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I

Anomalous x-ray thermal diffuse scattering (TDS) from the paraelectric BaTi03 has been measured as

a function of temperature using synchrotron radiation. Sheets of intensities that were previously report-
ed have been confirmed. The origin of the observed TDS intensities is attributed to the soft on-(100) TA
modes and overdamped [010]To mode for reduced wave vector q )0.25 and (0.25, respectively. In
agreement with the previous neutron inelastic scattering experiment, our results support the notion of
the one-dimensionally correlated optic motion of atoms.

The anomalous diffuse x-ray scattering in the form of
two-dimensional sheets on [ 100I planes of the
reciprocal-lattice space has been reported in KNb03
(Refs. 1, 2, and 4) and BaTi03 (Refs. 1 —3), indicating the
presence of one-dimensional (1D) correlation in real
space. There have been two theoretical models proposed
to explain the origin of the diffuse sheets from those
perovskite ferroelectrics; one is the Huller's model '

based upon the soft-optic dipole interaction and the other
is proposed by Comes, Lambert, and Guinier, ' the
eight-site static model of the order-disorder type. Both
models appear to have some success in explaining experi-
mental observations.

Associated with the Lyddane-Sachs-Teller relation de-
rived based upon the lattice dynamics of the ferroelectric
phase transformation, neutron inelastic-scattering exper-
iments ' have been performed in BaTi03 to investigate
the actual vibrational modes in the paraelectric phase at
temperature T& T, =130 C. It was clearly shown that
the [100]To mode is overdamped ' with a significant
temperature dependence of the scattering intensity at
small q around the zero neutron energy loss. From the
experimental data, ' ' it was found that the energy for
any q vector with the [001] polarization on the (001)
plane has low values all over the zone, while those with
the same polarization out on the (011) rapidly increase
with increasing magnitude of q. As predicted by
Huller, ' owing to this anisotropy of the phonon-
dispersion relationship, diffuse intensity sheets on the

[ 100 I planes would exist. Results of the neutron
inelastic-scattering experiments appeared to support
Huller's model.

On the contrary, in the model of Comes, Lambert, and
Guinier, ' they suggested that the crystal potential-
energy surface has a maximum for the cubic perovskite
structure and eight (degenerate) minima for the (111)
displacements of the body-centered Ti or Nb ion. In this
picture, the relevant dynamics consist mainly of hopping
among these eight minima (relaxation mode). They thus
predicted from the 2D diffuse intensity distribution that
the static chain structure might exist if the off-centered
Ti (Nb) ions are linearly correlated.

Studies in the past decade for the ferroelectric phase
transformation in BaTi03 (Refs. 12—16) have had varied
opinions; some suggested the possible existence of the soft
mode, others favored the static chain model, or even
the coexistence of both. The electron-paramagnetic-
resonance experiment' has detected that Mn + (substitu-
tional of Ti +) spins are reoriented along the (111)un-
der the magnetic resonant condition. From the concept
that the magnetic and electric ordering may occur at the
same temperature, ' this spin reorientation may manifest
a feature of the hopping mode of the Ti ions. However,
the resonance has not been found for the other three
higher-temperature phases. This study does not prove
the existence of the relaxational mode.

The hyper-Raman-scattering experiment has been done
for cubic BaTi03.' Analysis has shown that the imagi-
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nary part s"(0) of the dielectric function can be ade-
quately explained by a classical single oscillator disper-
sion formula, giving high damping, consistent with the
previous studies, "while Debye relaxator model fails in
reproducing the corresponding e"(0) profile. The result
verifies the existence of the overdamped mode.

Two Raman-scattering experiments' ' have revealed
the coexistence of both the soft mode and the relaxational
mode. The earlier experiment' has shown that line
profiles corresponding to the overdamped mode and the
central peak in the tetragonal phase region were found on
the frequency spectra in particular scattering geometries,
E and 3 symmetries, respectively. The more recent mea-
surement' has confirmed that both the modes exist over
the temperature range of the cubic and tetragonal phases
for the soft E phonon, showing superpositioned Raman
line profile from the damped mode and central peak. In
those cases, it was observed that the scattering intensity
from the relaxational mode becomes significantly higher
than that from the oscillator mode in the cubic phase re-
gion, suggesting that the relaxation totally dominates the
cubic-tetragonal transition. The results from the cubic
phase may contradict with the Hiiller's model, whereas
the coexisting overdamped and relaxational mode in the
tetragonal phase region can both explain the 2D sheets.

The linearized-augmented-plane-wave method' has
been employed to compute phonon frequencies and eigen-
vectors for three optic F,„modes, and has deduced a pos-
sibility of co-occurrence of both the modes. Potential
surface showed that existing energy wells for the soft-
mode distortion (Ti) are deeper for rhombohedral (111)
displacements than tetragonal (001) displacements, but
they were relatively shallow and comparable to the tran-
sition temperature. Including a tetragonal c/a ratio, the
energy calculation indicated that the tetragonal strain in-
creasing the Ti-0 distance significantly stabilizes the
tetragonal phase, suggesting the Ti ions spend a consider-
ably long time in the (001) well, rather than only hop-
ping among the (111)well. The phase transition is thus
thought to be a complicated coupling of a soft mode,
order-disorder hopping, and lattice strain.

Thus, we have emp1oyed in situ x-ray diffuse scattering
technique using synchrotron radiation to obtain high
quality thermal-diffuse-scattering (TDS) data from a
BaTiO3 single crystal in its cubic phase. The objectives
of the work are twofold: (1) to reproduce the 2D TDS in-
tensities as previously reported, and (2) to investigate the
temperature dependence of the TDS intensities.

We used a poled single crystal of BaTi03 with the sur-
face normal near [001],„„;,. The TDS measurements
were carried out at NSLS, Brookhaven National Lab. A
wavelength of 1.1808 A was used. Experiments were per-
formed at 200, 150, and 135 'C ( T, = 132.5 and 129'C on
heating and cooling).

Diffuse intensity contour maps around the 400
reflection on a (100) plane at 200, 150, and 135'C are
shown in Figs. 1(a), 1(b), and 1(c). Cross-sectional scans
through the plane along the [100]direction for several k
values at l =0 (hkl are Miller indices), and at 200'C, are
illustrated in Fig. 2. The intensity profile along h shows a
sharp peak at h =3.95 for each fixed k. Figures 1 and 2
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clearly show that the observed diffuse intensity distribu-
tion is two dimensional. To our best knowledge, the
present observation represents the most convincing re-
sults regarding the presence of difFuse intensity sheets in
BaTi03.

Several noticeable features are found in each of Fig. 1.
First, TDS intensities adjacent to the 410 reflection in the
next Brillouin zone are considerably weaker than those
near the 400 reAection. Secondly, there is a circular-
shaped intensity ring around the 400 reAection at all
three temperatures for ~q~ &0.25 (in terms of reciprocal-
lattice units). Thirdly, for ~q~ (0.25, diffuse intensities
increase steeply toward the 400 location and are elongat-
ed along the [010] and [001] direction. These features
will be explained based upon the TDS theory ' and
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FIG. 2. Intensity profiles of the cross sectional scans through
the dift'use scattering plane of Fig. 1(a) along the [100] direction
for k =0.1, 0.15, 0.2, 0.25, and 0.5 at I =0 (T=200'C).

FIG. 1. Equi-intensity contour maps of x-ray diffuse scatter-
ing intensities on the (100) plane near the 400 reflection at (a)
200, (b) 150, and (c) 135 'C. An approximate resolution function
at the 400 reAection is indicated by a round-shaped mark in the
lower right corner.
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compared with the previous results of the neutron
inelastic-scattering study ' as below.

There is almost no measurable intensity at ~q~ &0.25
from the 410 reAection. Only the steep portion of the
TDS intensity is recognized at

~ q~ & 0.25. This difference
in the strength of the TDS between portions of the 400
and 410 zones is related to the difference in their respec-
tive static crystal structure factors. Gn top of that, TDS
intensities are known to decrease when the diffraction
vector S moves away from the 400 center because of the
efFect of a geometrical extinction factor as expressed by
the direction cosine of an angle determined by a scalar
product of S and phonon polarization e

For BaTi03 the static crystal structure factors are
expressed as F(400)=fB,+fT;+3fo and
F(410)=fg~ fT; fo where fB~ fT; and fo
atomic scattering factors of corresponding elements. We
see that the structure factor of the 400 reflection is larger
than that of 410. As a result, the TDS intensity is expect-
ed to be weaker near the 410 peak.

The static crystal structure factor is directly related to
the thermal diffuse intensity due to the acoustic mode. '
From the above discussion it was seen that TDS intensi-
ties at ~q~ &0.25 are strongly related to the static struc-
ture factor. As a result, it can be thought that the TA
modes with q in the lowest-energy branch lying on the
(100) plane [on-(100) TA modes] contribute most
significantly to the TDS intensities. Since there is no ap-
preciable temperature dependence of the phonon frequen-
cy, for example for the [100]T& based upon the con-
clusions reached by the inelastic neutron-scattering re-
sults, ' it is thus expected that TDS intensities from the
TA mode should be proportional to temperature by way
of the Debye-Wailer factor effect multiplied by absolute
temperature, ' which usually indicates a negative temper-
ature dependence in the paraelectric region. ' In fact, the
overall TDS intensities shown in Fig. 1 appear to de-
crease with decreasing temperature.

Noticeably, distribution of the TDS intensities from
the low-energy modes around the 400 refiection for any
on-(100) TA mode with ~q~ &0.25 is a circular shaped
ring as seen in Fig. 1. The intensities in this part are al-
most the same at constant ~q~ along any on-(100) direc-
tion. Since the TDS intensity is basically proportional to
I/co~(co~ is a phonon frequency), ' those circular con-
tour lines represent the equivalent phonon-frequency
dispersions of any on-(100) TA mode. From the fact that
the significant TDS distribution was observed only on the
(100) plane, it is deduced that the dispersion curve of any
other mode off the (100) [i.e., off-(100) TA mode] in-
creases rapidly with

~ q ~, showing highly anisotropic
behavior.

Line scans along the [001] direction of Fig. 1(a) reveal
another feature for the on-(100) TA modes as shown in
Fig. 3 for several k values. In this figure, q is defined as
~q~ =(k +I )'~ . We find that the TDS distribution is
nearly flat at ~q~ & 0.25 because of the circular intensity
pattern. In contrast TDS intensities for ~q~ &0.25 show
sharp peaks and appear to have a different temperature
dependence. A noncircular TDS pattern can be seen in
Fig. 1 where intensities are elongated along the [010] and
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Flax. 3. Intensity profiles of line scans along the [001] direc-
tion for k =0.1, 0.2, 0.3, and 0.5 at h =4.0 on the (100) plane
taken from Fig. 1(a) at 200 C. For k )0.2 TDS distribution is

very flat. On the other hand, it becomes steep for k (0.2. The
intensity peaks at l =0 for k =0.1 and 0.2.

[001] directions corresponding to the strong TDS contri-
bution from the transverse [010] and [001] modes, respec-
tively. In the previous inelastic neutron-scattering experi-
ment, ' a similar intensity distribution was found which
is attributed to the highly damped [100]To and [010]To
mode with the [001] polarization. This overdamped TO
mode should manifest itself in the x-ray TDS intensities
as well. The TDS intensities due to the overdamped TO
modes is not expected to be as clear as those of the previ-
ous neutron data because the low-energy on-(100) TA
modes also contributes to the total diffuse x-ray-
scattering intensities. Nevertheless, a similar pattern has
been detected with x rays in the current study, meaning
the intensity ridges from the overdamped [010]To and
[001]To. Sharp ridges of TDS intensities adjacent to the
400 reQection are clearly seen in Fig. 3. For k =0.1 and
0.2 peaks are located at l =0, whereas a broader bump is
observed for k & 0.25.

The temperature dependence of the TDS intensities is
presented in a difFerent form in Fig. 4 where intensities
along the [OkO] at l =0 are displayed. One may compare
the neutron results with the current x-ray results on a
qualitative basis. The neutron-scattering intensities from
the overdamped [010]To at Q=(2.0,0.076,0.0), which
corresponds to ~q~ =0.076 along the [010] direction, was
found to increase with decreasing temperature from 160
to 137 C. The x-ray TDS intensities behave very much
in a similar way when temperature is decreased from 200
to 135 C for k &0.25 near the 400 reAection as shown in
Fig. 4(a). The magnitude of the intensity drop may not
be as much for the x-ray data as those for neutrons be-
cause of the contribution from the TA mode in the form-
er. TDS contribution from the TA mode will generally
give rise to a higher background level and is expected to
decrease in proportion to the temperature along with the
Debye-Wailer factor effect. ' In spite of these complica-
tions, the temperature-dependent behavior as reported in
the neutron study is reproduced in the current x-ray TDS
study.

TDS intensities from the overdamped [010]To mode for
k & 0.75 near the 410 reflection [Fig. 4(b)] show a positive
temperature dependence, opposite to the behavior for
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FIG. 4. Temperature dependences of the diffuse scattering
intensities around (a) the 400 and (b) the 410 zone centers. In-
tensity pro6les at 200, 150, and 135 'C are taken from the con-
tour maps of Fig. 1(a), (b), and (c) along the [010] ridge for i =0
at h =4.0.

k (0.25. In the previous neutron experiment, the
neutron-scattering intensities from the overdamped TO
mode also showed a positive temperature dependence in a
few Brillouin zones. This positive temperature depen-

dence is possible if the contribution from the [010]T~
mode to the TDS intensities for k &0.75 is larger than
that from the overdamped [010]ro mode. This is so be-
cause the [010]T~mode frequencies are relatively temper-
ature independent and the x-ray TDS intensity predicts a
lower intensity at lower temperature. ' In the previous
section it was concluded that the static structure factor
for the 410 reAection is much smaller than the one for
the 400 reAection. It can also be shown that the dynami-
cal structure factor, which is a measure of the diffuse
scattering intensities from the optic modes, has the same
characteristic behavior. Therefore, the opposite tempera-
ture dependence of the x-ray TDS intensities in different
zones can be understood.

The current results are consistent with the characteris-
tics of the previous neutron inelastic-scattering results.
Especially, the intensity distribution from the over-
damped TO mode was well reproduced, as well as the ex-
istence of the 2D diffuse scattering pattern. Its tempera-
ture dependence is reasonably understood. The current
study thus supports Hiiller's model. The overdamped TO
modes with the (100) polarization may have profound
effect on the subsequent ferroelectric phase transforma-
tion. On the other hand, the low-frequency relaxational
contribution which was observed in Raman-scattering ex-
periments' has no measurable effect on the x-ray TDS
intensities. Details will be described in a later paper.
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