
corresponding to the mean Cu~1!-O~4! distance6 the split-
ting (RCu(1)2O(4)6D r /2) and two corresponding to the mean
Cu~2!-O~4! distance6 the splitting (RCu(2)2O(4)6D r /2).
Since the XAFS signal for each of these distances is oscilla-
tory, a small splitting will generate a beat in the XAFS signal
at ak vector given by 2kD r5p. In order to make our data
directly comparable to their’s, we have also isolated the O~4!
contribution in this way. First, the FT ofk3x(k) was ob-
tained as in Fig. 2. We chosek3 weighting for this transform
because the O~4! peak is much better resolved than in a
k-weighted transform. The Fourier transforms of the
k3x(k) data were then back transformed from 1.3 to 2.2 Å.
The O~4! contribution from this procedure is displayed for
the single crystal in Fig. 3 and for the film on MgO in Fig. 4.
The sinusoidal behavior in both these figures is the sum of
the Cu~1!-O~4! and the Cu~2!-O~4! components.

The O~4! contribution in the single crystal displayed in
Fig. 3 is in rough agreement with the original work of Mus-
tre de Leon;5 although the data in the 11–13 Å21 range
varies from temperature to temperature, theT583 and 86 K
data show clearly anharmonic behavior near 12 Å21, indi-
cating a splitting of aboutD r.0.13 Å. In fact, except for the

FIG. 1. k3x(k) vs k for a YBCO film on MgO atT520 K with
the x-ray polarization parallel to thec axis of the film. These data
have been dead-time corrected and had some minor glitches re-
moved, as described in the text. Data from the single crystal are of
comparable quality. Data from the film on LaAlO3 have similar
signal-to-noise, however, the energy range is shorter.

FIG. 2. The Fourier transform~FT! of k3x(k) @[x̃ 3(r )# vs r
for ~a! the same sample as in Fig. 1, and~b! the single crystal of
YBCO: Ni 1.4%. Data are transformed with a Gaussian window
between 3–15.5 Å21 and broadened by an additional 0.3 Å21. The
oscillating curve is the Re(x̃ 3), and the envelope of this curve is
the amplitude,@Im„x̃ 3(r )…21Re„x̃ 3(r )…2] 1/2. The peak at 1.55 Å
corresponds to the Cu~1!-O~4! atom pair, while the shoulder of this
peak at 2.0 Å corresponds to the Cu~2!-O~4! atom pair. The multi-
peak between 2.4 and 3.4 Å is a combination of the Cu~2!-Y,
Cu~2!-Cu~2!, Cu-Ba, and Cu~2!-O~2,3! atom pairs. Lastly, the peak
at 3.8 Å is the Cu~1!-O~4!-Cu~2! multiple-scattering peak. The peak
positions are shifted from the actual pair distances because of the
combined effect ofdc , d i andFi(k) in Eq. ~2!.

FIG. 3. O~4! contribution tok3x(k) vs k at several temperatures
for the single crystal of YBCO: Ni 1.4%. The solid lines are the
data and the dotted lines are the fits. Each fit assumes a split O~4!
site except theT5100 K fit. The O~4! contribution was obtained by
back transformingr -space data~Fig. 2! between 1.3–2.2 Å. Con-
tributions from higher shells@say, from the Cu~2!-Y peak# have
been shown to be negligible~Ref. 6!.
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T5100 K data, none of the single-crystal data can be fit with
a single, harmonic distribution for the O~4! site ~Sec. V B!.

The data from the film on MgO in Fig. 4, on the other
hand, displays harmonic behavior at all temperatures and
shows very little change from temperature to temperature.
This harmonic behavior persists out to 16 Å21. Since a beat
may still occur at higher wave vectors, these Fourier-filtered
k-space data set an immediate upper limit of 0.10 Å. The
character of the film data is distinctly different than the
single crystal data, showing little if any splitting. This result
also applies to the film on LaAlO3 ~Fig. 5! and therefore
may be a generic result of YBCO films. However, it should
be noted that this film was grown under similar conditions to
the film on MgO.

V. FITS

Although the raw data has provided much useful informa-
tion about the nature of the O~4! site distribution, we can still
learn more details both about the O~4! distribution and about
the further neighbors by performing fits of the spectra to the
sum of theoretical standards. Such fits provide more quanti-
tative details about the local environment around the copper
atoms and allow us to deconvolve the contributions of over-

lapping peaks due to the Cu~2!-Y, Cu~2!-Cu~2! ~between the
planes!, Cu~2!-Ba, Cu~1!-Ba and the Cu~1!-Cu~2! pairs. Fur-
thermore, by fitting the data to theoretical standards calcu-
lated byFEFF6we can obtain absolute estimates of the broad-
ening factorss and compare them to results from diffraction
studies, thus allowing for measurements of the correlation
parameterf @Eq. ~6!#. We only report fit results beyond the
near-neighbor Cu~1!-O~4! and the Cu~2!-O~4! atom pairs as a
function of temperature for the YBCO film on MgO data.

A. Fitting procedures

Although weighting the XAFSx(k) by a factor ofk3

enhances the highk data where the beat in the O~4! part of
the spectrum is likely to occur, we have found that fits to
data weighted by a single factor ofk give more reliable
results overall. In general, if we are not focusing on the O~4!
part of the spectrum, we fit our data to the FT ofkx(k).
Fitting to the FT reduces the effect of overlapping peaks.28

Since XAFS can be thought of as a sum of the contribution
to the absorption of the individual atom pairs, we calculate
F(k), l(k), dc(k), and d i(k) given an approximate atom
cluster for each scattering path usingFEFF6. This information
for each path is called a ‘‘standard.’’ The data are fit to a sum
of theoretically calculated standards which include all single-
scattering paths up to the Cu~1!-Cu~2!. The only multiple-
scattering paths that are included involve the Cu~1!-Cu~2!
path and the intermediate O~4!. The Cu~2!-planar oxygen
path across the planes~;3.65 Å! was too low in amplitude
to obtain reliable fit results, so its parameters were fixed.
Other multiple-scattering paths were found to be negligible,
or were dominanted by the single-scattering paths.

Several of the parameters were constrained in order to
decrease the number of fit parameters. The Cu~2!-Y and the
Cu~2!-Cu~2! distances were constrained such that the yttrium
rests in the center of the eight Cu~2! neighbors given the
diffraction measurements of thea andb lattice parameters of
typical samples. This constraint was necessary to fit the
Cu~2!-Cu~2! peak~3.38 Å!, which is small compared to the
nearby Cu~2!-Y ~3.21 Å!, Cu~2!-Ba ~3.37 Å!, and Cu~1!-Ba
peak~3.48 Å!. Also, if the Cu-Ba peaks were allowed to vary

FIG. 4. O~4! contribution tok3x(k) vs k at several temperatures
for the YBCO film on MgO. The O~4! contribution was obtained in
an identical fashion to the data in Fig. 3. Only half the data are
displayed for clarity; an additional scan was taken in between each
of the temperatures displayed here. The bottom two panels show fits
to the O~4! contribution tok3x(k) vs k for the YBCO film on MgO
at T520 and 88 K. Fits assume a single O~4! site.

FIG. 5. O~4! contribution tok3x(k) vs k for the YBCO film on
LaAlO3 at T570 K. Full spectrumk3x(k) data were transformed
between 3.5–13 Å21 ~Gaussian broadened by 0.3 Å21), and then
back transformed between 1.4–2.2 Å. The range of data does not
extend to as highk as the data in Figs. 3 and 4, however, there is no
beat feature in the 11–12 Å21 region in contrast to the data in Fig.
3.
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over a broad range, they would often fall into a false mini-
mum in the fitting parameter such that they were; 0.04 Å
too long. This behavior was noted by Sternet al.9 However,
we were able to determine by fits to CuI data~a Cu-I stan-
dard should be very similar to a Cu-Ba one! that this error
was due primarily to the overlap of several neighboring
peaks in YBCO, and not to unusual errors in theFEFF6-
generated backscattering amplitude. We therefore only al-
lowed the Cu-Ba peaks to vary over a narrow range
(60.02 Å from the diffraction result!. All width parameters
were allowed to vary freely, exceptsCu(2)2O(2,3) ~across the
planes!, which was held fixed.E0’s for like atoms were held
equal, but were allowed to vary between different types of
atoms to help correct for minor errors in theFEFF6 phase
calculations.

The aim of these fits is to identify parameters that change
with temperature. Since measurements ofS0

2 ands are cor-
related, we performed a fit where these parameters were al-
lowed to vary freely, and then calculated the average for
S0
2 for each peak. A similar correlation occurs between mea-
surements ofRi andE0, so averageE0’s for the individual
peaks were also determined. The values ofS0

2 andE0 were
then fixed for each path and the fits were performed again.
By holdingS0

2 andE0 fixed for all temperatures, we ascribe
all changes in the peaks’ amplitude and frequency with tem-
perature to changes ins i andR.

AlthoughS0
2 should be the same for all paths in principle,

we found that if a single value ofS0
2 was used high-quality

fits could not be obtained for the Cu~1!-Cu~2! peak @which
includes multiple scattering off the O~4! atom#. The fit was
improved by allowing this one peak to have anS0

250.75,
while all other peaks use anS0

250.90.
The maximum number of parameters given our fit range

using the method of Stern39 is 29. The total number of pa-
rameters in these fits was 17, well below the maximum.

Errors in the parameter measurements are difficult to es-
timate reliably in XAFS fits. We estimate the errors on all
the parameters from the covariance matrix generated by the
fit. The variance of the data used in the covariance matrix is
obtained by assuming that the residual difference between
the data and the fit is normally distributed. This procedure
only accounts for random errors and thus should describe
relative errors between data at nearby temperatures. System-
atic errors due to problems in theFEFF6 calculation, self-
absorption corrections, estimates ofm0, etc., will cause over-
all shifts in the best fit. Absolute errors on these
measurements are roughly&60.01 Å inR and&610% in
S0
2 ands for the near-neighbor oxygens,29 and&60.02 Å in
R and&615% in S0

2 ands for the overlapping neighbors
between 3 and 4.1 Å.

B. Fitting results

1. O(4)-site distribution in the single crystal

As suggested by the presence of the beats, a two O~4!-site
distribution was necessary to fit the single-crystal data in Fig.
3 for the four lowest temperatures. The fits shown in Fig. 3
all assume a two-site distribution for the O~4! except for the
T5100 K data. For theT5100 K data, a single site for the
O~4! produces a reasonable fit; the slight dip in the amplitude

at ; 11 Å21 can be modeled by an interference between a
single Cu~1!-O~4! path and a single Cu~2!-O~4! path. Note
that the data in this region are still visibly different from the
film data. The features in theT550, 78, 83, and 86 K data
between 10 and 13 Å21 are modeled by two Cu~1!-O~4!
paths and two Cu~2!-O~4! paths, with each path length split
by 0.1260.01 Å and 0.0660.06 Å, respectively. We did not
observe any obvious trend with temperature other than for
theT5100 K data.

The two-site fits to the single-crystal data may be decep-
tively good. In order to obtain these fits, unphysically small
(,0.01 Å! values for the broadening factors were needed. In
addition, the sum of the amplitudes for these peaks~which
should add up to the number of neighbors timesS0

2) is about
50% too high. These exceptionally narrow peaks indicate
that besides the split peak distribution, further anharmonicity
must exist. A common way to model anharmonicity in
XAFS data analysis is to expand Eq.~2! aboutRi for a given
atom pair in powers of̂r n&, otherwise known as a ‘‘cumu-
lant expansion’’ (̂r n& is thenth moment,M4 is the part of
the fourth moment that is different from a Gaussian, namely
M45^r 4&23s4).40 The second cumulant is the width in the
harmonic approximation, or the Debye-Waller factor. The
third cumulant affects the phase shift. The fourth cumulant
multiplies the overall amplitude by a factore(2/3)k

4M4. If the
exponent in this term is positive, itincreasesthe amplitude
of the XAFS at higher wave vectors, acting like an imaginary
Debye-Waller factor, or like a distribution with a cusp which
takes weight from the center of the distribution and puts it
into the wings.41 Excellent fits to the single-crystal data can
be obtained by allowing the four Cu-O~4! peaks to have
M4>2.731025 Å 4. These fits have much more reasonable
Debye-Waller factors (;0.04 Å! andS0

2 is no longer 50%
too large. With such a large value ofM4, the cumulant ex-
pansion is no longer accurate above ak of ;14 Å.

These fits serve to illustrate that we can model the O~4!
site distribution with reasonable values for the fit parameters,
but that the fits are not unique. BecauseS0

2, s, andM4 are so
correlated for these slightly separated Cu-O~4! peaks, a study
of the temperature dependence of any of these parameters
would produce questionable results. The only firm result is
that at least three, and possibly four, atom-pair distances are
necessary to describe the beat structure in thek-space trans-
forms for the single crystal. The actual O~4!-site distribution
g(r ) may be more complicated. Table I reports fit results to
the further neighbors for theT550 K sample.

2. Fits to the film on MgO

The Cu~1!-O~4! and Cu~2!-O~4! peaks are well fit by a
single O~4! site in the film data~Fig. 4!, as suggested in Sec.
IV. Allowing for a two-site distribution with aD r* 0.09 Å
did not produce reasonable fits. Fits to the film data of a
similar quality as to the single-crystal data are obtained with-
out assuming any anharmonic behavior in the atom-pair dis-
tances out to;4.1 Å. Figure 6 shows the fit to the film data
over this range both ink space and inr space, and Table I
reports the fit to all the parameters for both the single crystal
and the film on MgO atT550 K. No significant deviation
between the XAFS atom-pair distance measurements and
standard diffraction measurements were observed, except for
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the unusually short Cu~2!-O~4!, Cu~2!-Cu~2!, and Cu~1!-
Cu~2! pairs, which are about 0.02 Å shorter than in the
single-crystal diffraction measurements. Although the
c-axis lattice parameter was not measured from diffraction
experiments on these samples, samples made under similar
conditions havec-axis lattice parameters between 11.68 and
11.72 Å. Therefore, the short atom pairs measured by XAFS

indicate some systematic error, either in the model or in the
standards. In particular, these differences could be related to
systematic errors inFEFF6-generated standards that occur in
the wings of the backscattering amplitude inr space.29 Both
the Cu~2!-O~4! and the Cu~2!-Cu~2! signals are small com-
pared to the other peaks in the spectrum, and therefore are
more susceptable to the wings of the Cu~1!-O~4!, Cu-Ba, and
Cu-Y signals. The Cu~1!-Cu~2! peak has a large signal; how-
ever, the standard also involves the intervening O~4! atom, in
addition to having significant overlap of its backscattering
function with the Cu-Ba pairs.

Plots ofs vs T are shown in Fig. 7. All the atom pairs
show an increase ofs with temperature, except the Cu~1!-
O~4! and the Cu~2!-Cu~2! ~not shown! atom pairs. The mea-
surements ofsCu(2)2Cu(2) are fairly large (;0.11 Å! with
large estimated errors and are therefore unreliable. Only the
Cu~1!-O~4! and the Cu~2!-O~4! pairs show any anomalies in
s nearTc . s for both pairs increases slightly just above
Tc and then returns just belowTc . The jump is larger for the
Cu~2!-O~4! width (;0.008 Å! than for the Cu~1!-O~4! width
(; 0.004 Å!. This behavior was noted for the Cu~1!-O~4!
bond both by Sternet al.9 and Kimuraet al.,42 although the
Stern result assumed a split O~4! site. None of the previous
XAFS studies report a change in the Cu~2!-O~4! width. All
other atom-pair parameters show smooth behavior with tem-
perature and are of reasonable values.

C. Correlations of the further neighbors

We have analyzed the correlations between positions of
the Cu atoms and their near neighbors by calculatingf for
each atom pair. Diffraction measurements of broadening fac-
tors for each site are required, as indicated in Eq.~6!. We
have chosen temperature-dependent neutron-diffraction data
given by Sharmaet al.43 because they include a relatively
dense grid in temperature between data points (DT>10 K!,
measurements over a similar range of temperatures~10–300
K! to this study, anisotropic thermal factors for the O~4! site,
and a high sensitivity to the oxygen atoms. This diffraction
study saw no anomalous features with temperature in the
thermal factors for any lattice site and is consistent with a

TABLE I. Comparison between fit results to the single crystal of YBCO:Ni 1.4%~xtal! and the film of YBCO on MgO atT550 K. n.b.
stands for ‘‘number of bonds per unit cell.’’ Neutron-diffraction results of Sharmaet al. ~Ref. 43! are also given for comparison, and
measurements off are reported for the film data. Errors marked with an ‘‘3 ’’ are unreliable because the pair-distribution function deviates
significantly from a Gaussian. Imaginary Debye-Waller factors often accompany these distributions; such parameters cause the XAFS
oscillations toincreasewith k. Some parameters were held fixed or constrained in the fits. See Sec. V B for further discussion.

XAFS xtal XAFS film Neutron Diff.~Ref. 43! Film
Bond r ~Å! n.b. s ~Å! r ~Å! n.b. s ~Å! r ~Å! n.b. sA ~Å! sB ~Å! f

Cu~1!-O~4! 1.833~4! 1 i0.04(3) 1.861~2! 2 0.035~2! 1.8588~13! 2 0.047~16! 0.064~9! 0.85~5!

Cu~1!-O~4!b 1.941~4! 1 i0.01(3) 0 0
Cu~2!-O~4! 2.220~5! 1 0.04(3) 2.264~3! 2 0.059~2! 2.2684~15! 2 0.037~14! 0.064~9! 0.6~1!

Cu~2!-O~4!b 2.337~5! 1 i0.01(3) 0 0
Cu~2!-Y 3.182~7! 8 0.029~6! 3.191~8! 8 0.039~4! 3.2041~5! 8 0.037~14! 0.034~16! 0.44~10!
Cu~2!-Cu~2! 3.349~8! 8 0.10~2! 3.358~8! 8 0.19~6! 3.386~1! 8 0.037~14! 0.037~14! -3~2!

Cu~2!-Ba 3.382~15! 8 0.024~8! 3.38~1! 8 0.037~8! 3.367~1! 8 0.037~14! 0.046~16! 0.60~8!

Cu~1!-Ba 3.475~8! 8 0.027~9! 3.472~4! 8 0.037~8! 3.462~1! 8 0.047~16! 0.046~16! 0.55~11!
Cu~2!-O~2,3! 3.65~2! 2 0.12~1! 3.656~3! 2 0.12~4! 3.6583~5! 2 0.037~14! 0.056~17! -2~3!

Cu~1!-Cu~2! 4.102~5! 2 0.058~1! 4.106~4! 2 0.064~1! 4.1272~1! 2 0.047~16! 0.037~14! -0.03~10!

FIG. 6. Full fit to ~a! kx(k) vs k and ~b! FT of kx(k) vs r for
the YBCO film on MgO. Data in~a! are the back transform of the
data in~b! from 1.3–4.0 Å inr space. The FT range in~b! is the
same as in Fig. 2. Notice that the quality of the fit is very good at
low k and degraded somewhat at highk.
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similar study by Kweiet al.44 Since the measurements of
Sharmaet al. of the thermal factors were not always at the
same temperatures as the measurements in this report, we fit
each Debye-Waller factor from diffraction vs temperature
with a polynomial. The use of these thermal factors may
introduce systematic errors into our measurements off not
only because the samples are prepared with different meth-
ods in different laboratories, but also because the diffraction
results were obtained from a powder of YBCO and our data
is for a film. Unfortunately, we must tolerate such errors
because no comprehensive, temperature-dependent study of
a thin film of YBCO exists at this time. Such errors should
only contribute to an overall shift of thef parameter and
should not greatly affect the temperature dependence unless
major features in the~as yet, unmeasured! diffraction thermal
factors occur in measurements on films and not on single
crystals.

The correlation coefficients vs temperature for each atom
pair are displayed in Fig. 8. Errors are propagated from the
quoted errors in Ref. 43 and the errors in Fig. 7 and in no
way attempt to reflect any systematic errors introduced by
FEFF6, differences in the samples, etc. The correlations for
the Cu~2!-Cu~2! bond are not displayed because our mea-
surements ofsCu(2)2Cu(2) are unreliably large with large es-

timated errors. All the other atom pairs are resolved in the
fits well enough to give reasonable estimates off.

VI. DISCUSSION

A. Split O„4… site

The main result reported above is that while two O~4!
sites are necessary to describe the XAFS data for a single
crystal very well, a high-quality fit to XAFS data for the thin
film with a single O~4! site is also possible. Although this
result only puts an upper limit on the size of any site splitting
at &0.09 Å, the measurements of the Debye-Waller factors
are small enough to indicate that any possible splitting is
probably even smaller.~Any unresolved splitting should add
to the thermal Debye-Waller factors in quadrature.!

Even though the existence of the splitting in some
samples is now well established, the nature of the splitting is
still quite unclear. The main problem is that the split sites
could be due to motions of individual atoms between distinct
sites, or due to two separate harmonic potentials, displaced
from each other by, perhaps, a local distortion. One model15

for static splitting relies on oxygen vacancy ordering on the
O~1! site, which may shift the local position of the O~4!

FIG. 7. s vs temperature from the film of
YBCO on MgO for all single-scattering paths up
to 4.15 Å, except the Cu~2!-Cu~2! ~at ;3.38 Å!
and the Cu~2!-O~2,3! ~at ;3.66 Å! pairs. Errors
are estimated from the covariance matrix, and in
no way reflect any systematic errors, as discussed
in Sec. V A. These errors should thus be taken as
relative errors which indicate the reproducibility
of the data.
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atom. At least one configuration of oxygen vacancies can
produce a split O~4! position when half of the O~1! sites are
occupied: the Ortho-II phase of YBa2Cu3O6.5, which oc-
curs when every other Cu-O~1! chain is completely vacant of
oxygen. In this case, only half the O~4!’s have near O~1!
neighbors. This configuration splits the O~4! site into two
sites separated by60.05 Å from the stoichiometric@no O~1!
vacancies# site.16,17 Röhler15 considers a similar situation
when single O~1! vacancies cause shifts in the O~4! position
both along the same chain and along neighboring chains. In
this model a single O~1! vacancy affects 12 O~4! atoms. In
the case of YBCO withd56.95 ~as in our single crystal!,
this would mean 60% of the O~4! oxygens could be affected.
This model can also explain why the effect seems to be more
easily fit as a split O~4! distribution in lowerTc samples@i.e.,
more O~1! vacancies# as measured by Sternet al.9 Any
changes observed in the splitting nearTc would be consid-
ered a reordering of oxygen vacancies in this model. In order
to explain the thin-film results, one would have to consider
that the oxygen concentration is similar in the film and the
single crystal~Sec. II!. Instead, one might invoke the added
stress on the material introduced by the substrate. This stress
could perhaps be manifest as a freezing of the vacancies into
a random organization that suppresses the amount of split-

ting. This hypothesis is not likely, however, because oxygen
diffusion measurements are not drastically different in a film
compared to crystals.45,46Another possibility is that the films
are overdoped and hence there are very few O~1! vacancies.
Indeed, the films are overdoped with respect toTc , however
other factors may contribute to the actual number of oxygen
vacancies, such as defects. A direct test of this argument
would be to measure films that range from overdoped to very
underdoped@i.e., many O~1! vacancies#.

A dynamic model that would lead to either a broadening
or a split O~4! position is the hopping small-polaron model,
with the polaron hopping on and off the Cu-O~4! bonds as
discussed by Mustre de Leonet al.6 Ranninger13 has calcu-
lated the XAFS signatures for the presence of polarons and
shown that as the hopping speed decreases, the pair-
distribution function first broadens and then splits; less than a
factor of 2 in hopping speed is required to change from a
broadened peak to a split peak. This is expected from the
following simple argument. When the electron hops at a
much faster rate than the lightest optical phonons, the lattice
cannot respond, and there is little displacement of the indi-
vidual atoms. If the hopping is slower, the lattice has time to
respond, and the Cu and O~4! atoms move towards each
other or apart as the polaron hops on and off the ligand. If

FIG. 8. The correlation coefficientf vs tem-
perature from the film of YBCO on MgO for the
same atom pairs as in Fig. 7. Errors are propa-
gated through Eq. 6 using the errors for the dif-
fraction data reported in Ref. 43.
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the hopping rate falls below the optical frequency, a split
Cu-O~4! distribution emerges, corresponding to the absence
or presence of the polaron. This model can easily explain
both the single crystal and the thin-film results with a small
change in the polaron hopping rate. The fact that the Cu~2!-
O~4! peak is less ordered than the Cu~1!-O~4! peak and has a
correlation parameter;0.5 is consistent with such a model.

Although the oxygen vacancy argument has possible
merit, there is a body of literature that links dynamics of the
O~4! site to anomalies in vibrational spectroscopies both in
YBCO ~Refs. 10, 47, and 48! and other materials.10,47,49,50

Since XAFS is not sensitive to static verses dynamic changes
in atomic positions, there is little chance the XAFS technique
can resolve this issue. However, XAFS can determine
whether a pair-distribution function is harmonic or not. In
our fits to the split distribution in the single crystal, we had to
allow for a large fourth cumulant for both O~4! sites. This
term can either have the effect of flattening out or sharpening
the peak of an otherwise harmonic distribution, depending on
the sign. These data required a positive fourth cumulant, and
were thus sharper than a harmonic distribution. No third cu-
mulant was necessary to fit the data. The necessity of this
extra parameter indicates that the pair-distribution function is
not simply the sum of two harmonic distributions. The need
for this quartic term is consistent with Raman measurements
of the O~4! mode at 505 cm21 which also requires a signifi-
cant fourth-order term.10 This anharmonicity has been
speculated10 to be related to the anharmonic potential im-
plied by the split O~4!.6,51The anharmonicity in the O~4! 505
cm21 mode could now be directly linked to the split O~4!
distribution if accurate measurements of the Raman anhar-
monicity can be shown to be significantly different between
a film and a single crystal. This result would mean that the
anharmonicity~and any polaron formation related to this an-
harmonicity! is not required for high-Tc superconductivity.
On the other hand, if the anharmonicity in the 505 cm21

peak is unchanged between the film and the crystal, then the
split O~4! is not related to it. In this scenario, polaron forma-
tion may still exist and be important for high-Tc , but the
split O~4! would not be the structural manifestation of it.

When trying to explain why splitting of the O~4! site may
or may not be present, one should also consider theTc de-
pendence. Sternet al. reports that the changes in the splitting
near Tc are more pronounced for the lowerTc samples.
However, the two-site fits to the O~4! for the higherTc
samples in their work are not of the same high quality as for
the lowerTc samples. In other words, the pair-distribution
function for these samples appears to be more complicated
than a simple two-site distribution, so the Stern fits cannot
really rule out any significant temperature dependence. In
any case, for some samples, they report a constant splitting at
all temperatures. This result is in contrast to the work by
Mustre de Leonet al., where they report the splitting to be
constant at all temperatures, except nearTc where the split-
ting shrinks from 0.13 to,0.11 Å. The results of our work
on the single crystal also indicate that the temperature depen-
dence may not be consistent from sample to sample: all the
data atT,Tc cannot be fit satisfactorily with a single O~4!
site, yet theT5100 K data are well described with a single
O~4! site.

B. Changes in broadening parameters

In our measurements of the broadening parameters of the
film on MgO we observe some significant temperature de-
pendences. Almost all the measured bonds show the Debye-
Waller factor increasing with temperature, as one expects if
the Debye temperature is not too large~Fig. 7!. The excep-
tion is the Cu~1!-O~4! bond which maintains a broadening of
approximately 0.035–0.40 Å fromT520 to 200 K. The only
significant behavior occurring nearTc involves the O~4!
atom: both the Cu~1!-O~4! and the Cu~2!-O~4! pairs show an
increase in their broadening parameter, withsCu(1)2O(4)
jumping from 0.035 to 0.040 between 80 and 100 K and
back then to 0.035 Å, andsCu(2)2O(4) jumping from 0.060 to
0.068 Å between 80 and 96 K and back to 0.060 Å. In the
region betweenT580 and 100 K, bothsCu(1)2O(4) and
sCu(2)2O(4) varies from temperature to temperature more
than the estimated error. This fluctuation may be real or the
error estimates may be too small for some reason, perhaps
from inaccurate temperature measurements. However, the
Cu~2!-O~4! data vary more smoothly. Sternet al. also mea-
sured a fluctuation in the Cu~1!-O~4! broadening nearTc ,
however their measurement assumed a two-site distribution
that had collapsed to one site in the same temperature range
as the broadening fluctuation. Kimuraet al.42 measured a
fluctuation insCu(1)2O(4) in a similar temperature range us-
ing a single O~4! site fit, but reported no anomalies in
sCu(2)2O(4) nearTc . No proven explanation of the physics
behind these fluctuations exists, however, they can be inter-
preted in terms of changes in the correlation between the Cu
and O atomic positions~see next section!.

C. Correlations between atomic positions

Like the O~4!-site position, changes inf with tempera-
ture can be attributed to changes in the static disorder of the
individual sites, or to changes in the dynamics of the lattice
displacements. As the temperature of the sample is de-
creased, static disorder could manifest itself as an ordering of
oxygen vacancies, which would then generate a distinct set
of positions for a given atom. If the site is split into two or
three distinct positions, XAFS would measure an unusually
broad peak for that pair and thus look like the atom-pair
displacements are negatively correlated. It is therefore im-
portant to consider the absolute value of the broadening mea-
surements from XAFS as compared to diffraction to try to
help determine if the model used to fit the data is consistent,
i.e., single atomic sites broadened harmonically around some
average pair distance. Also, trends in the correlation with
temperature should give some insight into which correlations
within the unit cell are dependent on static or thermal disor-
der.

The most important result from the measurements off in
Fig. 8 is that, within the estimated errors, they are all in the
range from 0 to 1, indicating that the measurements ofS0

2,
the calculatedF(k) and the model used to fit the data are all
fairly accurate. More direct tests of the reliability of the ab-
solute measurements off are provided by the nearest and
the furthest bonds measured, that is, the Cu~1!-O~4! pairs and
the Cu~1!-Cu~2! multiple scattering pair. Since the Cu~1!-
O~4! pair is the nearest-neighbor pair in YBCO, we expect at
low temperatures thatf should be very near unity, and it is:

9552 54C. H. BOOTHet al.



fCu(1)2O(4) demonstrates weak temperature dependence with
a mean value of about 0.87, in approximate agreement with
correlation measurements of the Hg-O~2! pair in Hg-1201.50

The fluctuations nearTc are well within the increased errors
after propagating the diffraction errors intof.

The Cu~1!-Cu~2! atom pair is the furthest-neighbor fit and
includes multiple scattering off the intervening O~4! atom. It
is therefore a good test of theFEFFmultiple-scattering calcu-
lations forF(k),34 as well as the absolute reliability off.
We expect this pair to be the least correlated, and it is;
fCu(1)2Cu(2) shows no obvious change with temperature~al-
though both XAFS and diffraction broadening factors show a
significant temperature dependence! and is consistent with
fCu(1)2Cu(2)>0. The absolute accuracy of this pair is worse
than the other pairs measured because theFEFF calculation
includes multiple scattering off the O~4!. Consequently, this
measurement is consistent withfCu(1)2Cu(2)>60.2. The
Cu-Ba pairs show a strong temperature dependence inf, in
each case dropping from aboutf50.7 to 0.5 between 20 and
200 K. The Cu~2!-Y pair is partially correlated (; 0.456
0.1! and shows little temperature dependence between 20–
200 K. Perhaps surprisingly, the correlation coefficient for
the cold temperature Cu~2!-Y pair is lower than the Cu-Ba
pairs, even though the barium has the freedom to move along
thec axis towards the chains without seriously distorting any
bonds.

The most interesting correlation measurements are for the
Cu~2!-O~4! pair.fCu(2)2O(4) starts out very low (;0.4) but
starts toincreaseto a maximum of;0.6 just belowTc . In
the vicinity of Tc , f then drops to about 0.45 and then
increases again to its maximum value of 0.6. As the tempera-
ture is increased above 100 K,f decreases steadily from 0.6
to 0.4. This decrease inf ~and hence the increase ins men-
tioned in Sec. VI B! may be the result of a negatively corre-
lated mode being excited nearTc relative to the correlated
mode that is dominating away fromTc . Such a mode may be
consistent with a polaronic-hopping transport mode.50

VII. CONCLUSIONS

We have contrasted XAFS measurements on a thin film of
YBCO on MgO with measurements on a single crystal with
1.4% Ni. We have also compared the results with a film on
LaAlO3, which gives essentially the same results for the
O~4! distribution as the film on MgO, and with previous
measurements on oriented powders. The single-crystal data
exhibit an anharmonic site distribution for the O~4! atom
which can be described as a split position belowTc and a
single position aboveTc . ~The temperature range measured
for the single crystal is limited.! This result is consistent with
previous results on oriented powders.5,9

The main result of this paper is that the thin-film data

show very different behavior. The O~4! peak can be well
described by a single-site, harmonic distribution. This distri-
bution does not show any strongly anharmonic behavior with
temperature nearTc , or at any other temperature between
20–200 K.

These data refute the argument that the XAFS signal
showing the split O~4! site distribution is too small to be
measured reliably;9 however, highS/N is required. The
Fourier-filtered film data are very reproducible over the tem-
perature range measured, and since only subtle changes oc-
cur in the O~4! site distribution for the film nearTc , the
changes in the data with temperature are gradual and pre-
dominantly thermally driven. Because of this reproducibility,
the rapidly changing XAFS from the single crystal must be
taken as a legitimate signal, and not as noise.

Although we do not see any evidence of anharmonicity in
the O~4! site in the film, fits show that the broadening factor
for the Cu~2!-O~4! bond exhibits a local maximum above
Tc followed by a drop belowTc to essentially itsT520 K
value. The Cu~1!-O~4! pair demonstrates similar behavior,
but the effect is smaller and is not as systematic with tem-
perature. Since there is no such behavior in the published
diffraction literature43,44we have interpreted this as a change
in the degree of correlation between the Cu~2! and the O~4!
atoms, and possibly between the Cu~1! and the O~4! atoms.
This result is in contrast to measurements by Kimuraet al.42

which show changes in the broadening factor for the Cu~1!-
O~4! bond nearTc , but not in the Cu~2!-O~4! bond.

Finally, a better understanding of the local structure is
obtained by considering the local correlations of the near
neighbors. As mentioned above, the Cu~1!-O~4! is measured
to be a very tight bond, yet the Cu~2!-O~4! is ‘‘looser’’ and
exhibits a decrease in the correlation between the atoms near
Tc , indicating that the chains act as a unit that is somewhat
independent of the planes. This lack of correlation is also
indicated by the measurement of the correlation coefficient
fCu(1)2Cu(2) near zero (,0.2) that also does not change with
temperature. However, the atomic displacements in the
metal-oxide layer do become less correlated at higher tem-
peratures. The atomic positions in the CuO2 planes appar-
ently remain correlated in the temperature range measured
based on the measurements on the Cu~2!-Y atom pair.
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