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Cubic and tetragonal BaTi03 and orthorhombic KNb03 have been studied by Raman scattering,
using an iodine filter to eliminate elastically scattered light. In addition to the usual phonon
features, such as the soft E mode in tetragonal BaTi03 and the soft B2 mode in orthorhombic
KNb03, central components have been observed in both materials for the first time. These com-
ponents have the linewidths, line shapes, and thermal properties of relaxation modes, and symmetry
properties consistent with an eight-site order-disorder model of the successive phase transitions.
Additionally, the data provide direct evidence that clusters of precursor order are present in cubic
BaTi03 and the model provides estimates of the temperatures at which these clusters are present in

both BaTi03 and KNb03. These values are in good agreement with the results of linear
birefringence and refractive-index measurements.

I. INTRODUCTION

Two of the most extensively studied ferroelectric crys-
tals are KNb03 and BaTi03, which have the ABO3
perovskite structure. A major objective of these studies is
to investigate the origin of the cubic-tetragonal-
orthorhombic-rhombohedral sequence of structural phase
transitions which these crystals undergo as they are
cooled. In 1960, at an early stage in these studies, a
lattice-dynamical soft-mode model was proposed in
which components of a low-frequency cubic phonon
mode become successively unstable and lead to a dis-
placement of the equilibrium position of the B ion within
the unit cell. ' These displacements are along the (001)
direction in the tetragonal phase, the (110) direction in
the orthorhombic phase, and the (111)direction in the
rhombohedral phase and thus account for the observed
polarization direction in each phase. In this model the
unstable normal mode (i.e., the soft mode) has a frequen-
cy which decreases as each transition temperature is ap-
proached (from above or below) and is described by the
relation

to, = A(T —T, ),
where A is a constant and T, is one of the transition tem-

peratures.
This displacive model, in addition to explaining the se-

quence of phase transitions, was successful in other ways.
For instance, Eq. (1), along with the Lyddane-Sachs-
Teller (LST) relation

2

e(0)=e„ (2)
Q)yo

which relates the high- (e„) and low- [E(0)] frequency

dielectric constants to a particular optic mode's longitu-
dinal (LO) and transverse (TO) frequencies, implies a
divergence in e(0) at T, . In fact a Curie-Weiss behavior
of the low-frequency dielectric function of the form

(3)

where To is the Curie-Weiss temperature and C is a con-
stant, is observed. Also, spectroscopic studies show that
a zone-center phonon does decrease in frequency as each
of the phase transitions is approached from above.

Many studies however, display results inconsistent
with this soft-mode model. The first of these came in
1968 when Comes, Lambert, and Guinier observed dis-
tinct sheets of unexpectedly diffuse x-ray scattering from
the [100I reciprocal-lattice planes in BaTi03, KNbO&,
and the incipient ferroelectric KTa03 in all phases except
the rhombohedral phase. ' From these results Comes
et al. " suggested a description of the phase transition
based on the existence of local static disorder. They sug-
gested that all phases but the rhombohedral phase are
partially disordered; the disorder results from several
possible statistical orientations of the central B ion at one
of eight sites which are located off center along different
(111)directions. Although it was pointed out that this
result could be a consequence of the strong anisotropy of
the frequency versus wave-vector dispersion of the
lowest-energy TO-phonon branch in these crystals, ' sub-
sequent studies also revealed evidence both in favor of
disorder, and in contradiction to the soft-mode model.
Infrared-rellectivity (IR) and Raman studies show that
just below the two higher-temperature transitions the soft
mode does not behave according to Eq. (1). Its general
behavior is that it decreases continuously with decreasing
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temperature through the first two transitions and in-
creases only below the third transition, the ortho-
rhombic-rhombohedral transition. Furthermore the soft
mode in BaTi03 approaches a constant frequency v, =60
cm ' at about 100 C above T„, the cubic-tetragonal
transition temperature, and does not begin decreasing
again until below T„.' These results imply that in the
vicinity of T„ there is some mechanism other than a soft
phonon which contributes to the observed divergence in
e(0) described qualitatively by Eq. (3). In fact, dielectric
measurements indicate that the phonons in these crystals
cannot at all account for the observed low-frequency
dielectric constant near the first transition. There are ob-
served discrepancies between e(LST), the value of e(0) de-
duced using a generalized form of Eq. (2} with spectros-
copically determined phonon frequencies, and the value
measured directly by capacitance techniques, e(cap),
which is largest near the upper frequency limit of capaci-
tance measurements. ' ' This discrepancy is largest just
above the cubic-tetragonal transition in BaTi03. ' '
This suggests that there is a contribution to e(cap) from a
relaxation mechanism with a characteristic frequency
greater than the mechanical resonances, but below optic-
phonon resonances. In addition to the original x-ray,
spectroscopic, and dielectric studies mentioned above,
refractive-index measurements, hyper-Raman scat-
tering studies, and more recent x-ray measure-
ments ' also indicate that there is some structural dis-
order present in the cubic phase of these crystals.

The relaxation modes responsible for the contribution
to the dielectric constant b, @=a(cap}-e(LST}, and which
presumably involve motion by the ions among the sites of
a disordered sublattice, have characteristic relaxation
times in the range 10 —10 ' sec and are therefore
difficult to probe using conventional spectroscopic
methods. Such low-frequency phenomena however can
be directly observed in light scattering spectra, and will

appear as a "central peak" (CP) if an iodine filter is em-

ployed to absorb the intense elastically scattered light.
Central peaks have been seen in glasses and other ma-
terials, and in the case of a glass their presence is re-
lated to the innate structural disorder. More recently a
central peak has been seen in KTa{I72Nb{Izs03 (KTN)
and has been taken as evidence of disorder in a perovskite
structure. It is possible, however, that the disorder in
KTN can be attributed to its mixed crystal nature. In or-
der to determine if this disorder is intrinsic to the ferro-
distortive perovskite structure a similar search for spec-
tral central peaks, the results of which we report here,
was undertaken in BaTi03 and KNb03.

c,[ IOI ]

z. [OOI] x, [IOO]

5 X

The anisotropic nature of the tetragonal and ortho-
rhombic phases of KNb03 and BaTi03 imposes strict
light-scattering selection rules which depend on the sym-
metry of the crystal excitations and the point group of
the crystalline phase. For instance, KNb03 was studied
in its orthorhombic phase where all excitations at zero
wave vector transform according to either the A I (c),
B2(b), B,(a), or Az irreducible representations of the

C2, point group. Here a, b, c are the orthorhombic phase
principal axes, which differ from the pseudocubic axes by
a n. /4 rotation about the ye~[010] pseudocubic axis. The
pseudocubic axes (x,y, z) are used as the principal axes in
the tetragonal and cubic phases with the z~~[001] direc-
tion chosen for the tetragonal polar axis. Figure 1 shows
the two sets of principal axes. The scat tering
configurations, as well as the symmetry of the excitations
probed by each configuration, are given in Table I. Polar
modes which are not simultaneously polarized along a
principal axis and pure-transverse or pure-longitudinal
modes become mixed in symmetry due to a competition
between ionic and electrostatic forces, which for this
case, are not colinear. For instance, the a(cc)b scattering
geometry, in which the wave-vector transfer is perpendic-
ular to the polar c axis, can be employed in orthorhombic
KNb03 to study pure A &-symmetry modes but not pure
8

&

- or 82-symmetry excitations. Pure 82-symmetry
modes however, can be studied in the a(bb)c scattering
configuration. These symmetry features of the different
scattering configurations are also indicated in Table I.

The BaTiO& samples were studied in both the cubic
and tetragonal phase. When studied in the tetragonal
phase they were first poled along the z axis with a field
=5 kV/cm and lowered below the cubic-tetragonal tran-
sition temperature, in order to obtain a single-domain
tetragonal phase sample. The point group of the tetrago-
nal phase is C4, and the excitations of major interest are
low-frequency E-symmetry modes, in which ionic dis-
placements are perpendicular to the polar axis, and A &-

symmetry modes, which involve ionic motion parallel to
the polar axis.

II. EXPERIMENTAL

The light-scattering spectra were obtained using the
5145-A line of an argon laser tuned to the absorption of
an Iz filter, which completely eliminated the elastically
scattered light. A11 experiments were carried out in a
right-angle scattering geometry and the Raman and
quasielastic components were dispersed by either a dou-
ble monochromator or by a triple-pass Fabry-Perot inter-
ferometer followed by a double monochromator.

V. b, [OIO]

a, [IOI]

FIG. 1. The cubic and tetragonal (x,y, z), and orthorhombic
{a,b, c) principal axes, relative to the pseudocubic ((100) ) axes.
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TABLE I. Scattering geometries. k and e are the propaga-
tion and polarization directions of the incident (i) and scattered
(s) light. The symmetry of the probe excitation (mode), as well
as the mode each is mixed with, is also given.

Ortho rhombic
KNb03

k;(e;p, )k,

a (cc)b
a (ca)b
a (bc)b
a (ba}b
a (cb}c

Symmetry (mixed)

A]
B, (+B2)
Bp (+B])

A2

B2

Tetragonal
BaTi03

x (zx}y
x (zz)y

III. EXPERIMENTAL RESULTS

A. Orthorhombic KNb03

T= 30C T = l80OC

CJ ~ ~
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(c)
0
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FIG. 2. Raman scattering in orthorhombic KNbO3 at
T=30'C and T=180'C: (a) A, spectra [a(cc)b]; (b) mixed 8,
spectra [a(ca)b]; (c) mixed Bz spectra [a(bc)b]; (d) Bz spectra
[a (cb)c); (e) Az spectra [a(ba)b]. Resolution is 2 cm

Figure 2 shows the results of Raman scattering in or-
thorhombic KNb03 at T=30 and 180'C. A single-
domain sample, grown at Hughes Laboratories by the
top-seeded solution method and stable between —50
and 220'C, was used to make these measurements. The
usual elastic spectral response has been eliminated by the
Iz filter thus allowing an unobscured view of all low-

frequency features. The phonons in these spectra have

frequencies which are in good agreement with previous
Raman studies. ' Lattice-dynamical studies show
that the broad A, symmetry phonon at v=283 cm ', the
broad Bz phonon with a maximum at v=60 cm ' (in the
T=30 C spectrum), and the 8, phonon in the mixed
(8, +Bz)-symmetry spectra all derive from the low-
frequency cubic phase F&„phonon mode characterized
by motion of the Nb ion against the rigid oxygen oc-
tahedron. The shift of the low-frequency Bz(TO) phonon
from v=60 cm ' [Fig. 2(d)] out to v=170 cm ' in the
8, +Bz mixed symmetry spectra [Figs. 2(b) and 2(c)] is
due to the large anisotropy in the phonon energy-versus-
wave-vector dispersion.

Three features of Figs. 2(a) —2(c) indicate that there is
dynamic disorder among the Nb ions at high tempera-
tures. First, there is a clear broadening of the spectral
response of the phonons mentioned above in the
T=180'C spectra compared to the T=30'C spectra.
These are the phonons which, as noted above, involve Nb
ion displacements. The presence of broad phonons is
often a consequence of general translational disorder.
This, together with the fact that the nonpolar A 2 phonon
mode [Fig. 2(e)), which involves only oxygen ions, has no
temperature dependence implies disorder among the Nb
ions. Second, there is a significant increase in the Raman
background between 0 and =300 cm ' at high T. A
broad background has been seen in KNb03 by other
researchers ' and is believed to be due to disorder in-
duced scattering rather than second-order Raman
scattering. Third, at higher T pronounced quasielastic
scattering, i.e., a central peak (CP), is present This .is the
first reported observation of a CP feature in KNb03, and
suggests that there is a low-frequency thermally activated
relaxation process in orthorhombic KNb03 involving the
Nb ion. One such relaxation process, which is inherently
order-disorder in character and therefore consistent with
the other two disorder features, is an orientational pro-
cess in which the Nb ion moves from one equilibrium site
to another in a multiwell potential, and on a time scale
long compared to inverse phonon frequencies. This pro-
cess would produce a central peak characteristic of a De-
bye relaxation. A last important point is that the low-

frequency Bz(TO) phonon [Fig. 2(d)], which has a polar-
ization parallel to the b axis, shows no evidence of any of
the disorder features noted in the spectra of Figs.
2(a) —2(c). On the contrary, this phonon displays a soft-
mode behavior; it has a spectral response well described
by a heavily damped harmonic oscillator with a
temperature-dependent frequency, and can be adequately
described as motion by the Nb ion within a quasiharmon-
ic single-well potential. We therefore conclude that there
is dynamic disorder present in KNb03 with directional
properties. In particular, there is disorder along the po-
lar axis as indicated by the A &-symmetry spectra and dis-
order in the ab plane as indicated by the mixed
(8, +Bz)-symmetry spectra. However, the single-well

description for the Bz spectra indicates that there is no
disorder along the b axis, the direction of soft-mode dis-
placements in the orthorhombic phase.

Further evidence of dynamic disorder with directional
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properties is provided by the data collected using the
Fabry-Perot (FP) interferometer. FP spectra were col-
lected in all configurations listed in Table I. In all cases a
Brillouin doublet, unaffected by temperature, and similar
to the doublet shown in Fig. 3(a) (and which is unresolved
in the Raman data) was seen. However, only in the A, -

symmetry spectra [i.e., the a(cc}b configuration] a nar-
row peak of full width at half-maximum (FWHM} =5
GHz was also observed. This is shown in Fig. 3(b)
without the accompanying Brillouin doublet at +30
GHz. This narrow CP, like the broader CP, was more in-
tense at higher temperatures, but at T= 180'C it was still
about a factor of 20 less intense than the Brillouin com-
ponents. Because the width of this narrow peak is on the
order of the FP interferometer resolution, its presence
could, in principle, simply be due to the transmission of a
small amount of elastically scattered light. However, this
narrow component appeared in data runs taken at
different I2 filter attenuations and so is due to a low-

frequency excitation in the crystal rather than elastic
scattering. Furthermore, because the I2 absorption line
is on the order of 1 GHz in width it is possible that a
large amount of inelastically scattered light of small fre-
quency shifts ( & 1 GHz), as well as the elastic scattered
light, is absorbed by the I2 filter. In this case the low in-

tensity CP s in Fig. 4 would be only the tails of more in-
tense peaks.

To summarize, there is evidence of dynamic disorder in
the Nb sublattice in orthorhombic KNb03. In particu-
lar, the A

&
and (B

&
+Bz } mixed-symmetry Raman spec-

tra contain broadened phonons and a substantial low-
frequency Raman background at high temperatures. Ad-
ditionally CP's of two different widths were also seen in
the A &-symmetry spectra, which is suggestive of two re-
laxation modes with different time scales involving
motion along the polar axis. Another CP in the mixed
symmetry (B,+Bz) spectra is suggestive of a relaxation
mode involving motion in the ab plane, but because of the
damped harmonic response of the low-frequency Bz(TO)
phonon, relaxation does not occur along the b axis. Nei-
ther the narrow A&-symmetry CP of FWHM =5 GHz
nor either of the broad CP's of FWHM =20 cm ' have

T ~ l30 C ~ ~ i30'C (b)
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FIG. 4. Raman scattering in cubic and tetragonal BaTi03', (a)
E-symmetry spectra [x(zx)y] containing the overdamped soft
mode; (b) A-symmetry spectra [x (zz)y] containing a broad CP.

been seen before in previous light scattering measure-
ments which did not use an Iz filter. These features ex-
tend the observed light scattering spectrum down to fre-
quencies still above, but closer to, the upper limits of
dielectric measurements. Although the available high-
frequency capacitance data are limited, they are con-
sistent with the present data. For instance, anomalous
dispersion in the microwave regime, which was observed
along the c axis only, corresponds to the observed narrow
A, -symmetry CP. Similarly, the fact that no microwave
dispersion was observed along the a or b axis is in agree-
ment with the absence of a narrow CP of 8

&
or 82 sym-

metry. '

lA

Cll

O

T=)50 C

LLI
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-25 0 25
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FIG 3. Fabry-Perot data of orthorhombic KNb03.. (a) Bril-
louin doublet typical in all spectra; (b) CP in A& spectrum.
Resolution is 2 GHz.

B. BaTi03

The Raman and infrared responses of BaTi03 have
been studied in great detail. In the tetragonal phase the
low-frequency spectrum contains the A I +E components
of the lowest-energy cubic phase F&„soft mode. These
modes are completely analogous to the A

&
and soft B2

modes (at v=283 and 60 cm ', respectively) in ortho-
rhombic KNb03, with the soft E mode in BaTi03 being
even more heavily damped than the orthorhombic B2
soft mode in KNb03. Additionally, three A, -symmetry
broad phonons observed in the Raman scattering experi-
ments in both the tetragonal and cubic phases have been
extensively studied and discussed. '

Figure 4 shows the first low-frequency E-symmetry and
A-symmetry Raman spectra of BaTi03 taken with an I2
filter. A BaTi03 sample grown by the top-seeded solution
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method by the Sanders Company in Nashua, New
Hampshire and determined to have a cubic-tetragonal
transition temperature of T

&

= 124'C, was used for these
measurements. These E- and A-symmetry Raman spec-43

tra are in many ways similar to the Bz- and A, -symmetry
Raman spectra in orthorhombic KNb03. Below T„ the
E-symmetry spectrum [Fig. 4(a)] contains a heavily
damped soft mode which appears in the FP E-symmetry
spectra of Fig. 5(a) as a large background. The low-
frequency A, -symmetry spectrum is also similar to the

A, -symmetry spectrum in orthorhombic KNb03. The
Raman spectrum in Fig. 4(b) contains a CP of FWHM of
-20 cm ' while the FP spectrum contains a narrow CP
with a FWHM of several GHz. Like the A&-symmetry
CP's in orthorhombic, KNb03 these CP's decrease in in-

tensity with decreasing temperature. It is not likely that
the broad A

&
-symmetry CP seen in the Raman data is ac-

tually spectral leakage of the much higher intensity E-
symmetry soft mode resulting from slight analyzer, polar-
izer, or crystal misorientation since the line shape of this
central component in the A &-symmetry Raman spectra is
not the same as that of the E soft mode. Furthermore, an
explanation of spectral leakage does not account for the
observed thermal behavior.

These two A, -symmetry CP's are indications of dy-
namic disorder of the Ti ions, along the polar axis of
tetragonal BaTi03, with two different time scales. On the
other hand, the presence of an overdamped E-phonon
response, rather than a CP response, suggests that ionic
motion in the xy plane is characterized by motion of the
Ti ion in an anharmonic single-we11 local potential, rather
than a double-well potential (DWP) with minima along
the z axis which could explain the relaxation response of
the z-polarized Ti motion.

Further evidence of disorder can be seen in the spectra
of Figs. 4 and S taken above T„ in the cubic phase. Not
only do both the broad and narrow CP persist [Figs. 4(b)

and 5(b)], but in Fig. 4(a) the overdamped soft E phonon
which is Raman inactive above T„, is replaced by a nar-
rower, less intense CP identical to the cubic-phase CP
seen in Fig. 4(b). The full thermal evolution of this broad
cubic-phase CP is shown in Fig. 6. This cubic phase CP,
which both narrows and increases in intensity with de-
creasing temperature, is similar to CP behavior reported
in cubic KTap 72Nbp ps03 (Ref. 33) which is discussed
elsewhere.

In summary, a narrow CP of FWHM of -5 GHz and
a broad CP with a FWHM about 2 orders of magnitude
larger were observed in tetragonal BaTiO3. The intensi-
ties of these CP's decreased with decreasing temperature.
Furthermore, these low-frequency features, like the CP's
seen in orthorhombic KNBO3, have A, symmetry, which
implies that there are relaxation modes involving in-
terwell motion by Ti ions parallel to the polar axis. Con-
versely the E-symmetry low-frequency spectra were com-
pletely consistent with all other investigations of the soft
E mode in tetragonal BaTi03, and indicate that the
motion of the Ti ions in the xy plane is best described as a
heavily damped phonon mode. Both the A, CP features
persisted into the cubic phase, where the broad CP, in
particular, both broadened in width and decreased in in-

tensity as the temperature was increased.
The presence of the CP responses in BaTi03 is direct

evidence that a relaxation mechanism is present in Ba-
Ti03. Such a suggestion is not new. For instance, in
tetragonal BaTi03 relaxation processes have been pro-
posed to explain the discrepancy between e(LST) and
e(cap) when measured along the z axis.4s Also, as men-
tioned above, broad A

&
-symmetry phonon features,

which like the A, -symmetry CP's in the present data per-
sist into the cubic phase, have been taken as evidence of
disorder and explained by some researchers as a result of
interwell tunneling parallel to the z axis by the Ti ions in
tetragonal BaTi03.

A possible origin of the central peak components ob-
served in the cubic phase is that they are due to scatter-
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FIG. 5. Fabry-Perot data of cubic and tetragonal BaTi03. (a)
E-symmetry spectra; (b) A-symmetry spectra.
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FIG. 6. Raman scattering in cubic BaTiO, [x (zx +zz )y].



J. P. SOKOLOFF, L. L. CHASE, AND D. RYTZ 38

ing from regions of precursor order. Theoretical stud-
ies, which for the most part have been carried out in

one or two dimensions, predict the appearance of such
precursor clusters. Furthermore, numerous other experi-
ments have displayed results which could be explained by
the presence of clusters which have tetragonal ordering.
For instance, a temperature-dependent dielectric
response at = 1 cm ' is present which is not due to pho-
non resonances. ' ' Hyper-Raman scattering experi-
ments in cubic BaTi03. KNb03, KTa03, and
KTN (Ref. 51) display a second harmonic generation sig-
nal which is forbidden in crystals of perfect cubic symme-
try. Also, refractive index measurements show a devia-
tion in the refractive index from the expected linear
dependence on T expected in cubic crystals. ' Like the
central peak in these experiments, all of these anomalous
quantities increase dramatically as the phase transition is
approached from above, and suggest the presence of a
volume of precursor clusters which grows as T„ is ap-
proached from above.

(b)

XI

IV. THE EIGHT-SITE MODEL

To explain the light scattering features observed in
these experiments we introduce a modified version of the
eight-site (ES) model originally proposed in 1968 by
Comes et al. ' '" In the present single-particle model the
8 ion of the 3803 perovskite structure is located off
center in an eight-well potential which has each site (i.e.,
potential minimum) displaced from the unit cell center
along a (111) direction. The different phases are a
consequence of preferential occupation by the 8 ion of a
certain set of sites. In the cubic phase the occupation of
each of the eight sites is the same. Below the first transi-
tion temperature preferential occupation of a set of four
potential sites perpendicular to a particular axis results in
tetragonal ordering. Below the second transition temper-
ature two sites on a line parallel to a cube edge are most
populated leading to the orthorhombic phase. Finally,
below the third transition temperature occupation of only
one of the off-center sites is favored resulting in the
rhombohedral phase. The orientation of the eight-site
potential relative to the principal axes in both the ortho-
rhombic phase, and tetragonal and cubic phases is shown
in Fig. 1.

While it is the relative site occupations that determine
the crystal phase, it is the nature of the intersite and in-
trasite motion that determines the spectral response.
This motion is, of course, determined by the height of the
energy barriers separating the different sites (i.e., the ac-
tivation energy) and, in the case of the three lower
phases, the energy difference between energetically ine-
quivalent sites. Figure 7 shows the potential along a line
through two sites when the line is either perpendicular
[Fig. 7(a)] or parallel [Fig. 7(b)] to the polar axis. In this
figure Eo is the zero-point vibrational energy of the 8 ion,
Vo is the potential barrier, and U is a potentia1 difference
resulting from the macroscopic polarization within the
crystal. For motion in the symmetric potential of Fig.
7(a), if Vo is of a magnitude such that thermal excitations
allow the 8 ion to move between these two sites of the lo-

U

FIG. 7. Local potential along a line through two sites in the
eight-site potential which is (a) parallel to a nonpolar principal
axis and (b) parallel to the ferroelectric axis.

cal potential on a time scale comparable to the inverse of
a typical lattice vibration then the ionic motion and spec-
tra1 response wi11 be that of a damped phonon mode

S(v) ~ vr
(

2 2)2+ 2+2 (4)

On the other hand, if Vo is of a magnitude such that in-
terwe11 motion occurs on a time scale long compared to
the inverse of even a low-energy phonon frequency, then
the motion is best described as a Debye relaxation and
the spectral response will be the characteristic Lorentzian
centered on zero-frequency shift with a half-width at half
maximum (HWHM) approximately equal to the average
8 ion relaxation or "dwell" time, z,

1
S(v) ~

1 +~2~2

Similarly the nature of the ionic motion between the
biased wells [Fig. 7(b)] depends on the magnitude of Vo
and U. If these values are such that the 8 ion is mostly
confined to the low-energy well, then the motion is
predominantly vibrational. However, relaxation modes
involving motion between inequivalent wells will occur.
Such relaxations will be characterized by two dwell times
describing the average time spent by the ion in each po-
tential well and the spectral response mill corresponding-
ly be composed of two Lorentzians with HWHM's ap-
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proximately equal to the inverse of the dwell times.
In the KNb03 low-frequency spectra of the two A, -

symmetry CP's are due to relaxation modes involving
ionic motion along the orthorhombic, polar c axis. The
broad (narrow} A i CP has a HWHM of -(1/r, )

[(1/rz)), where r& (r2) is the average dwell time of the B
ion in the upper (lower) well before it goes into the lower
(upper} well, and of course, r, &r2 since the low-energy
well is the energetically favorable one. The overdamped
82 phonon is due to motion by the Nb ion parallel to the
b axis. In this case the energy barrier Vo perturbs the
harmonic motion but not so much that the motion is still
not vibrational. Finally, the mixed (B, +B2)-symmetry
CP's are due to interwell motion in the ab plane, but not
along the b axis, and in this case the potential barriers
separating the different sites are such that the interwell
motion is more like a relaxation mode, rather than a
damped vibration.

In the case of BaTi03 the two A&-symmetry CP's are
again a result of relaxations along the polar axis and be-
tween the energetically inequivalent sites. The E-
symmetry overdamped phonon is the spectral response
associated with the vibrational motion when the Ti ion
moves in an xy plane containing either set of four ener-
getically equivalent sites. In this case, as in the case of
the B2 mode in orthorhombic KNb03, the potential bar-
riers separating any two of the four sites in the same xy
plane perturb the harmonic motion. However, the
motion is still vibrational in character. In cubic BaTi03
the CP response is due to scattering from the ionic
motion within regions containing precursor clusters. The
total volume of the precursor clusters increases as
T~ T, &

and this accounts for the increase in intensity.
To describe the relaxation mode more precisely we use

the tunneling model which has been applied to both spec-
troscopic and dielectric data in tetragonal BaTi03. In
this semiclassical model the thermally excited 8 ion
tunnels through the top of a barrier confining it to a par-
ticular set of sites. The average dwell or relaxation time
in this set of sites can be written

Therefore,

—U
P (7)

In the ferroelectric phases the polarization of KNb03
and BaTi03 changes very little so n2 can be considered
constant, and we can relate the experimentally deter-
mined quantities I, and v., to the potential bias U

—U
I&~, ——C exp (8)

where C is a constant. Equation (8) is based only on the
argument that there is a relaxation process present in-
volving intersite motion by an ion between inequivalent
sites. The goodness of the fits of data to Eqs. (6} and (8),
as well as resulting values for hv and U, will be an indi-
cation of the plausibility of the tunneling model and the
eight-site model in general.

V. RESULTS AND CONCLUSIONS

In analyzing the CP data we first see if they have the
relaxation line shape described by Eq. (5), and then if the
values of v and I& have thermal dependences which can
be fitted to Eqs. (6) and (8). The spectra which we consid-
er are, first, the broad A I-symmetry CP in orthorhombic
KNb03 and second, the CP observed in cubic BaTi03
(Fig. 6). The broad Ai-symmetry CP in orthorhombic
KNb03 was more intense than the 8&+82 mixed-
symmetry CP, and was less distorted by the low-
frequency background and broad wing of the TO phonon.
Therefore the fits of Eq. (5) to this data, some of which
are shown in Fig. 8, yielded more reliable values.

The broad A &-symmetry CP data in tetragonal BaTi03
were not analyzed because, although the intensity of this
CP does decrease with decreasing temperature as would
be expected in this model, slight spectral leakage of the

(6 V kT)—
7 =Tpexp

0

I 7al 7 & ISO'C 7 a l5S'C

Here b, V is defined in Fig. 7(b) as the height of the bar-
rier, E=(E)=kT is the average B ion energy,

kTO =(A'/2n ) Qa!m~ is related to the mass m~ of the B
ion and the curvature a of the potential barrier. (ro) is
a tunneling "attempt" frequency and a typical physically
plausible value for this quantity is several hundred cm
Simple arguments allow the total broad A I CP intensity
(i.e., the integrated intensity) as a function of temperature
to be written. The total broad A, CP intensity I, is pro-
portional to X, 2 relaxation events per unit time in
which the B ion goes from well 1 to 2 (1~2). The rela-
tive occupations of well 1 and 2 are related by the
Boltzmann factor
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FIG. 8. A least-squares fit of Eq. (5) to the low-frequency re-
gion of the (a) A&-symmetry Raman spectra in orthorhombic
KNb03 and (b) Raman spectra in cubic BaTi03.
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high-intensity overdamped E phonon into these spectra
distorted the CP line shape and prevented accurate values
of ~ from being obtained. In the cubic BaTi03, however,
this soft phonon is Raman inactive, it does not contam-
inate the CP spectra, and this allows the determination of
a reliable set of values of ~. Since these CP's in cubic Ba-
Ti03 are due to relaxation events within a temperature-
dependent volume of precursor clusters the expected
thermal behavior of the CP intensity is unclear. It may
not have the dependence on T described by Eq. (8), which
is for a crystal composed of unit cells all of the same
phase. If we make the assumption that any potential bar-
riers and potential biases in a unit cell in a precursor clus-
ter are temperature independent, any tunneling relaxation
events within these clusters will have relaxation times
describable by Eq. (6). We note that this assumption is
consistent with the first-order nature of the cubic-
tetragonal phase transition in BaTi03; presumably any
changes in the local potential of an individual unit cell
undergoing this phase transition will also be first order,
even when this transition occurs locally, as in the case
with a precursor cluster.

In Figs. 9(a) and 9(b) we show the results of fits of Eq.
(6) to the relaxation times derived from both sets of spec-
tra mentioned above, and in Fig. 9(c) is the result of a fit
of the product of the values of I and r to Eq. (8). The fit
in Fig. 9(c) is based only on the assumption that there is a
relaxation process present in orthorhombic KNb03 in-

volving motion by the Nb ion between energetically ine-
quivalent sites composing the order-disorder sublattice.
The fitted value of U is 1150 cm '=0. 15 eV, and is the
right order of magnitude expected for single-particle ion-
ic excitations. Turning to the fits in Figs. 9(a) and 9(b),
we obtain values of b V=750 cm ', kTo=145 cm ' for
KNb03, and EV=400 cm ', kTo ——36 cm ' for BaTi03.
The fits are very good and much better than Arrhenius-
type fits to the data, although at high temperatures
(T & 120'C) the KNb03 data could be fit almost as well
to a Arrhenius behavior. Notice that for both cases the
barrier height is comparable to, but larger than, all
thermal energies at which measurements were made.
This is consistent with the model in which the thermally
excited 8 ions have energies near, but below, the top of
the potential barrier and then tunnel through the barrier.
The value AV=400 cm ' for BaTi03 corresponds to a
temperature =300'C, and thus places an upper limit to
the temperature at which this tunneling process predom-
inates. This maximum value of 300 C is in excellent
agreement with Burns' data which show that at about
300 C deviations in the refractive index from a linear
dependence on T, and which can be associated with the
presence of polarization in the cubic phase of BaTi03,
first begin appearing. Similarly, the value of EV=750
cm ' for KNb03 corresponds to an upper-limit tempera-
ture = 1070 K at which the eight-site potential would be
expected to localize the Nb ion off center. This is close to
a maximum temperature of =1000 K that deviations
from the expected high-temperature linear birefringence
values have been seen in cubic (T„=705 K) KNb03,
and these "birefringent tails" have been interpreted as
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FIG. 9. (a) A fit of the relaxation times in orthorhombic
KNb03 and tetragonal precursor clusters in cubic BaTi03 to a
tunneling relaxation process in an eight-site potential [Eq. (6)].
(b) A St of the product of the measured values of I and v to the
expected thermal behavior of the dynamic order-disorder events
in orthorhombic KNb03 [Eq. (8)].

evidence of precursor clusters in cubic KNb03. Finally
we note that all values of AV and U are comparable to
typical activation energies for relaxation modes in ionic
conductors. In this context it is worth mentioning that
"dwell-dwell" models have been suggested to explain the
different width central peaks seen in I2 filter light scatter-
ing experiments on the ionic conductor RbAg4I5.

In conclusion, we have observed for the first time cen-
tral peak features in the Raman scattering spectra of or-
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thorhombic KNb03, and cubic and tetragonal BaTi03.
These CP's have line shapes characteristic of Debye re-

laxation modes. The thermal dependence of the CP
HWHM and integrated intensity, as well as the symmetry
features of these CP's, are consistent with a model in
which the central ion in the unit cells tunnels between
certain sites of an eight-well potential. This model has

also been successfully applied to Raman data collected on
several KTN samples.
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