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Observation of a Local Structural Change at T, for Tl;Ba;CaCu;0s by Pulsed Neutron Diffraction
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Deviations in atomic positions from those of the average crystallographic structure of superconducting
Tl,Ba,CaCu,0s were studied by pair-distribution function (PDF) analysis of pulsed-neutron-scattering
data. The PDF shows a clear change in the local structure at the onset of superconductivity. In addition
to the previously observed local displacements of Tl and O within the TI-O sheets, correlated displace-
ments of O and Cu perpendicular to the Cu-O plane have been found. The arrangement of the O atoms

appears to be different above and below T..

PACS numbers: 61.12.—q, 61.60.+m, 74.70.Vy

The structures of the family of related superconduc-
tors Tl,Ba,Ca, - Cu,0,,+4, where n=1, 2, and 3, have
been studied extensively by single-crystal and powder-
diffraction techniques.'”’ 1In all three materials, evi-
dence for “disorder” in the TI-O planes has been present-
ed.** Previous analysis of pair-distribution functions
from powder-diffraction data has demonstrated that the
Tl and the coplanar O(3) atom in Tl;Ba,CaCu,0s, a su-
perconductor with 7, of 110 K, are not disordered but
have locally correlated displacements that do not exhibit
long-range order.” In this work we also demonstrate
short-range correlated displacements in the Cu-O(1)
plane in this material. These displacements change at
the onset of superconductivity. This is the first observa-
tion of a structural change correlating with 7. by
diffraction.

Atomic pair-distribution functions (PDF’s), which de-
scribe the distribution of interatomic distances, are com-
monly used for the study of noncrystalline materials but
also have utility for the study of crystalline materials.
The PDF is computed from the Fourier transform of the
atom-atom interference function S(Q) which incorpo-
rates both Bragg and diffuse scattering. Computation of
the PDF does not assume local or translational symme-
try, in contrast to cyrstallographic analysis. If a material
has local deviations from the average positions, in crys-
tallographic analysis they will be seen as disorder, often
expressed as artificially enlarged thermal factors, while
in PDF analysis they will be manifest as shifts in the
PDF peaks. Thus PDF analysis is able to distinguish be-
tween random and correlated deviations, while crystallo-
graphic analysis cannot.

For this study, powder-diffraction data were collected
using the time-of-flight technique at the special environ-

ment powder diffractometer at the Intense Pulsed Neu-
tron Source of the Argonne National Laboratory.® Ap-
proximately 13 g of sample sealed in a vanadium can
with He exchange gas was cooled in a Displex He refri-
gerator. A total of 32 complete data sets were collected
at a number of fixed temperatures. To minimize any
systematic effects, data were recorded during both step-
wise cooling and warming cycles. The PDF, weighted by
the neutron cross sections, was obtained by a standard
procedure,’ with damping of the interference function
S(Q) applied from 20 to 30 A ™"

The phonon density of states for this material was
measured by inelastic neutron diffraction using the IN1
triple-axis neutron diffractometer at the Institut Laue-
Langevin. From this result, average thermal vibration
amplitudes and the temperature dependence of the PDF
peak heights were computed and compared to the actual
changes in the heights of individual PDF peaks as a
function of temperature. The most striking change with
temperature, the height of the 3.4-A peak relative to the
surrounding minima, is shown in Fig. 1. Since measure-
ments were made under identical conditions, and ter-
mination of the Fourier summation was performed at
sufficiently high Q values, largely eliminating the ter-
mination errors, the most significant source of relative
error between points in Fig. 1 is expected from counting
statistics. The error estimates for p(r) were computed
by error propagation. The large change in the PDF at
3.4 A in the region just below 7. (110 K) is clearly sta-
tistically significant. Rietveld analysis of the diffract-
ograms showed no noticeable changes in any structural
parameters with temperature that could account for this
change in the PDF, so this structural change can be
presumed to have only short-range correlation. Indeed
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FIG. 1. Change in the PDF for the 3.4-A peak relative to
the average of the surrounding minima. Error bars are drawn
at % lo, where o represents the estimated standard deviation
from counting statistics. The solid line represents the expected
change computed from the phonon density of states. The ar-
row indicates T, (110 K).
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the differences in the PDF near T, compared to those
above and well below T, are most significant for r below
6 A. However, the correlation length cannot be reliably
estimated from this measurement.

Modeling was performed by comparison of an ob-
served PDF to a PDF simulated for a trial structure.
Simulated PDF’s were computed by tabulating intera-
tomic distances for an expanded unit cell with 60 or 240
atoms. This results in a PDF of & functions which is
convoluted with a Gaussian function with the width
determined from the phonon density of states, simulating
broadening due to thermal motion. An agreement factor
A is computed for comparison of observed and simulated
PDF results over the range R pin to Rpnax using
1/2

L ™ lpgs(r) = peae () ?dr |

Rmax — Rnin mn

A—_-._l_.

Po

where po is the average number density, pobs(r) and
Peaic(r) are the observed and simulated PDF’s, respec-
tively. For this work, the integration range was chosen
as 1.5-10 A.

A Monte Carlo structure refinement process, where
changes are made to selected structural parameters using
a probabalistic comparison of the agreement between the
observed and computed PDF before and after each
change, was used to develop structural models. While
the previously published model, incorporating correlated
displacements of the coplanar Tl and O(3) gives fair
agreement to the observed PDF (Fig. 2), the improved
statistics of the current data allowed additional structur-
al details to be determined. Introduction of disorder into
the copper-oxide layers by allowing multiple sites with
partial occupancies for O(1) (the oxygen in the CuO,
plane), Cu, and/or O(2) (the apically bonded oxygen)
gave significant improvement to the agreement between
model and observed PDF, as shown in Table I. Even
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FIG. 2. Atomic pair-distribution functions (PDF’s) for
Tl;Ba;CaCu;Os: experimentally determined near 120 K
(lower and upper plots, solid line) and modeled, as fitted with
only correlated Tl and O(3) displacements (upper plot, dotted
line); as fitted with correlated O(1), O(2), and Cu displace-
ments in addition to Tl and O(3) (lower plot, dotted line).

better agreements were obtained with models incorporat-
ing both correlated TI1-O(3), Cu-O(1), and O(2) dis-
placements. To improve statistics, modeling was per-
formed on composite PDF patterns for runs between 115
and 130 K, between 95 and 105 K, and between 40 and
70 K; which will be referred to, respectively, as “above
T.,” “just below T.,” and “low 7 in the subsequent dis-
cussion.

A large number of models were surveyed and the two
which gave the best agreement with the smallest number
of parameters are shown in Figs. 3(a) and 3(b), with
agreement factors given in Table II. In these models the
adjacent CuO, sheets are asymmetric, one “buckled”
and one “flat.” The buckled sheet has large O(1) dis-
placements and the flat sheet has much smaller O(1) dis-
placements. Approximately half of the Cu atoms are

TABLE I. Agreement factors (as defined in text) for several
models compared to the average PDF for five data sets between
115 and 130 K. All models assume 14/mmm symmetry other
than correlated T1-O displacements.

Model description Agreement
Published coordinates with 0.1800
a fourfold O(3) disorder ®
Refinement of correlated O(3) 0.0937
and Tl displacements®
Correlated O(3) and TI displacements 0.0792

plus disordered displacements of Cu,
0O(1), and O(2)

2Reference 5. bReference 7.
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FIG. 3. Schematic representation for O(1) displacements
for the correlated displacement models which gave best agree-
ment (a) above T, and (b) near and below 7.. The + and —
signs indicate perpendicular displacement of oxygen toward
and away from the Ca sheet, respectively.

displaced in each sheet, with larger Cu displacements in
the flat sheet. Similar structures were noted in all mod-
els that gave the best agreement, giving us confidence in
these results, even though we cannot claim that these
models are unique.

Above T., the (100) model shown in Fig. 3(a) gave
optimum agreement. In the buckled sheet of this model,
one (100) row of O(1) atoms has alternating 0.35-A dis-
placements while the other (100) row of O(1) has fixed
displacements of approximately 0.1 A away from the Ca
sheet. In the buckled sheet the Cu atoms are displaced
by approximately 0.1 A toward Ca and in the flat sheet
every other Cu atom is displaced by 0.3 A away from
Ca.

The (110) model shown in Fig. 3(b), with alternating
(110) rows of displaced O(1) atoms and again with one-
half of the Cu atoms displaced, gave somewhat better
agreement just below 7. and at low 7. Just below T.,
the optimum fit yields O(1) displacements of 0.2 A away
from the Ca sheet, and 0.3 A toward the Ca sheet and
Cu displacements of approximately 0.2 A for the buckled
sheet and 0.3 A for the flat sheet, toward the Ca sheet
and away from the Ca sheet, respectively. At low 7, the
displacements of O(1) were slightly smaller and Cu dis-

2416

TABLE II. Agreement factors for the two models presented
in the text for the averaged PDF patterns. Also listed is the
statistically estimated minimum expected agreement factor.

(100) (110) Minimum
Temperature range model model expected
Above T, (115-130 K) 0.0511 0.0524 0.0127
Just below T, (95-105K)  0.0591 0.0539 0.0105
Low T (40-70 K) 0.0589  0.0554 0.0202

placements decreased to approximately 0.15 A for the
buckled sheet and 0.2 A for the flat sheet.

The differences among the best models for each tem-
perature zone are in excellent qualitative agreement with
the actual differences in the experimental PDF’s below 4
A, including the height of the 3.4-A peak. These dif-
ferences are not reproduced if the same O displacement
pattern is assumed above and below 7,.. For this reason,
even though the differences in the agreement factor be-
tween the (100) and (110> models are rather small, we
believe that a change in the pattern of O(1) buckling
through 7, as suggested by modeling is true.
Confirmation of the changes in the short-range order
through 7, will require diffuse scattering measurements
from a single crystal.

It is interesting to note that the pattern in Fig. 3(a)
corresponds to a case of coherently superimposed [110]
tilt and [110] tilt of CuOy, considered by Axe et al. for
La;-,Ba,CuO4, where subtle local structural changes
are shown to have a significant effect on superconductivi-
ty.!® In both the (100) and (110) models the average
displacement for O(2) remained fairly constant at ap-
proximately 0.15 A, but correlation between the O(2)
and the O(1)-Cu displacements is difficult to discern.
Even though Tl, O(3), and Ba were allowed to move
along the z axis, their displacements are below the ex-
pected sensitivity for this technique (0.03 A). The
center-of-mass positions for all atoms in the models are
consistent with the crystallographic values. There is
reason to believe that the displacement of O atoms is not
static but dynamic. We found that the magnitude of the
change in the 3.4-A PDF peak at T, is larger when the
PDF is obtained from the 90° detectors alone than from
the 150° detectors. Such a dependence is expected for
dynamic displacements, since the pulsed-neutron-
scattering data include both elastic- and inelastic-
scattering intensities, leading to a dependence of total
scattering with incident neutron energy and therefore
detector angle.

A possible origin of the oxygen displacement is the
repulsion between the holes on O atoms and the Cu ion.
The asymmetry of the O displacement of the two CuO;
sheets may reflect the tendency of holes to segregate
through coupling to spin fluctuations of the Cu.!'' In
particular, the O atoms displaced toward Ca would at-
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tract a higher density of holes, making the exchange cou-
pling between the neighboring Cu spins ferromagnetic.
In fact, the (100) model in Fig. 3(a) can be seen as a
dimerized Cu pattern due to oxygen atoms with a minus
sign. This pattern will tend to localize the holes so that
conduction will occur by hopping. The pattern drastical-
ly changes at T, leading to delocalized holes. The (110}
pattern is identical to the buckling of the CuQO; sheet in
orthorhombic La,CuQ,, except that the pattern here is
believed to be dynamic and short range. This may
reflect the dynamic charge-density wave suggested early
in the study of La,—,(Sr,Ba),CuQ,."?

The change in the pattern of O displacements at 7,
may explain the softening of the phonon mode in
YBa,;Cu3;0; observed by Raman scattering,I3 and may
be related to the dynamical change suggested by ion
channeling'* and the change in the position of the axial
oxygen suggested by extended x-ray-absorption fine
structure,'> though the details of the link are unclear.
The complexity of the structure revealed by the present
work suggests that any theory which is based upon the
average crystallographic structure without local distor-
tions may be unrealistic. It also suggests that the mech-
anism of superconductivity involves strong electron-
lattice interactions, enhanced possibly by an inhomo-
geneous carrier distribution.
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