
Diffuse x-ray scattering in perovskite ferroelectrics

B. D. Chapman,1,* E. A. Stern,1,2,† S.-W. Han,1,‡ J. O. Cross,2 G. T. Seidler,1,2 V. Gavrilyatchenko,3 R. V. Vedrinskii,3 and
V. L. Kraizman3

1Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
2PNC-CAT, Sector 20, Advanced Photon Source, Argonne, Illinois 60439, USA

3Department of Physics, Rostov State University, Rostov, 344090 Russia
sReceived 11 November 2004; published 24 January 2005d

Diffuse x-ray scattering measurements on the cubic paraelectric phase of single-crystal PbTiO3 are pre-
sented. No diffuse scattering sheets are found, in contrast to sheets observed in the cubic paraelectric phases of
BaTiO3 and KNbO3. A quantitative analysis of the diffuse scattering indicates that the soft-mode branch
contribution to sheets is negligible in all three ferroelectric perovskites. Differences in the diffuse scattering are
explained by differences in the disordering of the local displacements, thus resolving a long-standing
controversy.
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Understanding structural phase transitions is one of the
central issues of condensed-matter physics. The nature of
structural phase transitions in perovskite ferroelectrics has
been intensely investigated because of their simple structure
together with the importance of ferroelectricity as an inter-
esting phenomenon with practical applications. Despite ex-
tensive studies of the perovskites, one fundamental issue of
debate persists, namely, the origin of the reciprocal lattice
space diffuse x-ray scatteringsDXSd sheets in the paraelec-
tric cubic phases of BaTiO3 and KNbO3.

1,2 Based on ideas
from the pure displacive model introduced by Cochran,3 the
diffuse sheets were explained by Huller as the formation of
linear chains of correlated displacements in the transverse
optical sTOd soft mode.4 The displacive model was based on
the assumption that the soft mode becomes unstable as its
frequency goes to zero on cooling to the tetragonal ferroelec-
tric phase from the cubic paraelectric phase at the transition
temperatureTC, and the lattice stabilizes with an off-cubic-
site displacement to form the ferroelectric state. In the alter-
native Comes model of order-disorder,1,5 the diffuse sheets
are explained by the formation of linear chains of short-range
correlated local displacements that exist in the paraelectric
phase and have long-range order in the ferroelectric phase.
The consensus soon after the experimental discovery of the
DXS sheets was the soft-mode explanation because only it
could explain the large Curie-Weiss factor in ferroelectricity.

However, subsequent experimental evidence indicated the
soft mode never went to zero but became overdamped in-
steadsthe central peakd. Later x-ray absorption fine-structure
sXAFSd measurements of the local structure of PbTiO3,

6

BaTiO3 sRef. 7d, and KNbO3 sRef. 8d showed unambigu-
ously the existence of local ferroelectric distortions in the
cubic phases of these materials well aboveTC. This finding
was supported by additional, less definitive, experimental
evidence,9–11 as reviewed in Ref. 12. The more recent find-
ings have reopened the question of the origin of the diffuse
sheets in the perovskite ferroelectrics. Recent DXS measure-
ments of cubic BaTiO3 and KNbO3 verified the presence of
diffuse sheets,2 but the underlying mechanism causing the
diffuse sheets has remained unresolved. No DXS measure-
ments have been published for cubic PbTiO3. We present

here measurements for PbTiO3 because it has similar soft-
mode behavior as the other two perovskites in the cubic
phasesFig. 1d, yet it has a different local displacement. Cu-
bic BaTiO3 and KNbO3 have disordered local displacements
along thek111l directions, while PbTiO3 has disordered local
displacements along thek001l directions. Thus, one might
expect similar diffuse sheets in PbTiO3 if the soft mode was
the cause, but possibly different diffuse scattering if the dis-
ordered displacements were the cause. We find no DXS
sheets in PbTiO3. This result and quantitative calculations
give definitive evidence that the soft mode has a negligible
contribution to DXS sheets, leading to the conclusion that
they are caused by the Comes mechanism. We suggest an
explanation for why thek001l displacements in PbTiO3 do
not produce DXS sheets.

The high-quality PbTiO3 single crystals used in this study
were grown from stoichiometric melts as has been described
elsewhere.16 DXS measurements were also made on a single
crystal of the nonferroelectric perovskite SrTiO3 sMarketech
Internationald at similar elevated temperatures, as an experi-
mental control of thermalphonondiffuse scatteringsTDSd
calculations. All DXS measurements were made at the Pa-
cific Northwest Consortium Collaborative Access Team
sPNC-CATd bending magnet beamline17 at the Advanced
Photon SourcesAPSd. The DXS measurements presented
here were all made with the incident photon energy fixed at

FIG. 1. Phonon dispersion of the lowest energy phonon modes
along fg00g measured by inelastic neutron scattering in the cubic
phases ofsad PbTiO3 sRef. 13d, sbd KNbO3 sRef. 14d, and scd
BaTiO3 sRef. 15d. The lines are merely guides to the eye.

PHYSICAL REVIEW B 71, 020102sRd s2005d

RAPID COMMUNICATIONS

1098-0121/2005/71s2d/020102s4d/$23.00 ©2005 The American Physical Society020102-1



12 keV. Sample temperatures as high as 850 K were reached
in a vacuum furnace with temperature control within a few
degrees. All measurements presented here were made at a
fixed sample temperature of 800 Ks,1.05TCd. The tem-
perature dependence of the diffuse scattering is presented
elsewhere.18

Figure 2 fwhere reciprocal spaceshkld are in thesxyzd
directionsg shows some of the DXS profiles measured around
thes400d ands501d reflections in the cubic paraelectric phase
of PbTiO3. The Comes and Huller scatterings have the dis-
tinctive feature1,4 of no diffuse scattering on planes that pass
through the origin of reciprocal space. Since thek=0 plane
in Fig. 2sad passes through the origin while thel =1 plane in
Fig. 2sbd does not, only thel =1 plane can show any Huller
and/or Comes scattering. The scattering seen for thek=0
plane can only come from TDS by phonons, while thel =1
plane does not show any sheet scattering that would have as
its most distinctive feature intense scattering along theh=5
line. Instead, our analysis shows that the scattering features
in both planes are dominated by single phononsfirst-orderd
TDS. The dumbbell-shaped scattering has anisotropy consis-
tent with the directional dependence of the transverse acous-
tic sTAd and longitudinal acousticsLA d phonon mode contri-
butions to the scattering, as explained below. Detailed
measurements were made throughout the entire Brillouin
zones of thes400d, s401d, and s501d reflections, and no su-
perlattice peaks or diffuse sheets were observed.

The first-order TDS by phonons of wave vectorg is de-
scribed in the high-temperature limit by the equation19

I1sqWd = uFhklu2
NkBT

m
uqW u2o

j

cos2ai j

vi j
2 ,

where the summation is over the three differentj th modes of
the ith acoustical or optical phonon.Fhkl is the structure am-
plitude which includes the Debye-Waller factors,kB is Bolt-
zmann’s constant,T is the temperature,m is the mass of the
unit cell, q=Ghkl+g is the photon transfer wave vector,Ghkl

is the closest reciprocal lattice vector toq, vi j is the phonon
frequency,a is the angle between the phonon displacements
and the photon wave vector, andN is a normalization param-
eter, the only parameter used to fit the experimental data. It
should be emphasized that the same value ofN is used to fit
all the data within a Brillouin zone around a given reciprocal
lattice point. In the continuum approximationv=gn, where
g is the phonon wave number andn is its constant velocity. It
turns out that the two-phonon scattering processes are not
negligible for the case of high-temperature PbTiO3, and can
be as high as 10% of the total scattering signal. The second-
order TDS, containing no sharp features, has been evaluated
using the approximations of Wooster20 and the methods of
Borie.21 All calculations also included the small contribution
from Compton scattering. Before comparing with the theory,
all data were corrected for self-absorption. Note that there
are no x-ray polarization corrections for a Kappa diffracto-
metersused in our measurementsd.

The equation for first-order TDS explains the dumbbell
shape found in the measurements shown in Fig. 2. For the
case of scattering radiating from thes400d reflection, the co-
sine term allows contributions from only longitudinal
phonons along theh direction, while along the perpendicular
l direction only transverse phonons contribute. Since the
squares of the LA and TA mode energies are proportional to
the cubic elastic constantsC11 andC44, respectively, the in-
tensity of the diffuse scattering in the two directions for
equivalent distances from thes400d reflection is inversely
proportional to the elastic constants. The elastic constants for
cubic PbTiO3 can be taken from inelastic neutron-scattering
measurements shown in Fig. 1sad,13 yielding the approximate
values C11=234 GPa andC44=62 GPa. Consequently, we
expect the TDS intensities along these directions to differ by
approximately 4 to 1, with the larger intensity along thek
direction. Similar arguments apply to the dumbbell surround-
ing thes501d reflection except that the LA and TA modes are
now slightly mixed along the principal axes radiating from
the s501d reflection.

Figure 3 shows the comparison between theory and ex-
periment for a TDS calculation beyond the continuum ap-
proximation sutilizing the experimental results forvsgd
shown in Fig. 1sad along thel direction ath=4 andk=0,
where only transverse phonons contribute. We should em-
phasize the fact that the TA branch alongl in cubic PbTiO3
has much smaller values ofv than does the TO soft-mode
branch, even quite close toTC. Since the contribution to
diffuse scattering of phonons is proportional tov−2, the TA
branch will dominate the diffuse scattering over the soft
mode in all cases, as is verified by a quantitative calculation
that shows the soft-mode contribution is usually significantly
less than 10% of that of the TA mode. Note from Fig. 1 that
TA modes dominate even in BaTiO3 and KNbO3, though not
as much as in PbTiO3. This fact alone suggests that the soft-
mode branch is not the main factor for producing the diffuse
sheets in BaTiO3 and KNbO3.

The calculations of the measured TDS patterns of Fig. 2
require knowledge of the cubic phase acoustic-phonon spec-
trum as a function ofg throughout as100d plane in a Bril-
louin zone, which is not available. However, in the con-
tinuum approximation, wherev is a linear function ofg,

FIG. 2. sColor onlined Diffuse scattering profiles from cubic
PbTiO3 sT=800 K=1.05TCd around thes400d ands501d reflections
plotted on a logarithmic scale.sad The sh, kd plane atl =0. sbd The
sh, kd plane atl =1. The “hot spot” ats5.05, −0.25, 1d is due to a
weak resolution-limited peak, presumably caused by a multiple-
diffraction effect. Note that no diffuse sheet is present alongh=5.
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only knowledge of the three elastic moduli of cubic PbTiO3
is required. Figure 1sad indicates the continuum approxima-
tion is valid for g,0.2, the region producing the greatest
TDS. Figure 4 shows calculations of the experimental TDS
profiles presented in Fig. 2 using the continuum approxima-
tion. The calculations were made, with the third elastic con-
stant C12=130 GPa, chosen so as to best fit the measured
diffuse anisotropy in the immediate vicinity of thes400d and
s501d reflections, since there have not been any published
measurements that we could find at the elevated tempera-
tures of the cubic phase. The TDS theory reproduces all of
the features observed in the experimental data. Good agree-
ment between single phonon-scattering theory and experi-
ment was also obtained for SrTiO3, where all of the elastic
constants have been measured as a function of the high-
temperature range of interest. In the case of SrTiO3 the
second-order TDS contribution was calculated to be negli-
gible, and the good agreement was an important check on the
accuracy of our calculations and our determination ofC12 for
PbTiO3.

Diffuse sheets are also found in KTaO3 but another
mechanism is required since it is nonferroelectric.22 XAFS
verifies that no disordered local displacements occur in this
material. It was suggested that the sheets in KTaO3 occur
because the TA-phonon branches in the reciprocalk100l di-
rections have a particularly lowvsgd that rises rapidly in
directions off these axes, giving particularly strong scattering
along s100d sheets.22 This unusual behavior occurs because
of a strong interaction between the TA phonon and optical
soft-mode branches. Since our measurements and analysis
indicate that the DXS sheets found in BaTiO3 and KNbO3
are not produced by the soft-mode model, the question arises
whether they occur because of the disordered rhombohedral
displacements or by TA phonons as suggested for KTaO3.
BaTiO3 and KNbO3 have TA dispersion curves with values
above that of PbTiO3 swith BaTiO3 well above and not flat-
tening out at highgd, yet our measurements and calculations
find no sheets for PbTiO3. In addition, PbTiO3 most closely
approximates the KTaO3 TA dispersion curves, but not hav-
ing its particularly low frequencies. These two observations
indicate that the KTaO3 mechanism for sheets is not occur-
ring in these three ferroelectrics. The only remaining mecha-
nism left to explain sheets in BaTiO3 is the Comes model of
chains of correlated local displacements. As we argue in the
following, a similar mechanism produces sheets in KNbO3.

Although macroscopically the transition atTC for all three
perovskites is similar by changing from tetragonal to
paraelectric phases, on a local structure perspective they are
quite different. The tetragonal phase for BaTiO3 and KNbO3
has disordered localx and y components not present in the
tetragonal phase for PbTiO3. For BaTiO3 and KNbO3 to
transform to the cubic phase it is only necessary to disorder
the initial z component of the local displacements by revers-
ing this componentsby symmetry this does not change the
dimensions of the local regionsd and then locally disorient
the displacements uniformly among thek111l directionssi.e.,
the eight-site modeld. Since the transverse components disor-
der at lower temperatures, the hopping among their sites oc-
curs more rapidly than does the hopping to reverse the dis-
placements among thek001l directions, producing chains of
unit cells of local tetragonal regions. The main region where
stress is induced by the disordering is wherecollinear chains
with reversed tetragonal regions interface. Thus, neighboring
parallel, but noncollinear chains will have no additional
strain energy introduced by either direction of tetragonal re-
gions, producing the cubic phase with Comes chains of unit
cells correlated along thek100l directions and no correlation
between neighboring chains, leading to the DXS sheets. The
chains in KNbO3 are also significant, giving a larger contri-
bution to the sheets by a factor of 1.5 than in BaTiO3, since
their DXS is proportional tosZdd2, whereZ is the nuclear
charge of the atom near the center of the oxygen octahedron
and d is the atom’s displacement from the center;d is 0.17
s0.11d andZ is 22 s41d for Ti sNbd.7,8

With the local k001l displacements of PbTiO3 it is not
possible to produce the cubic structure by simply reversing
thez component because this retains the tetragonal structure.
The cubic unit-cell dimensionac=s2a+cd /3, wherea is the
side of the tetragon base andc is its polar length, requires a

FIG. 3. Comparison between theory and experiment alongl at
h=4 andk=0 of cubic PbTiO3, using the measured dispersion of
the TA-phonon modessRef. 13d. Two sets of measurements are
presented.

FIG. 4. sColor onlined Calculated TDS profiles using the con-
tinuum approximation for the measurements presented in Fig. 2.
The calculated profiles are quantitatively accurate only within
0.2 r.l.u., beyond which the calculated profiles do not fall off as
rapidly as the experimental measurements, due to neglect of phonon
dispersion in the calculation.

DIFFUSE X-RAY SCATTERING IN PEROVSKITE… PHYSICAL REVIEW B 71, 020102sRd s2005d

RAPID COMMUNICATIONS

020102-3



disordering of theorientationof the local displacements such
that along any cubic axis there are twice the number of te-
tragonal cells perpendicular to it than along it. The elastic
strain induced by a chain ofn-oriented tetragonal unit cells
in the cubic structure isns2/3dsc−ad, and the elastic energy
is minimized by keeping the lengths of chains to a minimum
since it increases withn2. Thus, it is reasonable that the
disorder in thek001l displacements of PbTiO3 is not in finite
chains and does not produce sheets of diffuse scattering, but
rather produces a broad, featureless background.

Theoretical support of the Comes model came from a
theory that predicted the existence of persistent local
displacements.23 Finally, the order-disorder nature of the
ferroelectric transition has been reconciled to the large Curie-
Weiss factor by a theory that explains the phase transition in
terms of an interaction of the local displacements with the
soft mode and also naturally explains the central peak.24

In conclusion, we have presented DXS measurements
from the perovskite ferroelectric PbTiO3 in the high-
temperature cubic phase, and find that it has no sheets as
occurs in the perovskite ferroelectrics BaTiO3 and KNbO3. A
modeling of the DXS with only thermal phononssincluding
soft modesd reveals that no sheets are produced by this

mechanism. The different diffuse scattering in the perovs-
kites can be explained by the different local displacements
that persist in the cubic phases. The localk111l displace-
ments in BaTiO3 and KNbO3 disorder in the cubic phase into
correlated finite chains along thek100l directions and are
uncorrelated to their neighboring chains, producing DXS
sheets in theh100j planes. However, the localk001l displace-
ments in PbTiO3 do not form local correlated chains because
they have only short-range correlations as required to mini-
mize the elastic strain energy introduced by their reorienta-
tion in the cubic structure, giving a broad and featureless
DXS. Consequently, the DXS features of cubic PbTiO3 are
dominated by the acoustic-phonon branches.
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