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Diffuse x-ray scattering in perovskite ferroelectrics
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Diffuse x-ray scattering measurements on the cubic paraelectric phase of single-crysta} BiETi@e-
sented. No diffuse scattering sheets are found, in contrast to sheets observed in the cubic paraelectric phases of
BaTiO; and KNbG,. 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.

DOI: 10.1103/PhysRevB.71.020102 PACS nunt®er77.80.Bh, 61.10.Eq, 64.70.Kb, 77.84.Dy

Understanding structural phase transitions is one of théere measurements for PbEi®ecause it has similar soft-
central issues of condensed-matter physics. The nature ofode behavior as the other two perovskites in the cubic
structural phase transitions in perovskite ferroelectrics haphase(Fig. 1), yet it has a different local displacement. Cu-
been intensely investigated because of their simple structungic BaTiO, and KNbQ, have disordered local displacements
together with the importance of ferroelectricity as an inter-ajong the(111) directions, while PbTi@has disordered local
esting phenomenon with practical applications. Despite eXgjsplacements along th@01) directions. Thus, one might

tensive studies of the perovskites, one fundamental issue Q pect similar diffuse sheets in PbTj@ the soft mode was

debate persists, namely, the origin of the reciprocal Iattic%h ; : . N .
: : . e cause, but possibly different diffuse scattering if the dis-
space diffuse x-ray scatterin@XS) sheets in the paraelec- ordered displagementi were the cause. We figd no DXS

i ic ph f BaTi KNbQ,.12 B i : . X o :
#:gmcﬁr?écp%rgs(;zp?aci\?e Irgr?gggl intr?)%uced %?/egoc::r;#gﬁg S sheets in PbTiQ This result and quantitative calculations

diffuse sheets were explained by Huller as the formation ofive definitive evidence that the soft mode has a negligible
linear chains of correlated displacements in the transversgPntribution to DXS sheets, leading to the conclusion that
optical (TO) soft mode# The displacive model was based on they are caused by the Comes mechanism. We suggest an
the assumption that the soft mode becomes unstable as RXplanation for why the€001) displacements in PbTiOdo
frequency goes to zero on cooling to the tetragonal ferroelediot produce DXS sheets.

tric phase from the cubic paraelectric phase at the transition The high-quality PbTi@single crystals used in this study
temperaturel, and the lattice stabilizes with an off-cubic- were grown from stoichiometric melts as has been described
site displacement to form the ferroelectric state. In the alterelsewherd® DXS measurements were also made on a single
native Comes model of order-disorderthe diffuse sheets crystal of the nonferroelectric perovskite SrgiMarketech

are explained by the formation of linear chains of short-rangénternational at similar elevated temperatures, as an experi-
correlated local displacements that exist in the paraelectrihental control of thermaphonondiffuse scattering TDS)
phase and have long-range order in the ferroelectric phasgalculations. All DXS measurements were made at the Pa-
The consensus soon after the experimental discovery of thgfic Northwest Consortium Collaborative Access Team
DXS sheets was the soft-mode explanation because only {PNC-CAT) bending magnet beamlifeat the Advanced
could explain the large Curie-Weiss factor in ferroelectricity. photon SourcdAPS). The DXS measurements presented

However, subsequent experimental evidence indicated thgere were all made with the incident photon energy fixed at
soft mode never went to zero but became overdamped in-

stead(the central peak Later x-ray absorption fine-structure g0 T=783K=104Tc T=798K=113Tc

(XAFS) measurements of the local structure of PbJy%O s @ TO, 1
BaTiO; (Ref. 7, and KNbQ (Ref. 8 showed unambigu- @ 15- LAY
ously the existence of local ferroelectric distortions in the < 4o £ ]
cubic phases of these materials well abdye This finding > & I
was supported by additional, less definitive, experimentall_ﬁ Siod ‘

evidence 11 as reviewed in Ref. 12. The more recent find- 0
ings have reopened the question of the origin of the diffuse 0
sheets in the perovskite ferroelectrics. Recent DXS measure-
ments of cubic BaTi@and KNbQ, verified the presence of FIG. 1. Phonon dispersion of the lowest energy phonon modes
diffuse sheet$,but the underlying mechanism causing the along[g00] measured by inelastic neutron scattering in the cubic
diffuse sheets has remained unresolved. No DXS measurghases of(a) PbTiO; (Ref. 13, (b) KNbO; (Ref. 14, and (c)
ments have been published for cubic PbJi@/e present BaTiO; (Ref. 15. The lines are merely guides to the eye.
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FIG. 2. (Color onling Diffuse scattering profiles from cubic
PbTiO; (T=800 K=1.05T) around thg400) and(501) reflections
plotted on a logarithmic scal¢a) The (h, k) plane atl=0. (b) The
(h, k) plane atl=1. The “hot spot” at5.05, —0.25, 1is due to a

weak resolution-limited peak, presumably caused by a multiple

diffraction effect. Note that no diffuse sheet is present albré.
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is the closest reciprocal lattice vectordpw;; is the phonon
frequency,a is the angle between the phonon displacements
and the photon wave vector, ahids a normalization param-
eter, the only parameter used to fit the experimental data. It
should be emphasized that the same valul & used to fit
all the data within a Brillouin zone around a given reciprocal
lattice point. In the continuum approximaties=gv, where
g is the phonon wave number amds its constant velocity. It
turns out that the two-phonon scattering processes are not
negligible for the case of high-temperature PbJji@nd 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 Woosterand the methods of
Borie 2L 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-
meter(used in our measuremeits

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 tk&00) reflection, the co-
sine term allows contributions from only longitudinal

12 keV. Sample temperatures as high as 850 K were reacheghonons along thk direction, while along the perpendicular
in a vacuum furnace with temperature control within a few| direction only transverse phonons contribute. Since the
degrees. All measurements presented here were made atguares of the LA and TA mode energies are proportional to
fixed sample temperature of 800 &k-1.05T¢). The tem-  the cubic elastic constan@,;; and C,,, respectively, the in-
perature dependence of the diffuse scattering is presentegnsity of the diffuse scattering in the two directions for
elsewheré? equivalent distances from th@00) reflection is inversely
Figure 2[where reciprocal spacghkl) are in the(xy2  proportional to the elastic constants. The elastic constants for
directiong shows some of the DXS profiles measured aroundubic PbTiQ can be taken from inelastic neutron-scattering
the (400 and(501) reflections in the cubic paraelectric phase measurements shown in Figal, '3 yielding the approximate
of PbTiG;. The Comes and Huller scatterings have the disvalues C,,=234 GPa andC,,=62 GPa. Consequently, we
tinctive featuré“ of no diffuse scattering on planes that passexpect the TDS intensities along these directions to differ by

through the origin of reciprocal space. Since K0 plane
in Fig. 2(@) passes through the origin while thel plane in
Fig. 2(b) does not, only thé=1 plane can show any Huller
and/or Comes scattering. The scattering seen forkth@
plane can only come from TDS by phonons, while tkel

approximately 4 to 1, with the larger intensity along the
direction. Similar arguments apply to the dumbbell surround-
ing the(501) reflection except that the LA and TA modes are
now slightly mixed along the principal axes radiating from
the (501) reflection.

plane does not show any sheet scattering that would have as Figure 3 shows the comparison between theory and ex-

its most distinctive feature intense scattering alonghh®

periment for a TDS calculation beyond the continuum ap-

line. Instead, our analysis shows that the scattering featurgsoximation (utilizing the experimental results fot(g)

in both planes are dominated by single phortfirst-orde)

shown in Fig. 1a) along thel direction ath=4 andk=0,

TDS. The dumbbell-shaped scattering has anisotropy consigshere only transverse phonons contribute. We should em-
tent with the directional dependence of the transverse acoughasize the fact that the TA branch alony cubic PbTiQ

tic (TA) and longitudinal acoustid_A) phonon mode contri-

has much smaller values af than does the TO soft-mode

butions to the scattering, as explained below. Detailechranch, even quite close .. Since the contribution to
measurements were made throughout the entire Brillouigiiffuse scattering of phonons is proportion(;ud)ﬁz7 the TA

zones of thg400), (401), and (501) reflections, and no su-
perlattice peaks or diffuse sheets were observed.

The first-order TDS by phonons of wave vectpis de-
scribed in the high-temperature limit by the equatfon

o COS
P> ==,
J

ij

NkgT
m

11(6) = [Fril?

where the summation is over the three differghtmodes of
theith acoustical or optical phonof,, is the structure am-
plitude which includes the Debye-Waller factoks,is Bolt-
zmann’s constantl is the temperaturem is the mass of the
unit cell, q=Gy,*+g is the photon transfer wave vect@y,

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 BaTi{@nd KNbQ,, though not

as much as in PbTiQ This fact alone suggests that the soft-

mode branch is not the main factor for producing the diffuse
sheets in BaTi@and KNbG.

The calculations of the measured TDS patterns of Fig. 2
require knowledge of the cubic phase acoustic-phonon spec-
trum as a function ofj throughout a(100 plane in a Bril-
louin zone, which is not available. However, in the con-
tinuum approximation, whera is a linear function ofg,
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80 — T T Diffuse sheets are also found in KTaut another
@ 70 1 o Experiment (Scan #1) | mechanism is required since it is nonferroelec%?iO(AFS .
= I e Experiment (Scan #2) verlfle_s that no disordered local dlsplacemer]ts occur in this
‘::, 60 - Th . material. It was suggested that the sheets in KgraGcur
. eo | 2oLy H because the TA-phonon branches in the reciprétad) di-
£ h=4 rections have a particularly lown(g) that rises rapidly in
8 40 - i 7 directions off these axes, giving particularly strong scattering
2130 L k=0 ] along (100 sheetg? This unusual behavior occurs because
) of a strong interaction between the TA phonon and optical
% 20 - 7 soft-mode branches. Since our measurements and analysis
€ 10 - indicate that the DXS sheets found in Bai@nd KNbG,
- ol .. N are not produced by the soft-mode model, the question arises

01 0‘15 i ‘OEZ‘ o Oé5 03 whether they occur because of the disordered rhombohedral
I(r.I.u.) dlsp!acements or by TA phon_ons as suggested.for kKTaO
BaTiO; and KNbG, have TA dispersion curves with values
above that of PbTi@(with BaTiO; well above and not flat-
tening out at highg), yet our measurements and calculations
find no sheets for PbTiQ In addition, PbTiQ most closely
approximates the KTaQTA dispersion curves, but not hav-
ing its particularly low frequencies. These two observations
only knowledge of the three elastic moduli of cubic PbJiO indicate that the KTa@mechanism for sheets is not occur-
is required. Figure () indicates the continuum approxima- ring in these three ferroelectrics. The only remaining mecha-
tion is valid for g<0.2, the region producing the greatest nism left to explain sheets in BaTiGs the Comes model of
TDS. Figure 4 shows calculations of the experimental TDShains of correlated local displacements. As we argue in the
profiles presented in Fig. 2 using the continuum approximafollowing, a similar mechanism produces sheets in KNbO
tion. The calculations were made, with the third elastic con-  Although macroscopically the transition® for all three
stantC;,=130 GPa, chosen so as to best fit the measuregeroyskites is similar by changing from tetragonal to
diffuse anisotropy in the immediate vicinity of tt00) and  paraelectric phases, on a local structure perspective they are
(501 reflections, since there have not been any publlshegluite different. The tetragonal phase for BaFiehd KNbQ,
measurements 'ghat we could find at the elevated temperg,g disordered local andy components not present in the
tures of the cubic phase. The TDS theory reproduces all btragonal phase for PbTiOFor BaTiO, and KNbQ, to

the features obsgrved in the expenm(_ental data. Good agrefansform to the cubic phase it is only necessary to disorder
ment between single phonon-scattering theory and experj

. . ."="the initial zcomponent of the local displacements by revers-
ment was also obtained for SrTiOwhere all qf the elast|c_ ing this componentby symmetry this does not change the
constants have been r_neasured as a function of the hlg}Eﬁmensions of the local regiongnd then locally disorient
temperature range of interest. In the case of SgTie

S .the displacements uniformly among t directions(i.e.,
second-order TDS contribution was calculated to be neg“ihe o E\t—site modl Since t)r/1e trangvgiggcom onen(ts disor-
gible, and the good agreement was an important check on th 9 P

accuracy of our calculations and our determinatiogffor der at lower temperatures, the hopplng among their sites oc-
PBTIO;. curs more rapidly than does the hopping to reverse the dis-

placements among tH@®01) directions, producing chains of
unit cells of local tetragonal regions. The main region where
stress is induced by the disordering is wheodinear chains
with reversed tetragonal regions interface. Thus, neighboring
parallel, butnoncollinear 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 the.00 directions and no correlation
between neighboring chains, leading to the DXS sheets. The
chains in KNbQ are also significant, giving a larger contri-
bution to the sheets by a factor of 1.5 than in Bafi€ince
5 A 75 5 =0 5 their DXS is proportional tdZé)?, whereZ is the nuclear
h(r.lu.) h(r.lu.) charge of the atom near the center of the oxygen octahedron
and § is the atom’s displacement from the centéris 0.17

. . 78
FIG. 4. (Color onling Calculated TDS profiles using the con- (0'1])_ andZ is 22 (41) for. Ti (Nb). .
tinuum approximation for the measurements presented in Fig. 2. With the local(001) displacements of PbTiQit is not

The calculated profiles are quantitatively accurate only withinPossible to produce the cubic structure by simply reversing
0.2 r.l.u., beyond which the calculated profiles do not fall off asthez component because this retains the tetragonal structure.

rapidly as the experimental measurements, due to neglect of phondrhe cubic unit-cell dimensioa.=(2a+c)/3, wherea is the
dispersion in the calculation. side of the tetragon base ands its polar length, requires a

FIG. 3. Comparison between theory and experiment aloaiy
h=4 andk=0 of cubic PbTiQ, using the measured dispersion of
the TA-phonon modegRef. 13. Two sets of measurements are
presented.
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disordering of theprientationof the local displacements such mechanism. The different diffuse scattering in the perovs-
that along any cubic axis there are twice the number of tekites can be explained by the different local displacements
tragonal cells perpendicular to it than along it. The elastidhat persist in the cubic phases. The lo¢al1) displace-
strain induced by a chain of-oriented tetragonal unit cells ments in BaTiQ and KNbQ, disorder in the cubic phase into
in the cubic structure isa(2/3)(c—-a), and the elastic energy correlated finite chains along thd00) directions and are
is minimized by keeping the lengths of chains to a minimumuncorrelated to their neighboring chains, producing DXS
since it increases witm?. Thus, it is reasonable that the sheets in thé100; planes. However, the loc&)01) displace-
disorder in the001) displacements of PbTids not in finite  ments in PbTiQ do not form local correlated chains because
chains and does not produce sheets of diffuse scattering, btHey have only short-range correlations as required to mini-
rather produces a broad, featureless background. mize the elastic strain energy introduced by their reorienta-
Theoretical support of the Comes model came from &jon in the cubic structure, giving a broad and featureless
theory that predicted the existence of persistent locabXS. Consequently, the DXS features of cubic PbJ#de
displacement$® Finally, the order-disorder nature of the dominated by the acoustic-phonon branches.
ferroelectric transition has been reconciled to the large Curie-
Weiss factor by a theory that explains the phase transition in The authors thank Y. Yacoby for fruitful discussions and
terms of an interaction of the local displacements with thethe beamline staff at PNC-CAT for invaluable assistance. Re-
soft mode and also naturally explains the central jéak. ~ search was supported by DOE Grant No. DE-FGEO3-
In conclusion, we have presented DXS measurement87ER45628. PNC-CAT was supported by DOE Grant No.
from the perovskite ferroelectric PbTiOin the high- DE-FG03-97ER45628, the University of Washington, Pacific
temperature cubic phase, and find that it has no sheets &orthwest National Laboratory, and the Natural Sciences and
occurs in the perovskite ferroelectrics Bai@nd KNbG,. A Engineering Research Council of Canada. Use of the APS
modeling of the DXS with only thermal phonofisicluding  was supported by the U.S. DOE-BES under Contract No.
soft mode$ reveals that no sheets are produced by thisw-31-109-Eng-38.
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