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Femtosecond time-domain observations of soft-mode dynamics in crystals near structural phase tran-
sitions have been conducted. Impulsive stimulated Raman scattering (ISRS) experiments are reported
for both the orthorhombic phase of KNbO; and the tetragonal phase of BaTiO;. The data from potassi-
um niobate clearly show a heavily damped soft mode of B, symmetry and relaxational modes of 4, sym-
metry but not B, symmetry. Similarly, the data from barium titanate clearly show a heavily damped E-
symmetry soft mode and no relaxational modes of this symmetry. The absence of relaxational modes of
the same symmetries as the soft modes is consistent with an eight-site order-disorder model of the phase
transitions in this crystal class. The present results demonstrate significant advantages of ISRS over con-
ventional Raman spectroscopy of low-frequency, heavily damped soft modes.

1. INTRODUCTION

The study of polarization dynamics in crystals near
structural phase transitions has been conducted almost
exclusively through frequency-resolved spectroscopic
methods, especially light and neutron scattering. Raman
spectroscopy has been particularly widely used to exam-
ine soft zone-center optic-phonon modes and slow relaxa-
tional (‘“hopping”) modes characteristic of displacive and
order-disorder transitions, respectively. However, soft
modes typically become very strongly damped or over-
damped as well as low in frequency near the phase-
transition temperature T,. The result is that the distinct
Stokes and anti-Stokes Raman features whose frequency
shifts and widths yield quantitative values for the fre-
quencies and dephasing rates of lightly damped modes
broaden and often merge into a single central peak. In
this case the Raman spectral response can be very
difficult to distinguish from that of a relaxational mode.
Parasitic scattering contributions very near zero-
frequency shift, or the filtering measures sometimes taken
to remove them, can add to the difficulty. In addition,
most phase transitions have both displacive and order-
disorder character so that it is unclear a priori whether
the central peak should have contributions from heavily
damped soft vibrational modes, relaxational modes, or
both. In these cases unique analysis of the broad central
feature is often impossible. Lack of information about
order-parameter dynamics prevents elucidation of the
crystalline potential-energy surface along which ions or
molecules move in the transformation between phases.
This information is an essential ingredient for both a
quantitative description and a qualitative microscopic
model of a structural phase transition.
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The transformations in the barium titanate family of
perovskites rank among the most extensively studied of
all structural phase transitions,! because of fundamental
interest in these materials as prototype ferroelectrics and
because of their widespread applications in nonlinear op-
tics and electrooptics. Nevertheless, basic questions per-
sist about the microscopic mechanism for the succession
of phase transitions between cubic, tetragonal, ortho-
rhombic, and rhombohedral phases. The extent of
order-disorder versus displacive character and the types
of motions taking place at the transitions remain in
dispute. The uncertainty is due largely to the strongly
damped character of the order parameter and the
difficulty inherent in analysis of the Raman spectra.

Here we report the first femtosecond time-resolved im-
pulsive stimulated Raman-scattering (ISRS) observations
of soft vibrational and relaxational mode dynamics in
crystals near structural phase transitions. Through ISRS
experiments with the appropriate scattering symmetries,
we are able to observe distinct time-dependent responses
due to the heavily damped, soft polar optic-phonon
modes KNbO; and BaTiO;. We are also able to observe
the responses of polar relaxational modes with a different
scattering symmetry in KNbO;. These low-frequency vi-
brational and relaxational modes mediate the polariza-
tion (i.e., order parameter) dynamics associated with the
structural phase transitions.

For the case of potassium niobate, experiments were
performed in the orthorhombic phase where questions
have centered around the B,-symmetry Raman spec-
trum. Preliminary ISRS results from KNbO; have been
reported.> The B,-symmetry Raman spectra reveal
scattering features from a heavily damped soft mode, in-
terpreted in terms of vibrational motion of the central Nb
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jon along the b crystallographic direction.’ This is sug-

gestive of a displacive transition in which the local
potential-energy minimum for the ion shifts along the b
direction to reach the low-temperature rhombohedral
phase. (See. Figs. 1 and 2). However, the 4, symmetry
spectra show a central peak attributed to relaxational
modes. These features suggest hopping of the central ion
along crystallographic directions orthogonal to b to reach
distinct local potential-energy minima which are charac-
teristic of order-disorder rather than displacive transi-
tions. The combination of motions may be explained
qualitatively in terms of an eight-site order-disorder mod-
el which can account for partially displacive character.®
The model is described in more detail below. However, a
quantitative  description of the orthorhombic-
rhombohedral and other transitions of KNbO; has been
frustrated by discrepancies between the temperature-
dependent values of the low-frequency dielectric constant
£,(0) determined through capacitance measurements*
and the values determined [through the Lyddane-Sachs-
Teller (LST) relation] from the polar soft-mode parame-
ters. These discrepancies have given rise to a widespread
belief in the existence of additional polar modes, of relax-
ational origin, which have gone undetected in the low-
frequency B,-symmetry spectrum. Such modes could
easily be obscured by the soft-mode spectral response,
and their contributions to the dielectric constant could
explain the conflicting values of €,(0). Indeed, one Ra-
man study reported direct observation of a relaxational as
well as soft vibrational mode of B, symmetry.’ Inclusion
of both modes in the LST calculation yielded good agree-
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Unit Cell of KNbO; in the cubic phase
(x, y, z) crystal axes in C and T phases
(a, b, c) crystal axes in O phase

FIG. 1. Unit cell of KNbO; in the high-temperature cubic
phase. The crystal axes in the cubic and tetragonal phases cor-
respond to the (x,y,z) coordinate system. The crystal axes in
the orthorhombic phase correspond to the (a,b,c) coordinate
system.
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ment with the values of €,(0) determined independently.
However, a relaxational mode of B, symmetry is incom-
patible with the eight-site model. Thus, quantitative
description along these lines must be accompanied by re-
vision at a basic level of the qualitative microscopic pic-
ture.

The situation is similar for BaTiO;. A displacive mod-
el®’ for its transitions is suggested by the temperature
dependence of a soft polar optic-phonon mode,®!* as in
KNbO;. In the tetragonal phase studied here, the soft
mode is of E symmetry, indicating twofold degeneracy
and interpreted in terms of vibrational motion of the Ti
ion along the (equivalent) x and y crystallographic axes.
Also similar to the KNbO; case, Raman spectra of 4,
symmetry reveal relaxational contributions attributed to
hopping motions of the Ti ion between distinct potential-
energy minima located in different positions along the or-
thogonal (z) crystallographic axis.® Again the eight-site
model offers an attractive qualitative rationalization of
the data, and again quantitative description of the transi-
tions has been frustrated by discrepancies in the low-

High Temperature Tetragonal Phase

Cubic Phase Ferroelectric
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FIG. 2. Schematic illustration of the Nb-ion occupation sites
within the framework of the eight-site model for KNbO; in
each phase. The solid circles represent the lowest-energy (al-
lowed) sites for the Nb ion and the open circles represent
higher-energy sites. The sites are displaced from the center
along the (111) axes, toward the corners of the unit cell. The
polar axis is shown for each of the ferroelectric phases and is de-
rived from the average position of the Nb ion in a given phase.
The polar axis is not representative of a crystallographic axis in
the lowest-temperature rhombohedral phase, and hence the
crystallographic axes of this phase are not indicated.
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frequency dielectric constants [€(0) in the cubic phase
and €,(0) and g(0) in the tetragonal phase, where the
subscripts indicate directions relative to the polar (z)
axis]. The dielectric constant values determined through
capacitance measurements'> !¢ have differed substantially
from those deduced through spectroscopic measurements
of optic mode frequencies® !* and use of the Lyddane-
Sachs-Teller (LST) relation. The results of many other
experiments also point to an order-disorder component to
the BaTiO, transitions. X-ray scattering experiments'”!8
in both crystals indicate disorder in all but the rhom-
bohedral phases. In the cubic phase of BaTiO;, anoma-
lous temperature dependence in the refractive index' and
symmetry-forbidden frequency doubling® and Raman
scattering?! all suggest that regions of tetragonal “precur-
sor” order exist in the cubic phase and that the phase
transition into the tetragonal phase has order-disorder
character.

An additional factor in these materials is the mixed
phonon-polariton character of the elementary excitations
in near-forward-scattering experiments. In the polariton
(low wave vector) region, the vibrational frequencies and
damping rates are highly dispersive, and light-scattering
measurements at several wave-vector magnitudes g are
necessary to determine the uncoupled phonon frequencies
and damping rates. At large (90°) Raman-scattering an-
gles the soft mode is examined outside of the polariton re-
gion, where the frequency and damping rate are essential-
ly wave-vector independent. This may appear to be a
simplification in that the uncoupled phonon parameters
may be determined from a single measurement at one
large scattering angle. However, the damping rate in-
creases monotonically with wave vector (as will be shown
below) and the very strong damping at large wave vector
results in a broad central peak in the Raman spectrum
rather than distinct Stokes and anti-Stokes scattering
features. In this case the frequency and damping rate are
extremely difficult to determine uniquely. This accounts
for the wide range of values for these parameters that
have been reported.>>!2"!'¥ Raman-scattering or ISRS
experiments at several wave vectors are more likely to
yield reliable results.

We have carried out femtosecond time-resolved ISRS
experiments on KNbO; in the orthorhombic phase and
BaTiO; in the tetragonal phase, in each case examining
lattice responses of different symmetries and various
wave-vector magnitudes. The goals have been to answer
unambiguously the qualitative questions of soft-mode and
relaxational mode symmetries and to determine accurate
quantitative values of the soft- and relaxational mode pa-
rameters. The qualitative information is essential for an
understanding of the structure of the local potential-
energy surfaces in which the central ions move. The
quantitative information provides a detailed description
of the potential-energy surfaces, and permits reliable
comparison of dielectric constant values determined from
lattice dynamics and from capacitive measurements.
Clarification of the symmetries of the soft and relaxation-
al modes and reconciliation of the dielectric constant
discrepancies could lead to a consistent qualitative and
quantitative description of the phase transitions in this
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crystal class in terms of a simple and physically appealing
model.

II. BACKGROUND

A. The barium titanate family of crystals

The phase-transition temperatures in KNbO; have
been found to be 701, 488, and 210 K on cooling and 704,
493, and 265 K on heating.”? For BaTiO,, the phase-
transition temperatures are 403, 278, and 183 K.! Al
three transitions in both crystals show significant first-
order character as can be seen from thermal hysteresis.
The transitions were initially described"®’ as displacive,
with cooperative motion taking place along a
soft lattice vibrational coordinate. Further experi-
ments?~ >1772L23725 demonstrated that a purely displa-
cive model was incomplete and that some order-disorder
character must be included.

The soft-mode model of structural phase transitions
predicts that, at each phase transition, the frequency of
the soft normal mode decreases as the transition tempera-
ture is approached from above or below. A mean-field
description yields the following temperature dependence:

6,7

0?=A(T—T,), (1)

where A is a constant and T, is the second-order transi-
tion temperature. The Lyddane-Sachs-Teller (LST) rela-
tion for one optic mode,

€T €5 (2)

gives the low-frequency dielectric constant €, as a func-
tion of the high-frequency dielectric constant €, and the
frequencies of the longitudinal (LO) and transverse (TO)
optic phonons. The soft mode is a transverse optic pho-
non, and if €, and w?, are approximately temperature
independent, Eqgs. (1) and (2) indicate a divergence in g,
as the transition temperature is approached, i.e.,

C

A ®

€o

where C is the Curie constant.

Infrared and Raman spectroscopic studies of KNbO;
show®>?223 that as each phase transition is approached
from above, a zone-center phonon decreases in frequency
as the soft-mode model predicts. Just below the two
higher-temperature transitions, however, the soft-mode
frequency does not increase as indicated by Eq. (1)
but instead continues to decrease. Only after the
orthorhombic-rhombohedral transition does the soft-
mode frequency increase. Given this temperature depen-
dence of the soft mode, the divergence of the low-
frequency dielectric constant predicted by Eq. (3) should
only be observed at the orthorhombic-rhombohedral
transition; €, should increase continuously as the temper-
ature is lowered through the first two transitions. Dielec-
tric measurements, on the other hand, show divergences
of €, at all three phase transitions.*?*2> The temperature
dependencies of the phonon frequencies are unable to ac-
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count for the divergence of g, near the two higher-
temperature transitions.”? The contribution from an
order-disorder polarization relaxation mechanism with a
characteristic frequency (i.e., hopping rate) below optic-
phonon frequencies could account for the discrepancy be-
tween the low-frequency dielectric constant values ob-
tained from capacitance measurements and LST values
deduced from phonon frequencies obtained through spec-
troscopic experiments. The generalized LST relation, in-
cluding contributions from n vibrational modes and m re-
laxational modes with lifetimes 7, has the following form:

2
noTr M 05

so—ewH—T 1= 4)
i=1"TLi j=1 OF;j

The existence of an order-disorder mode is also sug-
gested by diffuse x-ray scattering!”!® which is observed
from all but the rhombohedral phase. This indicates that
all phases are partially disordered except for the rhom-
bohedral phase.

The crystal structure of the prototype cubic phase and
the 45° rotation of the crystal axes in the orthorhombic
phase are indicated in Fig. 1. The tetragonal phase has
crystal axes along the same directions as in the cubic
phase. The existence and the pattern of diffuse scattering
from the three highest-temperature phases have been in-
terpreted in terms of an “eight-site” model'”!® in which
it is proposed that eight local potential-energy minima
for the central ion lie in off-center sites along the {111)
axes, between the unit-cell center and the cations at the
eight corners. In the high-temperature phase, all the sites
are degenerate and the average symmetry is cubic. In the
tetragonal phase, four sites in a plane are lower in energy
than the other four; in the orthorhombic phase, two adja-
cent sites are allowed and there are two sets of higher-
energy sites (twofold and fourfold degenerate); and in the
rhombohedral phase, only one site is allowed. A
schematic illustration of the eight-site model is shown in
Fig. 2. This model is consistent with many experimental
results and also with the results of computer simulations
of KNbO; which indicate that in the orthorhombic
phase, the Nb ion is found primarily in two adjacent
(111) sites.?6

The eight-site model is an order-disorder model. In
general, this would suggest thermally assisted hopping
dynamics of the central ion among the allowed and
higher-energy sites and therefore relaxational order pa-
rameter dynamics. However, if the potential-energy bar-
rier between allowed sites is low compared to the zero-
point energy of vibration about the potential-energy mini-
ma, then motion between allowed sites is vibrational in
character while motion between allowed and higher-
energy sites remains relaxational. In this manner, illus-
trated in Fig. 3, the eight-site model can account for both
relaxational and soft vibrational components of the polar-
ization.

Two groups have reported low-frequency light-
scattering (LS) spectra from the orthorhombic phase of
KNbO;. Sokoloff et al.®> found that a single, heavily
damped soft vibrational mode (i.e., a heavily damped har-
monic oscillator) could account well for the B,-symmetry
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spectrum. This result led to the proposal, described
above, of a double-well potential with a very low barrier
separating the two allowed sites. The low-frequency 4 -
symmetry spectrum was described by two relaxation
times, and modeled by a strongly asymmetric double-well
potential with a barrier height far above the zero-point
energy for the Nb motion. The damped oscillator and re-
laxational modes appeared in scans of different symmetry
and were attributed to motions of the Nb ion along
different axes.

Note that these LS results and the eight-site model sug-
gest that the relaxational motions should contribute to
low-frequency dielectric constant components to which
the soft mode does not contribute, e.g., €,(0) in the
tetragonal phase and €,(0) and €.(0) in the orthorhombic
phase. The heavily damped soft mode in the orthorhom-
bic phase should influence the €,(0) dielectric constant as
discussed above. This dielectric component should not
show any effects of relaxational modes.

Fontana et al.’> pointed out that the soft-mode fre-
quencies deduced from the B,-symmetry Raman spectra
of Sokoloff et al. could not account through the LST re-
lation for the behavior of the €,(0) dielectric constant as
determined through capacitance measurements. They re-
ported B,-symmetry spectra which appeared to contain
contributions from both the heavily damped soft mode

FIG. 3. Proposed potential-energy surfaces for Nb-ion
motion in the orthorhombic phase, adapted from Ref. 3. (a)
The two lowest-energy sites are separated by a barrier whose
height is below the zero-point energy. Damped vibrational
motion takes place along this direction. (b) Four sites lie at a
higher energy than the allowed sites, and two sites lie at a
higher energy still. The asymmetric double-well potentials are
sketched. Hopping motion takes place between the allowed
sites and these sites, giving rise to the two relaxational features
seen in A4 ,-symmetry data.
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and a coupled relaxational response. The generalized
LST relation yielded good agreement with the ¢,(0)
dielectric measurements when both modes were con-
sidered. The results were explained in terms of a six-site
order-disorder model with Nb ion moving among wells
occupying off-center sites along the {100) axes. Subse-
quent analysis by Sokoloff et al. led to the suggestion
that the apparent relaxational contributions to the B,-
symmetry spectrum were in fact due to parasitic scatter-
ing. However, this analysis did not reconcile the
discrepancies in g,(0) values.

In BaTiO;, a similar discrepancy between dielectric
constant values led to the widespread belief that there
must be additional low-frequency relaxational modes
which are obscured by the soft-mode contribution to the
E-symmetry Raman spectrum.

B. Impulsive stimulated light scattering

The experimental method used is femtosecond time-
resolved “impulsive” stimulated Raman scattering
(ISRS), in which ultrashort excitation pulses exert a sud-
den (“impulse”) driving force on Raman-active modes
and the resulting phase-coherent nuclear motion is moni-
tored through coherent scattering of variably delayed, ul-
trashort probe pulses. In the time-delayed four-
wave mixing or ‘“transient grating” experimental
configurations used, ISRS data should contain the same
information concerning lattice dynamics as conventional
Raman spectra recorded with the same wave vector and
polarization combinations. ISRS data from an under-
damped phonon mode show time-dependent oscillations
whose period and decay rate correspond to the lineshift
and linewidth, respectively, of the associated Raman
spectral feature. For a relaxational response, ISRS data
show a time-dependent decay whose rate corresponds to
the Raman central peak linewidth. In general, the ISRS
signal S(z) is described in scalar form by 2’

S(t)=|Ge(t)|?, (5)

where G®(¢) is the dielectric constant impulse response
function (Green’s function) whose Fourier transform is
probed in spontaneous light-scattering (LS) spectroscopy.
The Stokes and anti-Stokes LS spectral intensities are
given by

Im[G*(w)] , (6)

n(w)+1
Slo)= n(w)
where n(w) is the Bose-Einstein thermal factor,

fiw/ky T

n(w)=(e n-t. N

In either ISRS or LS components of the tensor quantity
G*¢ are selected by appropriate choice of incident and
signal polarizations. Limitations in time or frequency
resolution are neglected in Egs. (5) and (6), but finite
pulse durations are accounted for in the ISRS data
analysis below. The dynamics observed through ISRS or
Raman spectroscopy are related to the (uncoupled?’) ma-
terial modes a, described by response functions G%(¢) or
G*w), through the Raman-scattering differential polari-
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zabilities a;=03g,;; /0Q“, where Q“ is displacement along
normal coordinate a:

GE=3 alG" . (8)

In practice, certain material responses may be viewed
more clearly in either the time or frequency domain. Im-
pulsive stimulated scattering (ISS) has proved particular-
ly useful for observation of modes with low-frequencies
and/or high damping rates, and for separation of relaxa-
tional and low-frequency oscillatory modes whose quasi-
elastic LS spectral signatures overlap. Variation of the
light-scattering angle, and particularly the use of small
angles, is also facilitated in ISS. ISS has been applied to
the observation of soft acoustic phonons in crystals near
structural phase transitions,”® shear and longitudinal
acoustic waves in glass-forming liquids,”’ and local inter-
molecular vibrations in simple liquids.

In the perovskites studied here, the issue of low-
frequency spectral content is one for which time-domain
techniques are well suited. Since the phonon frequencies
are low (<100 cm™!), the time resolution required
(about 100 fs) is readily achievable. Most importantly,
the temporal profile of ISRS data is not distorted by elast-
ically scattered light and so low-frequency features are
not obscured. Excessive elastic scattering of excitation
and probe pulses by a sample of poor optical quality (due
to domain walls, impurities, or other causes) can reduce
the signal-noise level of ISRS data in a uniform way, but
does not preferentially contribute to one temporal region
of the data. This is in contrast to LS spectra in which
elastically scattered light contributes most heavily to the
low-frequency region, and thus leads to distortion of the
frequency-dependent response.

III. EXPERIMENT

A. ISRS spectroscopy measurements

A synchronously pumped and amplified femtosecond
dye laser, similar to one which has been described in de-
tail elsewhere, was used.’® The system consists of a cw
mode-locked Nd:YAG laser whose frequency-doubled
output pumps an antiresonant ring femtosecond dye
laser. The 615-nm, 70-fs dye laser pulses are amplified in
three stages by the frequency-doubled output of a Q-
switched, mode-locked and cavity-dumped Nd:YLF laser
whose output is synchronized to that of the Nd:YAG
laser through a common mode-locker rf source.’! Superi-
or mode quality, pointing stability, and peak power make
Nd:YLF advantageous to Nd:YAG for this application.
The Nd:YLF cavity includes a cylindrical lens to com-
pensate for the natural astigmatism of YLF, and is
designed for optimal mode size at the rod to produce the
most energy without sacrificing stability.>> Small spot
sizes at the ends of the cavity allow for efficient mode
locking. To avoid optical damage to the LiNbO; Pock-
els’ cell used for cavity dumping, the output pulse energy
is limited to 1 mJ. The amplified dye laser output, after
double-passing through a prism pair to compensate for
dispersion, consists of 70-fs pulses with 6 uJ per pulse at
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a 350 -Hz repetition rate.

The amplified output is split into two equal-energy ex-
citation pulses and a weaker probe pulse. The excitation
pulses are spatially and temporally overlapped in the
sample to “impulsively” drive LS-active material modes.
The geometry of the crossed excitation pulses relative to
the crystallographic axes determined the scattering wave
vector. The probe beam is variably delayed along a
stepping-motor delay line with a resolution of 1 um and
incident on the sample at the phase-matching (Bragg) an-
gle for coherent scattering. The intensity of coherently
scattered light is measured as a function of probe delay to
provide the ISRS signal. The output voltage from the
signal detector and from a diagnostic detector which
monitors the amplified pulse energy were digitized and
stored after each laser shot. If the amplified pulse energy
did not fall within 15% of the average energy, the signal
for that shot was discarded. At each point on the delay
line, signals from approximately 500 repetitions of the
excitation-probe sequence were averaged.

The polarizations and orientations of the pump beams
determined the symmetry and wave vector of the excita-
tions produced in the sample. The Raman activity of the
optic modes in an orthorhombic crystal of KNbO; are
determined by the symmetry elements of the C,, point
group. In order to generate pure A4, excitations, the
pump geometry shown in Fig. 4(a), a —Ab(cc)a + Ab,
with a scattering angle of 5.27° was used. In this nota-
tion, the beam propagation directions are indicated out-
side the parentheses and the beam polarizations are indi-
cated inside. The resulting excitations were polarized
along the c axis with the wave vector parallel to the b
axis. The same a —Ab(cc)a + Ab geometry was used for
the probe and scattered beams. Pure B, excitations were
produced with the geometry a —Ac(bc)a+Ac for the
pump beams [see Figs. 4(b)]. The excitations were polar-
ized along the b axis with the wave vector in the ac plane.
Again, the same geometry was used for the probe and
scattered light. The B, experiments were performed over
a range of wave vectors to examine polariton dispersion.
Scattering angles of 1.53° 2.60°, 3.97°, 8.03°, and 11.9°
were used. Note that the scattering angle is defined as
the angle between the excitation pulses in air.

The Raman activities of the optic modes in the tetrago-
nal phase of BaTiQ; are determined by the symmetry ele-
ments of the C,, point group. For generation of pure 4,
excitations, the pump geometry of x —Ay(zz )x + Ay, was
used with a scattering angle of 5.27°. The resulting exci-
tations were polarized along the z axis with the wave vec-
tor parallel to the y axis. The same geometry was used
for the probe and scattered beams. Transverse E-
symmetry excitations were produced with the geometry
x —Ay(yz)x + Ay for the two pump beams. The polariza-
tion and the wave vector were in the xy plane. E-
symmetry longitudinal optic phonons were not excited
impulsively because their frequencies are too high. The
same x —Ay(yz)x + Ay geometry was used for the probe
and scattered light. The E-symmetry experiments were
performed over a range of wave vectors to examine polar-
iton dispersion. Scattering angles (measured in air) of
0.52°,1.68°, 3.60° 5.27°, and 7.53° were used.
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A 4X4X1 mm single-domain crystal of orthorhombic
KNbO,;, with the a crystallographic axis perpendicular to
the large face and the b and c axes parallel to the edges of
the large face, was obtained from Virgo Optics. It was
grown by the Kyropolous method, x-ray oriented, poled
along the c¢ axis with 100 V/mm at 200°C, cut and pol-
ished. The samples were mounted in an evacuated
chamber, with the temperature controlled to 20 mK by
a P-I-D controller and a resistive heater. Experiments
were conducted with sample temperatures in the
290-480 K range.

A 5X5X2 mm single-domain crystal of tetragonal Ba-
TiO;, with the x crystallographic axis perpendicular to
the large face and the y and z axes parallel to the edges of
the large face, was used. It was grown in the cubic phase
by the top-seeded solution growth technique from 33.4
mol % reagent grade barium carbonate and 66.6 mol %
titanium dioxide of 99.999% purity. Single crystals were
made from x-ray oriented samples that were etched in the
cubic phase to eliminate surface stresses that limit the
movement of domain walls. The crystals were electrically
poled at 129°C, just below the transition into the tetrago-

(@)

A, Scattering Geometry

(b)

s 4

B, Scattering Geometry

FIG. 4. The scattering geometries for the 4, (a) and B, (b)
experiments. In both cases there are two excitation pulses (E),
one probe pulse (P) and one scattered pulse (S). The polariza-
tions of the pulses are marked with double-headed arrows. The
(a,b,c) coordinate system corresponds to the crystal orientation.
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nal phase at 130.5°C, to form single domains. The x
faces were polished to an optical quality finish with dia-
mond paste on an optical flat. The optical extinction
coefficient was measured to be smaller than 1X 1073 at
633 nm. Experiments were conducted with sample tem-
peratures in the 286-392 K range.

B. Calculation of the scattering wave vector

The scattering wave-vector magnitude |q| =g can be
determined from the excitation angle 8 and wavelength A
in air without knowledge of the refractive index if the ex-
citation pulses enter the same face of the sample and are
polarized parallel to each other and along a pure mode
direction of the crystal. In that case the direction of q is
in the plane of the two pump beams and perpendicular to
the line bisecting the angle between them, and its magni-
tude is given by the expression

_ 4msin(6/2)
q }\' M

For perpendicularly polarized pulses, the refractive index
for each polarization must be known. If the refractive in-
dices for the two polarizations are not identical, then the
magnitude and direction of q are different from the paral-
lel polarized case. The component of q perpendicular to
the line bisecting the angle between the pulses, g, is iden-
tical to the value of g calculated in Eq. (9). The com-
ponent parallel to the bisector of 6, g, is no longer zero
and has the following form:

9)

_ 27
D=7

The magnitude of q and the rotation angle ¢ of its direc-
tion from the parallel polarized case are given by the fol-
lowing two equations:

9=V'ql+q} , (11)

[V 'n?—sin¥6/2)—V n3—sin%(6/2)] .  (10)

el

1

d=tan""! (12)

Notice that this puts a lower bound on the smallest wave
vector accessible through depolarized light scattering;
even at 0=0, g, and g are not equal to zero. As the angle
between the pump beams is changed both the magnitude
and direction of q change. For KNbO;, the analysis of
our B, results obtained with different scattering angles
remains relatively straightforward because the polariza-
tion of the mode is always perpendicular to q and so the
mode is always a pure transverse B, excitation. Disper-
sion should therefore depend only on the magnitude of q
and not on its direction in the ac plane. The wave vectors
in KNbO; were calculated using Egs. (9)-(12) with values
of the refractive indices determined at 615 nm,>
ng=2.336 and no=2.173.

For the tetragonal crystal of BaTiO;, the pump pulses
are perpendicularly polarized along inequivalent (x and
z) axes, the values of n, and n, at 615 nm are needed to
calculate ¢, as described in I, Eq. (10). However, at the
small scattering angles used in these experiments, one can
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assume that
n?>>sin%(60/2) (13)

and g, can be approximated with the following expres-
sion:

q“%%?(nz—nx)=%\£An s (14)
where An is the birefringence whose temperature depen-
dence of 633 nm has been reported.'® At 25°C the ratio of
An(615 nm):An (633 nm) is 1.025,'6 and this was assumed
to be the case at all temperatures.

IV. EXPERIMENTAL RESULTS

A. B, symmetry ISRS data from potassium niobate

Light scattering by the soft transverse optic phonon
has B, symmetry in the orthorhombic phase. Typical
data are shown in Fig. 5. In these figures a very heavily
damped oscillatory nuclear response is seen. There is
also a contribution from the instantaneous electronic po-
larizability which persists only while the excitation and
probe pulses are overlapped temporally inside the sample.
These two features both contribute to signal near ¢t =0.
At all temperatures and wave vectors, the nuclear
response appears to be well described in terms of a single,
heavily damped harmonic oscillator. No evidence of any
contribution from a relaxational mode of this symmetry
is seen.

The data were analyzed in the following way. The im-
pulse response function was assumed to have the form

G'(t—1'>0)=A8(t—1t')+Be """ sin[w(t—1')]
(15)

where the instantaneous electronic response to the excita-
tion pulses (the first term) has been included along with
the nuclear response (the second term). The dielectric
response to excitation pulses of finite time duration is cal-
culated by convolution of the Green’s function with the
excitation intensity profile F(¢):

Ae(r)= [ F(t)G"™(t—1dt" . (16)

The grating signal is proportional to |Ae(#)|? after convo-
lution with the probe pulse intensity profile P(t):

©

Sty [© P(t)[Ae(t—1)]dt’ . (17

The temporal profiles of the pump and probe pulses are
approximated by Gaussians centered at t'=0. The first
term in G'(t—t’) representing the purely electronic
response contributes to signal only when the pump and
probe pulses are all overlapped temporally in the sample.
During this time, i.e., for ¢ <200 fs, the convolution in-
tegral indicated in Eq. (17) is calculated numerically.
After the excitation pulses have passed, only the phonon
response contributes, and an analytic solution for the sig-
nal can be calculated by extending the limit of integration
for Ae(t) to infinity. The values of the frequency w and
damping rate y indicated in Eq. (15) were determined
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TABLE 1. Soft-mode frequency » and damping rate ¥ of KNbO; determined from B,-symmetry
ISRS data as functions of temperature and wave-vector magnitude gq. The parameters were determined
through fits of the data based on Eq. (15).

Temp (K) Wave vector (cm™!)
1.69 X 10* 1.73%x10* 1.81x10* 2.20X 10* 2.70X 10*
290.0 o (ps™!) 8.12
y (ps™)) 3.69
347.7 ) 8.41
Y 4.34
366.5 ) 8.52 8.61 8.54 8.98
Y 4.23 4.56 4.57 5.17
395.1 © 8.61 8.67 8.61 8.63 9.08
Y 4.34 4.67 4.77 4.77 5.51
4424 ) 8.90 8.87 8.84 8.72 9.00
Y 5.06 5.09 5.27 5.37 6.14
461.4 © 8.81 8.87 8.77 8.83 8.89
Y 5.16 5.15 5.45 5.55 6.26
470.9 ) 8.75 8.86 8.76 8.74 8.89
Y 5.16 5.20 5.53 5.88 6.54
480.4 @ 8.75 8.80 8.71 8.51 8.81
Y 5.22 5.31 5.75 5.85 6.63
B, optic mode, 366.5K
(0 50
1200 ) ‘0
data -
. — o
10001 F 2 a0
— ® = 8.98 ps! 1o
= 5.17 ps-!
(U 800 T v P 0% 800 1200 1600
C: Time (fs)
o
'r—{ 600 7 2
n “
400 A Y R
@ /
2 O O ] 800 \ 1200 1600
Time (£s) FIG. 5. B,-symmetry ISRS data from
. . - i . . KNbO; at 366.5 and 480.4 K showing the dy-
-400 0 400 800 1200 1600 namics of the soft mode. The nuclear response
T ime fs at each temperature is fit well with a single-
B t . d(e ) 4 8 O 4K damped harmonic oscillator [Eq. (15) of the
1200 2 Opt1cC MmO ’ . text] with the parameters indicated. These
“ data were recorded with the largest scattering
(b) angle used, 11.9°, corresponding to a wave-
. il t itude ¢ =2.70X 10* cm™".
1000 H4ata [ 4 | vector magnitude g cm
fit ———-— E‘ .
— 800 qo = 8. :
= 6.63 ps-!
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N 400 7 I
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200
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through a least-squares-fitting routine in which each data
point was weighted by an estimate of the reciprocal of its
uncertainty. In this manner data spanning 3 orders of
magnitude in the dynamic range, showing very strongly
damped oscillations, could be fit without ignoring the
weaker part of the signal which still contains important
information. We estimate the uncertainties in our values
of w and y to be approximately +5%. This value was
determined by setting one of the parameters at different
fixed values and repeating the fitting procedure with all
other parameters allowed to vary, until acceptable fits
could no longer be obtained.

The temperature and wave-vector dependencies of
and y obtained from ISRS experiments are indicated in
Table I. The frequency shows little temperature depen-
dence, but the damping rate rises significantly with tem-
perature.

Figure 6 displays the wave-vector dependence of ® and
y at six of the temperatures investigated. All wave-
vector magnitudes investigated, 1.69-2.70X10* cm™!,
are within the polariton region. Birefringence limits ex-
periments in this configuration to wave vectors larger
than 1.67X10* cm~!. Raman-scattering experiments at
a 90° angle probe higher wave vectors outside the polari-
ton regime, yielding the phonon frequency and damping
rate in the absence of coupling to light. The theoretical
curves accompanying the data in Fig. 6 come from a po-
lariton dispersion relation which is based on a single po-
lar mode model,** in which the uncoupled phonon
response function is given by

G(w)=(a’+iol—wd) ', (18)

where @ is a complex frequency. To account for several
optic modes, we treat the coupling of light to the lowest-
frequency mode explicitly and assume that the contribu-
tions to the dielectric constant from higher-frequency
modes may be accounted for implicitly in a modified
high-frequency limiting value €', (Ref. 35). The resulting
dispersion relation is a fourth-order polynomial in &:

2,24 2 2.2 2
. cq"+wpey iTc?q? _ | @c’q
o*+ile’— - o— L 5+ ——=0.

(19)

The wave-vector-dependent roots of this equation are two
pairs of complex conjugates. The lower-frequency pair of
roots is directly comparable to the w and y measured by
our experiments. The higher-frequency pair of solutions
can never be below the frequency of the longitudinal op-
tic mode frequency, which is 421 cm™! in this case.”
These describe a higher-frequency mode which cannot be
detected with our pulse durations. Because of the in-
clusion of all higher-frequency modes in €/, the high-
frequency solution is only valid at ¢ =0. Calculations of
phonon and dielectric properties with a more complicat-
ed dispersion relation derived by including explicitly all
polar modes of B, symmetry have been presented else-
where.’> The results indicate that the lower-frequency
solutions to Eq. (19) provide good approximations of the
measured parameters at all wave vectors accessible to
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light scattering.

The dispersion relation has four parameters, w,, I', €,
and €. (Note the €, and ¢/, refer to the limiting values
of the g, component.) €/, was calculated using the follow-
ing equation:

2
, Lo,
€ =Ep ™5 (20)
@T0,

where mode 3 is the only one of the three higher-
frequency B, optic modes that exhibits a splitting of its
transverse and longitudinal frequencies and contributes
to €/,. The TO and LO frequencies, 516 and 820 cm !,
are known from IR reflectivity measurements.”> The
value of €, 4.938, was obtained by extrapolating the
two-term Sellmeier relation from refractive index data’’
to infinite wavelength. Evaluating Eq. (20) gives
€, =12.5. The value of w o (421 cm™!) is temperature
independent.?? Therefore, €, [here £,=¢,(0) in Eq. (19)]
can be eliminated as an independent parameter as well
because the LST relation can be derived from the disper-
sion model. We utilize Eq. (2) with €/, replacing €, to in-
clude the contribution of the higher-frequency mode.
Only o, and T’ remain as adjustable parameters for fitting
the dispersion relation to the data in Fig. 6, and the
values used in the theoretical curves are displayed in the
figure. Using the value of w, we then calculate ¢,
through the LST relation. In other words, we use three
equations [the complex equation (19) and the LST rela-
tion] to determine the three unknowns w,, I', and g,. We
estimate our uncertainties in these values to be approxi-
mately 3:2%. (Note that the uncertainties are lower than
those for individual measurements of w and y since these
values are calculated using many of the individual re-
sults.) These values for w, and I' are the natural frequen-
cy and damping rate for the uncoupled mode [Eq. (18)].
We have examined temperature-dependent values of
£,(0) determined through dielectric measurements* to see
whether a consistent quantitative description of KNbO;
behavior can be achieved without including any low-
frequency relaxational responses of B, symmetry. Our

TABLE II. Values of the natural frequency w, and damping
rate " of the uncoupled soft optic mode of KNbO;, determined
with a damped polariton model [Egs. (18) and (19)] from wave-
vector-dependent values of @ and v, are shown. The values of
€,(0) determined from w, and the LST relation are also report-
ed.

Temp (K) o (ps™)) T (ps™) @p cm™!) T (em™") ¢,(0)

290.0 10.1 9.5 53.6 50.4 770
347.7 10.7 11.2 56.8 59.4 686
366.5 10.7 11.0 56.8 58.4 686
395.1 10.9 11.6 57.8 61.5 661
442.4 11.4 13.2 60.5 70.0 604
461.4 11.4 13.4 60.5 71.1 604
470.9 11.5 13.9 61.0 73.7 594
480.4 11.5 14.1 61.0 74.8 594
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quency and damping rate for the mode in the
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FIG. 7. The low-frequency dielectric con-
stant of KNbO;, ¢,(0), calculated from the
natural frequency of the soft mode and the
LST relation, as a function of temperature.
Also shown are the values determined from ca-
pacitance measurements in Ref. 4.

50
€,(0) vs. Temperature
900 Wiesendanger (capacitance) 00 O O
Our results (LST relation) B B R
850 -
800 -
© 7501
’Q o
W 700 -
650 - a "
600 7 o [ ] o -] o
280 320 360 400 440 480
Temperature (K)

temperature-dependent values of €,(0) were determined
as described above by the LST relation and our values for
wy. The values of £,(0) determined in this manner were
not adjusted to improve the agreement with dielectric
measurements. The results of the comparison are shown
in Fig. 7. The capacitance measurements were not made
at a frequency above piezoelectric resonances, but the
piezoelectric coupling was measured as well so the acous-
tic contributions to €,(0) could be subtracted and a
clamped value of €,(0) determined. It is the clamped
values of €,(0) that can be compared meaningfully to
LST values. The uncertainties in the capacitance mea-
surements were estimated at approximately +50. We esti-
mate our uncertainty to be approximately +40 except at
290 K and 347.7 K, where the uncertainty is hard to esti-
mate because we have values of @ and y at only one wave
vector. A summary of the values of w,, I', and ¢,(0)

determined by our experiments is given in Table II.
From the excellent agreement between values of €,(0) de-
duced from our measurements and capacitance measure-
ments, we conclude that the soft vibrational mode and
higher-frequency polar modes are sufficient to account
for €,(0) in the orthorhombic phase. This result further
supports the conclusion from the raw ISRS data that no
B,-symmetry relaxational response exists.

B. Effects of low-frequency relaxational contributions
on ISRS data

To make clear the effects of an additional, relaxational
mode on ISS data, and to provide some indication of the
extent to which we can rule out such a mode, Fig. 8
shows simulated data to which both a damped oscillatory
mode and a relaxational mode contribute. The ISRS sig-

Single Oscillator + Relaxational Contribution

1x10
100
0.9+ 80 Single Oscillator
0.8 60 — — — Plus Relaxational Term
40
0.7 20 FIG. 8. Simulated ISRS soft-mode data
0 . —— . with an additional contribution from a very
= 0.6 0.3 08 13 1.8 23 weakly scattering (or very weakly coupled) re-
o 05 Time (psec) laxational mode. The parameters used are
el 6 B/A=001, »=85 ps~!, y=4.5 ps”!, and
A 0.4 54 A=6.28X10"* ps~!. Highly nonexponential
: = 4 decay of the oscillations is observed. This il-
0.3 Eo 34l lustrates the sensitivity of the ISRS data to
&2 VRN even a very weak contribution to signal due a
0.24 13 \ / S———T T T T relaxational mode.
B Bl N , .
0.1 0.75 1.25 1.75 2.25
Time (psec)
0 T T T T T
-0.5 0 0.5 1 1.5 2 25

Time (psec)
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nal (neglecting the electronic contribution near ¢ =0) has
the following form, reflecting the oscillatory and relaxa-
tional contributions:

S(t)<(Ae "'sin(wt)+Be M) . 21

The relative magnitudes of 4 and B depend on the light-
scattering cross sections of the two modes and on the ex-
tent of coupling between them. In Fig. 8, the optic mode
frequency and damping rate are chosen to be similar to
those found for the soft mode of KNbO;. To demon-
strate the extreme sensitivity of ISRS data to even a weak
relaxational contribution which in the frequency domain
would have an extremely narrow linewidth, the decay
rate of the relaxational mode in the simulation was
chosen to be only 100 MHz and the ratio of amplitudes,
B/ A, was chosen to be 0.01. Even with the parameters
chosen, the relaxational term has a dramatic effect on the
form of ISS data because of the crossterm in Eq. (21).
The decay of the oscillations is highly nonexponential.
After the oscillations are damped beyond the limit of ex-
perimental detectability, there is a long-lived signal com-
ponent whose intensity relative to the peak intensity is
roughly (B/A4)*=10"% We chose B/A to put this
long-lived component of signal just at the limit of our ex-
perimental signal-noise level. Any significant relaxa-
tional contribution, even if weaker than the oscillatory
contribution by a factor of 10™*, would be easily detect-
able. Of course, accurate determination of a relaxation
rate as low as 100 MHz would require extension of the
experimental time scale all the way to the microsecond
range, and this is readily achievable. However, even on
the femtosecond time scale of the simulation the ex-
istence of an additional low-frequency contribution to
signal can be proved with excellent sensitivity. No evi-
dence of nonexponential decays or long-lived signal com-
ponents were found in our experiments at any tempera-
ture or wave vector.

It is of some interest to examine simulated ISRS data
using the soft vibrational and relaxational mode parame-
ters reported by Fontana et al. who believed that contri-
butions from both modes were present. Fontana et al.
used a coupled-mode model (see the Appendix of Ref. 5)
to fit their Raman spectra, and reported the
temperature-dependence parameters (see Fig. 6 of Ref. 5).
At 490 K, the values of these parameters are I' , =97
em™ !, Q_,=67.5 cm™!, ¥,=9.0 cm™!, and §=22.0
cm™!. It was assumed that the scattering intensity is due
to the Raman activity of the soft mode, and the relaxa-
tional response is seen only through its coupling to the
soft mode. The parameters above yield for our ISRS
simulations the values A/B=72.4, A=1.48 ps_l,
w=28.94 ps“l, and y=9.25 ps_l. The simulated ISRS
signal based on these parameters (with an instantaneous
electronic response of typical intensity included at ¢t =0)
has been presented.> An attempt to fit this simulation to
an exponentially decaying sine wave demonstrates how
significantly the form of the simulation differs from our
experimental results. Note that if it is assumed that the
relaxational mode is also Raman active, the form of the
data changes only slightly and is still very different from
the damped-oscillator form observed experimentally.
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C. E symmetry ISRS data from barium titanate

Typical E-symmetry data from BaTiO;, recorded with
three different scattering wave vectors, are shown in Figs.
9(a)-9(c). The signal includes an instantaneous response
due to the electronic polarizability, which persists only
while the excitation and probe pulses are overlapped tem-
porally in the sample, and a longer-lived response due to
the lattice modes. The electronic response provides a
measure of the pulse duration but is of no additional in-
terest for our purposes. The data at all temperatures ex-
amined throughout the tetragonal phase show an over-
damped response at large wave vectors and an under-
damped polariton response at small wave vectors. At no
wave vector or temperature was any relaxational contri-
bution to the E-symmetry lattice response detected. Al-
though ISRS signal-to-noise ratios from the soft mode in
BaTiO; are about tenfold weaker than those from
KNbO; (mainly because of poorer BaTiO; optical quali-
ty), a relaxational mode with very weak scattering inten-
sity or coupling would still be detectable. We estimate
that, in terms of Eq. (21), a relaxational mode with ampli-
tude ratio of B/ A =0.01 (which would yield an uncou-
pled scattering intensity of 10~ * relative to the scattering
intensity of the soft mode) would be observed.

The impulse response function describing the lattice
response was assumed to have one of the following forms:

G"™*(t—1t'>0)=A8(t—t')+Be 7" sin[w(t—t')]

(22a)
or
G (t—1'20)=A8(t—t")+Ble e T
(22b)

where the instantaneous electronic response to the excita-
tion pulses (the first term) has been included along with
the nuclear response (the second term). The two response
functions (22a) and (22b) describe underdamped and
overdamped oscillators, respectively. All the data except
those from the largest scattering angle were fit using Eq.
(22a). We estimate the experimental uncertainties in our
values of @ and y, when o is greater than y (small
scattering angles), to be approximately £5%. When vy is
greater than o (intermediate scattering angles), the uncer-
tainty in y is approximately +10%. When o is only
slightly smaller than y, the uncertainty in o is also ap-
proximately £10%. As w approaches zero and the mode
is nearly overdamped the relative uncertainty in o be-
comes much greater than 10%, but the absolute uncer-
tainty remains relatively constant. At the largest scatter-
ing angle, the rise of the overdamped response described
mainly by A; was too fast to be determined with our time
resolution except at the lowest temperature studied. At
the higher temperatures, A, was estimated from the po-
lariton dispersion relation (see below) and held fixed dur-
ing the fitting procedure. The excellent agreement be-
tween the values of A, and A, at the lowest temperature
where both could be determined from the data and the
values calculated from the dispersion relation support
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TABLE III. Soft-mode frequency w and damping rate y or (when overdamped) decay rates A, and A,
of BaTiO;, determined from E-symmetry ISRS experiments at different temperatures and wave-vector
magnitudes g. The parameters were determined through fits of the data based on Eq. (22). Note that
the values of A, reported at the highest three temperatures are estimated from the dispersion relation
and not measured directly.
Temp (K) Wave vector (cm™!), mode parameters (ps™')
286.4 q 5.58X10° 6.27X10° 8.46X 10° 1.09 % 10* 1.45x 10*
o (or A,) 2.4 2.5 22 0.4 (3.4)
T (or A) 2.0 24 34 5.0 (9.0)
321.6 q 5.03%10° 5.78X10° 8.10X 10° 1.06x 10* 1.43x10*
© 29 3.1 32 0.8 (4.2)
' 1.8 2.3 33 6.1 (12)
354.6 q 4.18X10° 5.06X 10° 7.60X 10° 1.02 % 10* 1.40X% 10*
) 3.0 33 34 1.2 (4.7)
Y 1.7 22 3.6 6.5 (12)
392.2 q 2.87X10° 4.05%x10° 6.97X10° 9.78X10° 1.37x10*
) 2.6 3.0 3.0 0.4 (4.5)
Y 1.3 2.0 3.8 6.7 (12)
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this assumption. If an uncertainty of 10% is assumed in
the estimate for A;, then the uncertainty in our measure-
ment of A, which describes the decay of the overdamped
response is less than 5%. The values of o, ¥, A, and A,
at the temperatures and wave vectors examined in ISRS
experiments are given in Table III.

Of the three E-symmetry optic modes, only the
lowest-frequency mode (the soft mode) is sufficiently po-
lar to make a significant contribution to the low-
frequency dielectric constant.®° The polariton dispersion
model*** discussed above is adequate to describe the
data. The low-frequency solutions for i@ are a pair of
complex conjugates at small g (overdamped oscillator)
and become two real roots at larger g (overdamped oscil-
lator). As g is increased further, the two real roots ap-
proach the two exponential decay rates which describe
the uncoupled overdamped oscillator at high g. We again

E Mode at 354.6K
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use the two equations from the complex relation (19) and
the LST relation (20) to eliminate the three unknowns w,
I, and €;. The value of ¢, can be determined from re-
fractive index data, although as has been discussed® ¢,
is not simply equal to n2. From the limiting value of the
Sellmeier relation A— o, €, is 5.22 (Ref. 16). Raman
spectra collected at near-forward-scattering angles in the
6.5-40°C temperature range demonstrated that the
dispersion is consistent with the LST relation!! (despite
the discrepancy between LST and capacitance measure-
ments of €, discussed earlier). €, can therefore be
replaced with its LST value. From IR (Ref. 8) and
Raman'? experiments the longitudinal frequency, w;, is
known to be approximately 710 cm~!. With these substi-
tutions for €y and €, the dispersion relation has only two
free parameters, w, and I". At each temperature, the
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Polariton Natural Frequency and Damping

14 x10*

0 02 04 06 08 1 12

wave vector (cm )

FIG. 11. A plot of the BaTiO; polariton natural frequency
Q, and damping rate ', for the data illustrated in Fig. 10(a) is
shown. The curves illustrate the expected dispersion for a single
polar mode.

BaTiO; E-Mode Frequency
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TABLE IV. Values of the natural frequency w, and damping
rate I' of the uncoupled soft optic-phonon mode of BaTiO;,
determined from wave-vector-dependent phonon-polariton pa-
rameters o and ¥ (or A, and A,) and the damped-polariton mod-
el of Eq. (19). The values of €,(0) determined from w, and the
LST relation are also reported.

Temp (K) o (ps™") T (ps™) o em™!) T (cm™) €,(0)
286.4 6.8 18.5 36.1 98.1 2020
321.6 8.2 22.5 435 119 1390
354.6 9.2 25.5 48.8 135 1100
392.2 94 27.0 499 143 1060

values of wy and I" were adjusted to model the data at the
five scattering angles examined. The results are shown in
Figs. 10(a)-10(d). The discontinuity near 1.0X 10* cm ™!
marks the transition from an underdamped oscillator de-
scribed by a frequency and a damping rate to an over-
damped oscillator described by two exponential decay

60 - Burns and Dacol Oooao
DiDomenico et al. R B
Scalabrin et al. A A A

55 4 Tominaga and Nakamura Vv Vv Vv

— this work o 0
T
& 50+
O
SN~
45 A
40 4

(a)

FIG. 12. The temperature dependence of
the natural frequency and damping rate of the
BaTiO; overdamped E-symmetry soft mode.
Our results are compared to those reported in

(b)

Refs. 11-14.
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rates. The wave-vector-dependent parameters @, ¥, A,
and A, [see Eqgs. (22a) and (22b)] can be related to the g-
dependent polariton natural frequency (2, and decay rate
T, as follows: Q2=w?+y?or Q2=AA,, and [, =2y or
[, =A,+A,, where the relations apply for underdamped
or overdamped responses, respectively. Plots of (), and
', vs g do not show any discontinuity at the change from
underdamped to overdamped dynamics. This is illustrat-
ed in Fig. 11, which is a plot of the predicted and experi-
mental values of 2, and I', for the data shown in Fig.
10(a). The discontinuities in Fig. 10(a) are qualitatively
consistent with the results of previous polariton experi-
ments.!»3¢37 The values of w, and T determined from
the dispersion curves are summarized in Table IV, and
we estimate the uncertainties of these values to be +4%.
Note that these uncertainties are less than those of the
parameters @ and ¥ (and A, and A,) determined directly
from the measurements, since those parameters at all five
wave vectors are used to determine wy and I at each tem-
perature.

In Fig. 12, our values for the uncoupled optic mode
frequency and damping rate are compared to the results
of three 90° Raman experiments'?~'* which covered tem-
peratures throughout the tetragonal phase and one near-
forward-scattering (polariton regime) Raman study'!
which covered only temperatures up to 40°C. Not in-
cluded in this figure are other results*®3%3 in which the
values of w, are based on the assumption of agreement
between LST and capacitance measurements of the
dielectric constant. The earlier results all show the same
temperature-dependent trends, with a 10-25 % range of
values for the frequency and a 25-100 % range for the
damping rate. Our results fall within these ranges, and as
indicated above we believe the uncertainties are consider-
ably smaller than those of the 90° Raman measurements.
There is good agreement at low temperatures with the
small-angle Raman results'! which should be more reli-
able than those at larger angles. The good agreement

with one set of 90° Raman results'® is more surprising.
The difficulty of uniquely determining w, and I" for an
overdamped mode is demonstrated by the scatter among
the three 90° Raman results displayed in Fig. 12.

The temperature-dependent values €,(0), as calculated
through the LST relation, are shown in Table IV and
plotted in Fig. 13. For BaTiO;, large discrepancies be-
tween the values of €,(0) determined from Raman spectra
through the LST relation and from capacitance measure-
ments'? have long been noted.!' 43437 Qur results fall
within the range of values determined earlier, and also
disagree with those of earlier capacitance measurements.
However, more recent capacitance measurements have
been reported®® which yield excellent agreement with our
results. These and the earlier capacitance values are in-
cluded in Fig. 13. A low-frequency relaxational mode of
E symmetry was proposed to account for the previous
differences, but such a mode has not been seen in Raman
spectra® and appears to be ruled out based on the current
results.

D. Conclusions from the soft-mode ISRS data

The results of B,-symmetry ISRS data in KNbO; and
E-symmetry data from BaTiO; show signals from a sin-
gle, heavily damped soft phonon mode in each crystal at
all temperatures and wave-vector magnitudes studied.
The raw data alone rule out the possibility of any
significant contribution from relaxational modes of the
same symmetries as the soft modes. Quantitative analy-
ses of the phonon parameters yield consistent descrip-
tions of the phase-transition dynamics in which the
temperature-dependent lattice vibrational and dielectric
properties are accounted for. This further undermines
support for the presence of additional relaxational modes
of the soft mode symmetries.

In the case of KNbO,, earlier Raman spectroscopy re-

BaTiOs3;, €,(0) wvs. T
2600 A ° this work L
Tominaga and Nakamura A A A
° o Wemple, DiDomenico & Camlibel O O O
A o Li, Grimsditch and Chan
2200 o FIG. 13. The low-frequency dielectric con-
R .A o stant €,(0), calculated from the natural fre-
o quency of the soft mode and the LST relation,
= as a function of temperature. Also shown are
4 1800 - the values determined from capacitance mea-
W surements in Refs. 16 and 40), and the values
determined from earlier polariton experiments
1400 - (Ref. 11).
1000 T

20 40 60 80 100
Temperature (C)
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sults were in dispute over the presence of a relaxational
mode of B, symmetry. However, even the results which
did not indicate such a mode yielded quantitative values
of the phonon parameters w, and I" which differed from
ours by 15-50%. Figure 14 shows the results of both
Raman studies and the present ISRS results. (We note
that Fontana et al. fit their results to a coupled-mode
model. We have used the parameters of the uncoupled
oscillator in the figure, but including the coupling only
produces a renormalization of approximately 1% in the
oscillatory mode parameters.) We attribute the large
discrepancies among ISRS and earlier results to the
difficulty of fitting the frequency-domain response
uniquely.

In the case of BaTiO;, Raman spectroscopy results
yielded a wide range of values for the phonon parameters.
The values we report fall within this range and are close
to some of the values reported earlier. It is difficult for us
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to tell whether the close agreement of some of the earlier
values is fortuitous or due to systematic improvements in
the Raman spectroscopy measurements of analysis.

E. A, symmetry data from KNbO,

A ,-symmetry Raman spectra of KNbO, indicate two
relaxational features and no low-frequency vibrational
modes.> The 4,;-symmetry ISRS data from KNbO; are
consistent with this. They exhibit a t =0 spike, due to
the electronic polarizability, followed by a nuclear
response which appears relaxational rather than oscillato-
ry in character. A short-time scan of the 4, response at
395 K, shown in Fig. 15(a), has three main features.
There is the spike at t =0 with a width determined by the
time duration of the pump and probe pulses. This is fol-
lowed by an exponentially decaying signal, and finally by

80 ®, vs. Temperature
. This work ooao (a)
— J Sokoloff et al. R B ®
IE 75 Fontana et al. A A A ®
O @
70 A @
D e
O
c 65 4 a A A
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:3 o o o
O' 60
Q a
[ a o a
Fy 55
300 350 400 450 FIG. 14. The temperature dependence of
K the natural frequency and damping rate of the
T emp erature ( ) B,-symmetry soft mode. We attribute the
- differences between our results and those of
1 vs. T empe rature Raman spectra (Refs. 3 and 5) to the difficulty
. ooao of fitting the latter to unique values of the
100 A gh}ts lwi?{ f 4l ®m R ® soft-mode parameters.
Py okolo et al. s
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a low baseline signal level which does not return to zero
on the time scale of the data.

Figure 15(b) shows the longer time response recorded
with a more sensitive detector. On this time scale, the de-
cay of the weak feature can be observed. To protect the
PMT in the long-time scans, the delay line was not
stopped at t =0 and so there is no # =0 spike in this scan.
The spikes are experimental artifacts, possibly due to
weak satellite pulses from the dye laser. To test the relia-
bility of the long time data, the experiment was repeated
using the output of a Q-switched and mode-locked
Nd:YAG laser with 90-ps pulses. The results, shown in
Fig. 15(c), confirm that the long-time response measured
with femtosecond pulses is real. The intensity of the
long-time response is so low that a quantitative analysis is
not yet possible. Relaxation times reported for the slow
relaxational mode are given only as rough estimates.

The temperature dependences of the fast and slow re-
laxational modes determined from these data are shown
in Figs. 16 and 17, respectively. Our results for the fast
relaxation show the same temperature-dependent trends
as those of Sokoloff er al.,’ but all the values show a
discrepancy of nearly a factor of 2. Both experiments
would seem to have measured this response too accurate-
ly for such a difference to be attributed to uncertainty in
the data. We continue to seek an explanation for the
discrepancy. Meaningful comparison of the slow relaxa-
tion rates is not possible because they were not well deter-
mined from either ISS or LS data, in the former case be-
cause of the weak signal intensity and in the latter case
because the linewidth was comparable to that of the I,
absorption filter.

In Ref. 3, the A4, relaxational response was analyzed in
terms of the eight-site model. The potential energy sur-
face for Nb-ion motion along the polar axis, shown in
Fig. 3, was proposed. It was suggested that if the magni-
tudes of U and V,, were such that the Nb ion is confined
mostly to the lower-energy well, the motion between the

THOMAS P. DOUGHERTY et al. 50

two inequivalent wells would be characterized by two re-
laxation times which correspond to the two dwell times.
The following expression was developed for the tempera-
ture dependence of the relaxation times:

AV—kT

kT, , (23)

T= Ty €Xp

where (7,) ! is the tunneling attempt frequency, AV is
the barrier height, kT, is related to the Nb-ion mass and
the curvature of the barrier, and kT is the average Nb-ion
energy.

We would normally expect a simple double-well system
to display only one relaxation time for return to equilibri-
um from population fluctuations in either direction, and
therefore to give rise to a single feature in LS or ISS data.
We propose an alternate explanation for the two relaxa-
tion times observed. In the orthorhombic phase, there
are two lowest-energy “allowed” sites. A set of four sites
has a somewhat higher energy, and another pair of sites
has still higher energy. We propose that the two relaxa-
tion times observed are due to hopping between an al-
lowed site and either of the two types of higher-energy
sites. This offers a natural explanation of the observa-
tions which is consistent with all the features of the
eight-site model.

According to this picture, the height AV’ of the
potential-energy barriers between the allowed sites and
one set of higher-energy sites can be deduced from the
temperature dependence of the faster relaxation time
with an Arrhenius model,

’

=T | (24)

T=TgeXp

The vibrational frequency in these higher-energy sites is
approximately given by 7. Since most of the Nb ions are
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\\ Sokoloff et al. (data / 2)@ @ ® FIG. 16. The fast A4,-symmetry relaxation
time as a function of temperature. Our results
. o \\\ and the results of Sokoloff ez al. (Ref. 3) are
W 0.4+ \\j shown. The value of 7 measured by our exper-
\% N\ iment is approximately half that from the Ra-
? . man experiments (see text). Fits of the results
(= &\ to an Arrhenius from [Eq. (24)] and to Eq. (23)
0.3+ N are shown.
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FIG. 17. Estimated values of the slow 4,-
symmetry relaxation time as a function of tem-
perature. The results of experiments using 70-
fs and 90-ps pulses are shown. The values are
only determined semiquantitatively, but their
temperature-dependent trend is suggested.
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in the allowed sites, the hopping rate from the higher-
energy sites must be much greater than the hopping rate
from the ‘“allowed” sites, and 7 will be dominated by the
hopping from the excited well. The results of fitting the
data to this model are shown in Fig. 16. The potential
barrier height is 610 cm ™! and the attempt frequency is
170 cm™! (i.e., the average time between attempts is
7o=31 fs). In fitting the fast relaxation the lowest-
temperature data point was ignored. As Sokoloff ez al.
noticed, the Arrhenius model does not fit the temperature
dependence of the fast relaxation data well near room
temperature. A fit of the relaxation times, including the
lowest-temperature point, to Eq. (23) (from Ref. 3) is
shown in Fig. 16 and yields the results AV =620 cm ™!,
1o=235fs, and kT, =160 cm~!. The values for Av and 7,
are very similar to those found with the Arrhenius model.
However, we do not consider them well determined over
this limited temperature range.

Improved characterization of the two relaxation times
(especially the longer one) would be useful since it would
yield better quantitative characterization of the
temperature-dependent potential-energy surface along
which the central ion moves. The present results permit
rough characterization of the projection of this surface
along the directions between allowed sites and one class
of higher-energy sites. Regarding the eight-site model,
the A,-symmetry results show the expected number and
character of modes of this symmetry.

F. A, symmetry ISRS data from BaTiO,

For the cases of BaTiO,; two central peaks were
detected in Raman spectra® designed to probe modes of
A, symmetry. The broader (~600 GHz) peak was deter-
mined to be contaminated by leakage from the E-
symmetry soft mode, but it was believed that some
genuine A,; contribution also was present. A narrow
( <5 GHz) feature was determined to be a second distinct
mode of A, symmetry. These results were similar to

those from the orthorhombic phase of KNbO;. Howev-
er, within the framework of the eight-site model, only one
relaxational mode should appear in the tetragonal phase
since only one set of higher-energy sites exists.

ISRS data recorded to observe relaxational responses
of A, symmetry showed an electronic response at t =0
but no lattice response whatsoever. We believe that the
absence of nuclear signal is due to weak scattering inten-
sity, but that some useful conclusions may be drawn from
the nonobservation through comparison to 4, ISRS and
Raman® results from KNbO;. In KNbO;, ISRS data
showed both fast and slow relaxational responses corre-
sponding to the broad (~600 GHz) and narrow (<5
GHz) features observed in the Raman spectrum. The fas-
ter response gave rise to intense ISRS signal, but the
slower response could barely be detected. We believe
that the broad central feature observed in the Raman
spectrum of BaTiO; is due entirely, not just partly, to
leakage of E-symmetry scattering. It is very unlikely that
such an A4 ,-symmetry mode, which by direct analogy to
KNbO; should give rise to strong ISRS signal with a rap-
id but easily measurable decay rate, would escape detec-
tion in our experiments. However, the ISRS polarization
selectivity is superior to that of Raman spectroscopy in
that both the excitation polarizations and the probing
and signal polarizations are used to select for A4,
modes.?” Thus, the ratio of the E-symmetry leakage in-
tensity to the A4,-symmetry signal collected in the 4,-
symmetry ISRS geometry would be the square of the cor-
responding ratio in the Raman spectrum. On the other
hand, the slow relaxational feature in-BaTiO; is expected
to be weak, again by direct analogy to KNbO; (see the
Appendix). The ISRS signal-to-noise ratio in BaTiO; is
also lower than in KNbO;. Thus a slow relaxational
mode could well escape detection in our ISRS experi-
ments.

V. CONCLUSIONS

The first time-resolved ISRS observations of soft-mode
dynamics in crystals near structural phase transitions
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have been carried out. The advantages of the time-
domain approach for study of these heavily damped
responses are clear, especially when the possible presence
of other low-frequency contributions is an issue. We note
that soft modes are characteristically heavily damped or
overdamped near T,, and the time-domain methods used
here could be applied profitably to many materials.

In the present case, ISRS data for KNbO; clearly rule
out relaxational contributions of B, symmetry. In addi-
tion, the soft-mode parameters determined from ISRS
data yield a quantitative description of the KNbO; lattice
dynamics which is consistent with dielectric behavior
determined independently. According to this descrip-
tion, the polarization dynamics along the b crystallo-
graphic axis of the orthorhombic phase are displacive in
nature, mediated by the soft-mode and higher-frequency
modes, with no order-disorder character.

For the case of BaTiO;, the data also rule out any pos-
sibility of significant relaxational (order-disorder) contri-
butions of the same symmetry as the soft mode. We be-
lieve that the present results remove the last significant
doubts concerning the eight-site model for structural
phase transitions in this crystal class. We believe that
this model will likely provide the framework for an accu-
rate description of many transitions in this family.

Two relaxational modes of 4, symmetry were ob-
served in ISRS data for KNbO; as in earlier Raman spec-
tra. We propose that these correspond to hopping
motions of the Nb ion between the lowest-energy sites
and the two sets of higher-energy sites. Our results and
interpretation indicate hopping dynamics and order-
disorder character for the polarization along the a and ¢
crystallographic axes of the orthorhombic phase of
KNbO;. According to our interpretation, only one relax-
ational mode of 4, symmetry is expected to be observed
in the tetragonal phase of BaTiO;. Although we did not
observe this mode, we believe it to be a very weak scatter-
er (see the Appendix).
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APPENDIX: COMPARISON OF TIME- AND
FREQUENCY-DOMAIN SCATTERING INTENSITIES

Under ideal conditions the time- and frequency-domain
Raman responses of relaxational modes reduce to simple
forms which are readily compared. The relations can be
used to estimate the relative signal intensities of two
modes in an ISRS experiment from their relative peak in-
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tensities in frequency-domain light-scattering experi-
ments and vice versa.

The frequency-domain Raman spectrum I () for a
single relaxational mode in the limit of perfect frequency
and wave-vector resolution has the form

_ An(w)ot
1+ (wr)?

where A is the scattering cross section, n(w) is the
Bose-Einstein thermal occupation factor, and G"(w) is
the imaginary part of the response function G(w)
=(1—iw7)” ! with 7 the relaxation time.

The ISRS scattering intensity I,(z) for a single relaxa-
tional mode has the form?’

In(w) =< An(0)G"(w) (A1)

2
0« |AG()P2= |4 | e (A2)

in the limit of perfect time and wave-vector resolution.

The peak intensities in the LS spectra and the ISRS
data under ideal conditions reduce to very simple forms
which can be used to assist in the interpretation of experi-
ments when results from both techniques are available.
From Eq. (A2), the ratio of the ISRS amplitudes, R, has
the following form:

2
A7

A,7y

where the subscripts identify the two different modes.
From Eq. (A1), the ratio Ry of the peak Raman ampli-
tudes at zero-frequency shift has the following form:

Rp= 4 (A4)
F Asz'

In the case of BaTiO;, two relaxational modes with 600
GHz and 5-GHz linewidths were reported from A4 ,-
symmetry Raman spectra.’ From Egs. (A3) and (A4) it
can be seen that

(AS)

Considering only the 100-fold difference in relaxation
times (assuming comparable cross sections 4;), the time-
domain ratio of intensities Ry differs from the
frequency-domain Ry ratio by a factor of 10°. For this
reason an intense, rapidly decaying ( <1 ps) signal would
be expected in the ISRS data (as observed in KNbO;) if
the broad A4, spectral feature were truly due to an 4 -
symmetry mode and not to leakage of the E-symmetry
spectrum. The narrower Raman feature, whose 4, char-
acter is not in doubt, should appear as a much weaker
slowly decaying response (also as seen in KNbOj3) in an
ISRS experiment.
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