PHYSICAL REVIEW B

VOLUME 44, NUMBER 17

1 NOVEMBER 1991-1

Characterization of a split axial-oxygen site in TIBa,Ca;Cu,O,; by extended x-ray-absorption
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The Cu K-edge extended x-ray-absorption fine structure (EXAFS) of TIBa,Ca;CuOy; (T,=118 K) is
analyzed in the range 10= T =156 K. Nonlinear-least-squares fits to the EXAFS Cu-axial-oxygen con-
tributions show the presence of two equally populated axial-oxygen sites at R, =2.57 A and R,=2.74 A
for temperatures above T, and at 10 K. The corresponding Tl-axial-oxygen distances are 2.18 and 2.01
A, which are similar to those found in other thallium superconducting phases. In a fluctuation region
below T, (T =100, 117 K), the separation between the two sites decreases to less than 0.10 A. This effect
is analogous to the one previously reported in YBa,Cu;0,, suggesting a similar coupling between elastic
degrees of freedom and superconductivity. We note, however, that both the separation between the sites
and the decrease in this separation within the fluctuation region are greater than in YBa,Cu;0,.

INTRODUCTION

We have recently presented an extended x-ray-
absorption fine-structure = (EXAFS) analysis on
YBa,Cu;0,; which showed the presence of a lattice insta-
bility associated with the axial oxygen atoms, O(4), across
the superconducting transition.! This analysis indicated
the existence of two different O(4) sites whose separation
decreases in a fluctuation region near T,. This result has
recently been confirmed by Yacoby et al.? These obser-
vations were explained in terms of the motion of the O(4)
ion in an anharmonic double-well potential, which
changes in the vicinity of T, due to its coupling to the su-
perconducting order parameter.

Several other experiments on high-7, materials sup-
port the existence of lattice instabilities in these com-
pounds and their possible relation to superconductivity.®
Ion-channeling experiments in ErBa,Cu;0; have shown a
lattice instability signaled by a sudden change in the
mean-square displacements of the Cu and the O(4) ions in
the vicinity of the superconducting transition.* Heat-
capacity measurements have revealed anomalous behav-
ior around T, for YBa,Cu;0, and some Ti- and Bi-based
materials.” There is also vibrational evidence in
YBa,Cu;0, from infrared reflectivity studies which show
unusually high oscillator strengths for phonon modes
parallel to the c axis and from Raman profiles which sug-
gest the presence of a structural instability related to the
Cu-O(4) stretching vibration.%” Another study involving
pair-distribution function (PDF) analysis of pulsed
neutron-scattering data in T1,Ba,CaCu,0O; found changes
in the local structure of the [Cu-O] planes across the su-
perconducting transition.® In a similar experiment it was
shown that Tl and O ions in the [T1-O] planes are dis-
placed from their ideal high-symmetry positions, creating
two possible configurations.’ It has been suggested that
the observed short-range ordering of these configurations
is likely to affect charge fluctuations between the [T1-O]
and [Cu-O] planes.” A detailed model of these charge
fluctuations has been presented by Bishop et al.'° More
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recently, PDF analysis of elastic- and inelastic-neutron-
scattering data on Tl,Ba,CaCu,Oq4 has found a split axial
oxygen position, supporting the dynamical interpretation
of Ref. 1.1

Recent studies of Tl-based high-T, materials including
TlBa,Ca, _,Cu,0;,,, and Tl,Ba,Ca, _;Cu,O,,,, types
have reported crystal structures for a variety of these
phases. However, the uncertainty in the position of the
axial-oxygen atoms is often an order of magnitude larger
than for other atoms.'>” ! This uncertainty is reflected
in discrepancies which exist between reported atomic po-
sitions from x-ray- and neutron-diffraction studies in ad-
dition to the anomalously large thermal parameters re-
ported for the axial-oxygen atoms.'>” !¢ For the com-
pound reported in this paper, TIBa,Ca;Cu,0,,, a crystal
structure was reported, but the positions of the O(4)
atoms were not detailed.!” The lack of definitive
structural parameters for the axial-oxygen atoms in these
materials suggests a degree of structural “disorder” asso-
ciated with these atoms.

EXAFS provides an appropriate means for investigat-
ing the local structure related to the axial oxygen. In
both EXAFS and diffraction experiments, the resolution
in real space bears a direct dependence on the value of
the momentum transfer, q. However, the momentum
transfer in EXAFS is given by q=2k, where k is the pho-
toelectron wave vector. As a result, despite its lower ab-
solute accuracy, EXAFS has an intrinsically higher reso-
lution to split positions and is very sensitive to structures
of this type and small changes in them. In this paper, we
have analyzed Cu K-edge EXAFS results for
TlBa,Ca;Cu,0,; to determine the temperature depen-
dence of the average Cu site in this compound for
10=T=156 K. These results augment our previous
findings of a lattice fluctuation below T, ! indicating that
this instability occurs at the axial oxygen and involves
softening of a double-well configuration at this site. This
data adds to that noted above and supports the generic
role of axial-oxygen-mediated charge transfer in high-T
materials.!®
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EXPERIMENT

The standard preparation of TiBa,Ca;Cu,O,; has been
described elsewhere.!” An overpressure of thallium was
employed before the final O, anneal in a MgO tube. The
material was determined to be ~85% pure by x-ray
powder-diffraction analysis (the remainder being the
T1,Ba,Ca,Cu;0,4 phase). The sample showed a T, =118
K, T ,,=103, K and 100% flux exclusion below 4 K.
The sample was mounted on an aluminum holder which
was attached to the cold finger on an open-cycle liquid-
helium refrigerator. The EXAFS spectra were recorded
at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beam line I-5, using Si(220) crystals. The
monochromator crystals were detuned 50% with respect
to O, the orientation between the faces of the two crystals,
in order to reduce the harmonic content of the beam.
The synchrotron was running under dedicated operating
conditions (electron energy, 3.0 GeV; stored current,
15-50 mA).

EXAFS data reduction and analysis were accom-
plished through standard Procedures.19 The data were
measured out to k=17 A~ ! at six different temperatures:
10, 100, 117, 127, 135, and 156 K. Raw data were col-
lected in transmission mode and four individual scans
were averaged for a given temperature to improve the
signal-to-noise ratio. The files were calibrated using the
first inflection point of a Cu-foil standard defined as
8980.3 eV and an ionization threshold defined as 9000 eV.
The data were normalized by setting the edge jump equal
to unity over a specific range at the edge. Background
subtraction was performed by fitting the preedge region
with a smooth second-order polynomial and by fitting the
post-edge region with an adjustable spline function. In
order to isolate the neighboring atoms of interest for
curve fitting, the EXAFS was Fourier transformed from
k=3t017 A" ! and back transformed from R =1.40 to
3.85 A using Guassmn window functions with a half-
width of 0.05 A™! and 0.05 A, respectively. Nonlinear-
least-squares fits were performed on the filtered EXAFS
data over the range k=3.5-16.5 A~

RESULTS

In Fig. 1 we present the raw EXAFS data as a function
of temperature. The overall similarity of the data indi-
cates no dramatic change in the structure over this tem-
perature range (10-156 K). An expansion of the Fourier
transforms of these data over R =2-3 A are shown in
Fig. 2. The full range transforms have been shown in a
previous report.> From a qualitative standpoint the
Fourier-transformed data are very similar in every region
with the exception of the region from R =2-3 A. In this
region, two different patterns are observed. The 100- and
117-K transforms show only one broad shoulder just to
the left of the main peak at R =2.8 A. In contrast, the
10-, 127-, 135-, and 156-K data all possess two shoulders
to the left of the 2.8-A peak. This is the region where the
axial oxygen makes its contribution, so that changes in
the axial-oxygen position are most likely the source of the
observed changes. The regions where the main contribu-
tions of other atoms lie do not show any significant
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FIG. 1. Cu K-edge EXAFS (k2y) of TIBa,Ca;Cu,0,, as a

function of temperature.

change.

The curve-fitting results are summarized in Table I. In
these fits, contributions from six shells of atoms were in-
cluded; equatorial oxygens [O(2)], Ca, Ba, Cu, and two
axial oxygens, [O(4)]. Empirical phases and amplitudes
from model compounds were used for the O(2) and Cu
atoms. Theoretical phases and amplitudes calculated us-
ing the program FEFF were employed to fit the O(4), Ca,
and Ba atoms.?’ For each shell the following parameters
were allowed to vary: Ca: N, R, 0;Ba: N, R, 0; Cu: N,
R; OQ2): N, R; O4): N, R; O(4): N, R, where N is the
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FIG. 2. An expanded view of the Fourier transforms (k3y) of
the Cu K-edge EXAFS of TIBa,Ca;Cu,0,; as a function of tem-
perature, over the region where the O(4) atoms reside.
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coordination number, R is the bond length, and o is the . kS gl o
Debye-Waller factor. Thus, the total number of adjust- a 2 .3 S-
able parameters is 14 while the total number of indepen- =
dent points is given by (2/7)Ak AR =20. Therefore, the ° e
true number of independent points is six and represents a £ % % 1 &
reasonable value for an EXAFS curve-fitting analysis.?! <3 ‘£°$ ~
In TIBa,Ca;Cu,0,;,, there are four [Cu-O] planes 0B
which are separated into two types. Two of the planes o,
are in contact with [Ba-O] layers and the other two lie be- o ° El §
tween the first two. Thus, there are two types of Cu envi- é’; :‘z) s ©
ronments in this material which are present in a 1:1 ratio. 4l B
Since EXAFS sees only an average structure, the curve- O: 358 <«
fitting results represent average coordination environ- 3 5 o Eg -
ments of the two Cu sites. The only shells which are not é’ o N
affected by averaging are the O(2) and Cu shells which <
are identical in the two Cu environments. One point to E
note from Table I is the constancy of bond lengths and 5 'Dg S 2 S
coordination numbers for the Ca, Ba, Cu, and O(2) shells. SR o8| F
The positions of these shells remain fixed independent of :3 5§ ~°
temperature. On the other hand, the O(4) atoms seem to 4 "g
be present in two different configurations depending on _§° % a3
the temperature. At 10, 127, 135, and 156 K, the curve E 3.5 5.2 §
fits indicate two differerolt O(4) sites with Cu-O(4) dis- o R 3 g |~
tances of 2.57 and 2.74 A. On the contrary, the data at §
100 and 117 K show little or no evidence for two O(4) 5 S
sites. Instead, the curve fits demonstrate only one O(4) S 2, S g 8
site having R =2.62 A. If the main contributions of the él& =Zz=w ~
other shells do not vary, then minor contributions (i.e., --S g
side lobes) will not vary either. Therefore, the curve- ‘;{ & = § .
5l S2 82
4 2 (S gl
T T S
3 = I -
2 - 10K | g °gls
/ 3 ° 3|l «
1 — g 4 s
v < b
0:: \—_2: § @ § N3
- Z " 100K\ ] 5 eSS g
< 1k ; = Els 3
% T 5| &
3 0;:: A =g s 8 <
= T (5] —_
5 % \ 17K\ | g 2% 82| 5
= 1| = / — s 9B |7
= 5~ =
S 0 T
] A= A= i s 2 S
S 2 77 AN 127 K % Zo%
§ T \\ J ] —
3 o - A g
e A A= Al . g PR 5
2 3 2 135K\ | & = 5'%"5’5 S
1+ - s
; - -
L 1 S s 3
2 |- R = 38 52| 8
L c 156 K\ | 8z~
0 bt 1
1 2 3 4 2
R(R) 8o
FIG. 3. Comparison of the Fourier transforms of the filtered g ¥~
data (solid line) with the corresponding fits (dashed line), which E

exclude the O(4) atom contributions.
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The small variations of the number of atoms and rms deviations are due to correlations between these parameters in determining the overall amplitude.

"Empirical amplitudes derived from La,CuO, (with built-in rms deviations) were held fixed for these shells.

o

“The rms deviation was held fixed at 0.05 A.
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fitting results for the O(4) atoms are not simply an ar-
tifact of fitting other features related to the other shells.
The good agreement of the O(4) parameters at 10, 127,
135, and 156 K indicates the negligible effect of random
noise in the fits, e.g., the estimated error in the Cu-O(4)
distance is ~ <0.01 A. The presence of ~15%
T1,Ba,Ca,Cu;0,, only modifies the coordination
number(s) for the axial-oxygen site(s). The expected devi-
ations are within the uncertainties of these coordination
numbers (~25%). Consequently, they do not modify the
curve-fitting results.

Figure 3 shows a comparison of the Fourier transforms
of the filtered data with the corresponding fits, which ex-
clude the axial-oxygen atom contribution. From this
figure one can see that the fits are consistently poorer in
the R =2-3 A range, the region where the axial-oxygen
atoms reside. This demonstrates that the O(4) atom is
making a contribution despite being only-half of an atom
on average. This result is reinforced if one looks at the
phase information obtained from the O(4) contributions.
In order to isolate the O(4) contributions, we have ob-
tained a residual EXAFS signal by taking the difference
between the data and fits which exclude the O(4) shells.
The residuals obtained in this manner should include all
contributions not fitted —specifically those of the axial-
oxygen atoms. We have Fourier transformed the residual
EXAFS from this series of fits and subsequently back
transformed over the range of 2- 3A. In Fig. 4 we plot
the phases of the filtered residuals. It is apparent that
again the 10-, 127-, 135-, and 156-K data sets agree while
the 100- and 117-K data are distinctly different. Upon
closer examination, it is seen that the phase of the data
sets outside the fluctuation region (7'=100 and 117 K) is
shifted ~# rad from the phase at 100 and 117 K for
k>10 A~!. This is in agreement with the estimate for
the position of a beat calculated from the relation
k=m/2AR =10 A™!, where AR refers to the separation
between two shells.?? Using this relation, we also con-
clude that an upper limit for the separation of two shells
at T=100 and 117 K is AR <7/2k_, =0.10 A where
Ko =17 AL

We have also performed fits to the filtered residual EX-
AFS. These fits, which incorporate only the axial-oxygen
atoms, give bond lengths and coordination numbers in
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FIG. 4. Phases of the EXAFS from the isolated O(4) atom
contributions as a function of temperature.
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FIG. 5. Comparison of the EXAFS from the isolated O(4)
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(dashed line) at 10, 100, and 156 K.

close agreement with those from the six shell fits. In Fig.
5, we show the overlays of the fits with the filtered residu-
als at 10, 100, and 156 K. These fits demonstrate the
good agreement obtained using theoretical oxygen
phases. The relatively poorer agreement in the low-k re-
gion is a result of the poor chemical transferability of
theoretical phases and amplitudes in addition to uncer-
tainties inherent in the background removal procedure.

DISCUSSION

The results of our analysis here can be explained on the
basis of previous EXAFS and diffraction studies. We
note that the longer Cu-O(4) distance, R =2.74 A, which
we obtain from curve fitting agrees closely with the single
Cu-O(4) distances reported in essentially every high-T,
thallium phase studied thus far.'>~ !5 There is additional
evidence to support the existence of the shorter Cu-O(4)
distance, R =2.57 A, in a PDF analysis of neutron-
scattering data.! This latter study, although primarily
concerned with displacements within the [Cu-O] planes,
reveals that the axial-oxygen atoms are displaced along
the ¢ axis toward the [Cu-O] plane by approximately 0.15
A, a value close to the splitting we see. Moreover, a re-
cent analysis by Egami et al. has found two axial-oxygen
positions to be present in Tl,Ba,CaCu,04.2® Since the
separation between the Tl and Cu atoms was found to be
4.75 A by Ihara et al.,"’ the corresponding TI-O(4) dis-
tances are 2.01 and 2. 18 A. The shorter of these agrees
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well with diffraction results. In general, both distances
are reasonable values for T173-O bond lengths as evi-
denced by the known structure of T1,0,;.2* Based on
these distances, the ionicity of the thallium atoms in this
phase is much closer to +3 than it is to +1. This is con-
sistent with an x-ray photoemission study, which shows
the trivalent state to be predominant in the
TIBaCa;Cu,0, phase.?®

The observation of a split O(4) site and the subsequent
decrease in the splitting between the sites in a fluctuation
region near T, has also been observed in YBa,Cu;0;.!
The similarity in these findings points to a common ori-
gin of the split site and its decreased separation around
T.. In this context, the split oxygen site and its subse-
quent collapse have been described by a double-well po-
tential whose intrawell barrier height decreases in a fluc-
tuation region near 7,. Such a rigid double well is a
convenient model concept, of course, %3173 and in
YBa,Cu;0,, its variation around T, was attributed mi-
croscopically to a coupling between nonlinear phonons,
derived from this double-well potential, and the super-
conducting order parameter. In this scenario, charge
fluctuations along the ¢ axis and between the [Cu-O]
planes and the polarizable layer ([Cu-O] or [T1-O]) induce
the formation of anharmonic phonons associated with the
motion of axial-oxygen atoms. These nonlinear phonons
then synergystically couple to the in-plane pairing mech-
anisms which give rise to the superconductivity.?”?8
Elsewhere,” we have introduced a shell model, appropri-
ate for highly polarizable perovskite structures, which
leads naturally to the correlated aspects of structural and
optical anharmonicity, as well as a novel biphonon-
electron coupling. The latter coupling strength is
enhanced by the proximity of a softening phonon mode
(associated with a structural phase transition) and can
lead to a substantial superconducting phase-transition
temperature, as well as anomalous isotope dependence,
an anisotropic pairing gap, etc. The shell-model repre-
sentation is closely related to dynamic Jahn-Teller and to
bipolaron formalisms. An interesting aspect of the
present data is that the elastic-superconducting coupling
[leading to the softening of the split O(4) structure
around T¢] appears to extend well below T. This is sug-
gestive of a coupling to the superconducting order pa-
rameter itself analogous to a specific-heat anomaly.

One important point to note is that the splitting seen
here, AR=0.17 A, is olarger than that reported in
YBa,Cu;0; (AR=0.13 A). There is also a greater de-
gree of collapse between the two sites in T1Ba,Ca;Cu,Oy;.
We can expect this based on the fact that the separation
between the [Cu-O] planes and the [T1-O] layer (4.75 A)is
larger than the corresponding distance in YBa,Cu;0,
(4.12 A). Since this difference cannot be accounted for
solely on the basis of different ionic radii of Cu®?3 and
T173, it is likely that a greater degree of disorder exists
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with respect to the axial-oxygen atoms in
TiBa,Ca;Cu,0,;. As suggested in Ref. 10, there may be
charge fluctuations associated with the [T1-O] layer
analogous to those proposed in the [Cu-O] chains in
YBa,Cu;0,. Evidence for this proposal exists in the ob-
servation of lattice displacements of Tl and O(3) atoms
from their ideal high-symmetry sites in Tl,Ba,CaCu,Oyq
which would create an inhomogeneous distribution of
charge carriers.’ This disorder is not simply a property
of double [T1-O] layer compounds but is also present in
single [T1-O] layer phases.'?” !> In addition, the photo-
emission study mentioned earlier points to the possibility
of charge transfer involving the thallium atoms:** In this
study, x-ray photoelectron spectra (XPS) from a series of
thallium-based high-7', materials were compared to XPS
data from the reference compounds T1,0 and T1,0;. The
study included data from one single [T1-O] layer material
and two double [TI-O] layer materials; TIBaCa,Cu,0O,
(T,=73 K), Tl,Ba,CaCu,03 (7,=98 K), and
T1,Ba,Ca,Cu;0,, (T, =114 K). There is a potentially im-
portant trend in the photoemission data. As 7T, in-
creases, the thallium atoms are progressively more re-
duced so that the resulting valence is between T173 and
Ti*!. Therefore, it is reasonable to expect that
TIBa,Ca;Cu,O,, (T, =118 K) may, in fact, contain thalli-
um in an oxidation state between T17> and T1™!. If this
is the case, then charge transfer is likely to be present
both within the [T1-O] layers and between the adjacent
[Cu-O] planes.

In summary, EXAFS data for TIBa,Ca;Cu,O,; has
been presented and analyzed at 10=<T <156 K. The data
demonstrate a clear change in a fluctuation region around
T, both qualitatively and quantitatively. In particular,
curve fitting has shown the change to be one of a
structural origin involving the presence of two unique
axial-oxygen sites whose separation has decreased around
T,. It is postulated that the decrease in site separation
can be explained in the context of a double-well potential
which softens as a result of coupling to phonon-mediated
charge transfer. Coupled with evidence in other high-T,
materials, "3 733 the present data strengthens our propo-
sal!® that this off-plane polarizability is a generic feature
of high-T, materials. To explore the potential
significance for superconductivity itself?® will require a
coordinated series of optical and structural experiments.
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