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Impulsive stimulated Brillouin scattering studies of the ferroelectric phase transition
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The longitudinal acoustic-phonon anomalies along all three principal axes of tris-sarcosine calci-
um chloride near its ferroelectric phase transition were studied using "impulsive" stimulated Bril-
louin scattering with scattering angles of 23.78 and 6.03 . Logarithmic corrections to mean-field be-

havior are observed in both phases. Dynamic dispersion analysis of ultrasonic, Brillouin scattering,
and the present results confirmed Landau-Khalatnikov order-parameter dynamics with an elemen-

tary relaxation time ~0=5.5X10 ' sK. The unusual acoustic behavior along the polar axis is

determined to result from a weak depolarization field and the proximity to a tricritical point. Ener-

gy relaxation is believed to be the source of sharp acoustic anomalies along the polar axis which are
observed in ultrasonic studies but not in optical experiments which probe higher acoustic frequen-

cies.

I. INTRODUCTION

The ferroelectric phase transition of tris-sarcosine cal-
cium chloride (TSCC), (CH3NHCHzCOOH)3CaC12, has
been the subject of numerous investigations in the past
decade. Crystalline TSCC changes from a paraelectric
pseudotrigonal structure of Dzh(Pnmtrta) symmetry to a
uniaxial ferroelectric C2, (Pna21) structure upon cooling
near 130 K.' The planar sarcosine units exist in two crys-
tallographically inequivalent forms and their librational
displacements and internal distortions give rise to a per-
manent dipole moment along [010j direction in the fer-
roelectric phase. An extensive hydrogen-bonding net-
work connects the sarcosine molecules to the CaC12 lat-
tice. There are three inequivalent hydrogen bonds in-
volving asymmetric N-H-Cl potential wells with di6'erent
bond lengths. Deuteration studies indicate that the hy-
drogen bonds do not participate strongly in the phase
transition.

The main issues surrounding the TSCC structural
phase transition can be grouped into two categories. The
first concerns questions of whether the phase transition is
predominantly order-disorder or displacive. On one
hand, the relatively low-transition temperature, the ex-
istence of the hydrogen-bonding network, large transition
entropy, dielectric dispersion, and conclusions from de-
tailed Raman and ir spectroscopic analyses all point to
an order-disorder phase transition in which the order pa-
rameter would be expected to show relaxational (i.e., De-
bye) dynamics. On the other hand, the observation of un-
derdamped Raman-active soft optic phonon modes
represents strong evidence for a displacive transition. In
recent years, it has been recognized that strict order-
disorder or displacive classification is not valid for most
continuous phase transitions. The distinction is often
blurred by coupling between relaxation and oscillatory
degrees of freedom. In addition, decreasing frequency

and increasing damping rate drive most soft modes over-

damped near T„and few experimental measurements can
distinguish between overdarnped and relaxational dynam-

ics. In TSCC, recent dielectric measurements up to the
GHz regime confirmed that mixing between Debye and
oscillatory degrees of freedom does play an important
role. The displacive (soft-optic phonon) mode is associ-
ated with the sarcosine librations and distortions that ap-
pear in the low-temperature phase. It has been suggested
that the coupled degree of freedom may be associated
with the same molecular motions, but with hopping be-
tween di6'erent free-energy minima rather than
infinitesimal displacernents.

A second concentration of interest concerns the critical
behavior of the ferroelectric phase transition. A com-
bination of properties makes TSCC a particularly rich
testing ground for modern theories of structural phase
transitions. First, TSCC is a uniaxial ferroelectric
without ferroelasticity in the low-temperature phase.
This makes it a prime candidate for observation of loga-
rithmic corrections to mean-field behavior as predicted
by Larkin-Khmel'nitskii (LK) theory and subsequent
renormalization-group calculations. Mean-field theory
breaks down as a result of the anisotropic nature of the
dipolar interaction which quenches polarization fluctua-
tions along the ferroelectric (polar) axis but not in other
directions. Logarithmic corrections have indeed been ob-
served in dielectric, acoustic, ' and specific-heat"
anomalies in TSCC, making it one of the few materials in
which dipolar critical behavior has been clearly demon-
strated. Second, much evidence exists pointing to an
unusually weak dipole moment, associated with the polar
soft mode. The anomalously small Curie constant (40 to
60 K ') (Ref. 3) and the weak longitudinal-optic and
transverse-optic splitting' ' indicate that both short-
range and dipolar forces are important in the phase tran-
sition. A crossover between dipolar to Ising universality
classes is expected at some intermediate temperature
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from T, . Such a crossover has been reported in acous-
tic' and specific-heat" studies. Third, along the polar
axis, polarization fluctuations are quenched by the pres-
ence of a depolarization field. Therefore, no acoustic
anomalies are expected along this axis. In TSCC, howev-
er, large acoustic anomalies along the polar axis have
been observed at both ultrasonic and Brillouin-scattering
frequencies. The origin of these anomalies remains in
question.

Since electrostrictive coupling between non-symmetry-
breaking acoustic strains and the order parameter is al-
ways allowed, studies of acoustic anomalies have long
been an effective method to investigate structural transi-
tions. In TSCC, ultrasonic measurements at 20 MHz re-
vealed sharp anomalies in longitudinal strains propaga-
ting either parallel or perpendicular to the polar axis. '

Brillouin-scattering experiments at 20 GHz, however,
have revealed strong anisotropy, with sharp anomalies
along the nonpolar axes and a very gradual temperature
dependence in the acoustic behavior along the polar
axis. ' ' Although various explanations have been put
forward to account for the differences between ultrasonic
and Brillouin-scattering results, direct experimental in-
vestigation at intermediate frequencies is needed to clari-
fy the dispersive behavior and its origin.

Until recently, the frequency region between 100 MHz
and 10 GHz has been largely inaccessible by conventional
techniques. Ultrasonic techniques become difIicult due to
the thin transducer and sample dimensions involved, and
due to strong acoustic attenuation at high frequencies
which frustrates the commonly used echo technique.
Brillouin-scattering experiments with small scattering an-
gles are extremely difIicult as a result of parasitic scatter-
ing which swamps the low-frequency region of the spec-
trum. Recent efforts in performing small-angle scattering
in TSCC have been sucessful, but the data collected are
rather poor in quality and are not suited for quantitative
analysis. ' In the past few years, an alternative time-
domain light scattering method has been developed. It is
now possible to obtain accurate acoustic measurements in
the 10 MHz-10 GHz region, ' ' bridging the gap be-
tween ultrasonics and frequency-domain Brillouin
scattering. Through "impulsive" stimulated Brillouin
scattering (ISBS), coherent acoustic phonons of selected
polarization, wavelength, and orientation are excited op-
tically with picosecond light pulses, and their time-
dependent oscillations and decay are monitored directly
in the time domain. ISBS has been used to study acoustic
anomalies in the ferroelectric phase transitions of the
KDP family crystals. ' As a result of piezoelectric cou-
pling in the symmetric phase of these crystals, dramatic
softening of shear acoustic phonons occurs. The effective
photoelastic constant, and hence the signal intensity in an
ISBS experiment, also diverges near T, . The detailed
temperature dependences and dispersions of the acoustic
anomalies are easily characterized to within several mK
of the transition temperature. In TSCC, due to the lack
of piezoelectric coupling in the symmetric phase, the
acoustic anomalies are only in the few percent range and
the signal intensity in an ISBS experiment remains essen-
tially constant throughout the entire temperature range.

Therefore ISBS investigations in quadratically coupled
systems are more difIicult.

In this paper, we report ISBS results from TSCC at
temperatures between 300 and 100 K with the transition
temperature determined at T, = 130.1+0.2 K. This
represents the first application of ISBS to the study of
acoustic anomalies in an electrostrictively coupled sys-
tem. The longitudinal acoustic velocities along all three
principle axes have been measured with two different
scattering angles, probing frequencies of about 2 and 0.3
GHz. Together with published ultrasonic' and
Brillouin-scattering' ' results, nearly four decades of
acoustic data are assembled. Based on the analysis of
these data, we address some of the issues concerning the
static and dynamic critical properties of TSCC mentioned
earlier. From the ISBS data, dipolar behavior in TSCC is
established by the observation of logarithmic corrections
in both phases. This result confirms earlier observations
of Brillouin backscattering experiments. ' Using quanti-
tative data on the logarithmic corrections in both phases,
we have compared our results with the fiuctuational
theory of Nattermann. ' The gradual temperature
dependence of the acoustic anomalies along the polar axis
observed in Brillouin-scattering experiments is also ob-
served in the ISBS experiments despite the much lower
frequencies involved. Its origin, as first suggested by
Smolensky et al. ,

' is confirmed by dispersion analyses to
be a result of a weak depolarization field and the proximi-
ty of the transition to a tricritical point. The dynamics of
the transition agree well with a Debye model in which
the order parameter relaxation time shows a Landau-
Khalatnikov temperature dependence with an unusually
fast elementary relaxation time ~o= 5.5+0.2 X 10 ' s K.

In the next section, the experimental details of the
ISBS experiment are described. Section III presents ISBS
data on longitudinal acoustic waves in TSCC and
highlights various time-dependent and temperature-
dependent features in the data. In Sec. IV the mean-field
and Auctuational theories for quadratically coupled
acoustic anomalies in a uniaxial ferroelectric transition
are reviewed and their predictions compared to current
results. Mean-field theory is first discussed to establish
the background behavior from which logarithmic correc-
tions can be extracted from the data. The depolarization
field along the polar axis is emphasized in order to under-
stand the observed acoustic anisotropy. Finally, acoustic
behavior in different frequency regimes is discussed in
terms of order-parameter and energy relaxation dynam-
ics. Section V summarizes the essential conclusions of
this work.

II. EXPERIMENT

A. Time-domain light scattering experiments

The ISBS experiment is illustrated schematically in
Fig. 1. Two parallel-polarized picosecond laser pulses de-
rived from the same laser, of central frequency and wave
vectors (coL, k&) and (coL, k2), are overlapped spatially and
temporally inside a sample to excite coherent acoustic
phonons of frequency and (difference) wave vectors
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(co„+qo), where qo=k, —k2 and co, /~qoI =U, (qo), with
v, the acoustic velocity. The excitation pulse duration
must be short compared to a single acoustic oscillation
cycle for effective phonon generation to occur. The opti-
cal field of the interfering pulses exerts a spatially period-
ic and temporally impulsive electrostrictive force on the
acoustic modes through stimulated Brillouin scattering.
This force drives an acoustic standing wave (two counter-
propagating waves) whose wavelength and orientation
match those of the optical interference pattern, i.e., with
wave vectors +qo. If weak optical absorption occurs,
longitudinal acoustic waves can also be launched through
sudden heating and subsequent thermal expansion.

At early times after excitation, before substantial
acoustic propagation takes place, the two traveling
acoustic waves interfere and constitute a standing wave
inside the excitation volume. In the absence of absorp-
tion, the acoustic strain S can be described by

S(q, t) 0.-I A, [1—e ' c os( co, t)]

+ Aze ' sin(co, t)I5(q+qo), (2)

where A
&

and A 2 are relative amplitudes. Thermal
difFusion has been neglected in the first term of Eq. (2).

The spatially periodic standing wave modulates the re-
fractive index of the material, giving rise to a time-

ISBS PULSE SEQUENCE

DIFFRACTED
PROBE~,
PU

S(q, t) oc e ' sin(co, t)5(q+qo),
COa

where p is the appropriate photoelastic constant, and co,
and y, are the acoustic frequency and attenuation, re-
spectively. When laser heating occurs, an additional
term must be added representing thermal expansion due
to the periodic temperature profile. The total strain due
to ISBS and heating is

I ~S ~ [e ' sin(co, t)]
Q)a

(3)

also vanishes twice each acoustic cycle. The behavior is
slightly more complicated when heating also occurs and
the strain is described by Eq. (2).

B. Experimental setup

The ISBS experimental setup, illustrated in Fig. 2, has
been described previously. ' The light source is a Q-
switched and mode-locked Nd: YAG laser operating at a
500-Hz repetition rate to produce 8S-ps pulses with up to
80 pJ of energy. Two single pulses are isolated with
electro-optic Pockels' cells for ISBS excitation. A third
single pulse is isolated, frequency doubled, variably de-
layed, and used to probe the coherent acoustic wave at
the Bragg angle. Noise rejection is accomplished by us-
ing lock-in amplification. The optical delay line is double
passed to provide a maximum delay of about 20 ns.
Longer delays (up to several hundred ns) have been
achieved in other experiments by using different single
pulses for the probe. '

Seeds of TSCC were obtained by slow evaporation of
aqueous solutions containing the stoichiometric ratio of
sarcosine and CaC12. Due to the pseudotrigonal struc-

dependent volume "grating" which can coherently
scatter or "diffract" a variably delayed probe pulse in-
cident at the phase-matching angle for Bragg diffraction
(see Fig. 1). The diffracted probe pulse remains polarized
when scattered by a longitudinal wave. The intensity I of
the diffracted light, i.e., the grating s diffraction
efficiency, depends quadratically on the extent of acoustic
displacement. As the acoustic standing wave oscillates,
the diffracted probe intensity oscillates between zero and
its maximum values. Therefore, by monitoring the time-
dependent diffracted intensity, the coherent acoustic os-
cillations and decay can be monitored in the time
domain. Equation (1) shows that for stimulated
Brillouin-scattering excitation, the standing wave dis-
placement vanishes twice during each acoustic cycle.
Therefore, the diffracted probe intensity,
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FIG. 1. Schematic diagram of the ISBS experiment. The
crossed excitation pulses "impulsively" excite an ultrasonic
standing wave in the sample. The standing wave modulates the
refractive index of the material and so can be detected by Bragg
diffraction of variably delayed probe pulses. The time-
dependent oscillations and decay of diffracted signal yield the
acoustic frequency and attenuation rate.

COMPUTER

FIG. 2. Schematic diagram of the ISBS experimental setup.
See text for details. SHG = second harmonic generator; PD =
photodiode.



9440 LAP-TAK CHENG AND KEITH A. NELSON 39

ture, seeds obtained from spontaneous nucleation are in-
variably twinned. Single-domain portions are cut and
planted in a solution with excess sarcosine. Subsequent
growth by slow evaporation and gentle stirring yielded
large, high-quality single-domain crystals. From a single
large crystal, two samples with dimensions SX5X3 mm
were cut. Appropriate surfaces were polished on a soft
surface (nylon or paper) with alumina powder down to
0.3 pm to allow optical access to all three principle axes.
The crystal orientations were confirmed by x-ray crystal-
lography. The samples were housed inside aluminum
cells with optical windows. Isopentene served as partial
index matching Quid and provided even thermal contact.
The sample temperature was monitored with calibrated
Si diodes mounted directly on the aluminum cell in close
proximity to the crystal. A Palm Beach Cryosystem con-
troller (model 4075) regulated the sample temperature.
Temperature stability within 5 mK was obtained for
periods up to 20 min.

The ISBS experiments were carried out with parallel
(vertically relative to the scattering plane) polarized exci-
tation and probe pulses. The fundamental of the
Nd:YAG laser served as excitation radiation. To time
resolve the oscillations of high-frequency longitudinal
waves, a shorter probe provided by a synchronously
pumped dye laser was used. Considerable care was taken
in arranging the scattering geometry. It is well known
that due to depolarization field effects, alignment of the
acoustic wave vector on or off the basal plane will result
in strong anisotropy of the acoustic anomalies observed.
Alignment of the scattering wave vector was guided by
the surface reAection of the samples, and fine adjustments
were made to eliminate beating patterns in ISBS signal
resulting from excitation of quasilongitudinal and quasi-
transverse waves along nonpure mode directions. In or-
der to determine the acoustic velocities accurately, the
scattering angles were measured carefully using a rota-
tional stage from Klinger which has a 2-min relative ac-
curacy. The experiments reported in this paper were per-
formed with scattering angles (0) of 23.78 and 6.03'.
The uncertainty in measurement of the smaller angle was
+0.5%. Note that "scattering angle" is defined here as
the angle between the excitation pulses. The wave vector
in the 6.03' experiments is the same as that which would
result from a scattering angle of about 2' in a spontane-
ous light scattering experiment with 514.5 nm light.

Another geometric consideration concerns the finite
laser spot sizes in the excitation region. As the two trav-
eling acoustic waves propagate out of the excitation re-
gion, the diffracted intensity of the probe pulse shows an
artificial decay. This decay is completely determined by
the excitation and probe spot sizes and speed of sound in
the material, and its detailed time dependence has been
derived. ' To minimize this effect, cylindrical focusing is
often used when signal level and sample quality permit.
Due to the poor quality of the TSCC crystal surfaces,
small spot sizes (=200 pm) were required to maintain
good signal-to-noise ratios in the data. Therefore the
"runoff" effects in the data were taken into account as an
instrumental function whose analytical form is known.
At the 6.03 scattering geometry„ the intrinsic acoustic

attentuation rate is low and the run-off artifacts prevent-
ed determination of acoustic attenuation rates. Only ve-
locity values were obtained.

Time-domain and frequency-domain procedures have
been adopted for data analysis, and both yielded essen-
tially identical values for acoustic frequencies and atten-
tuation rates. The former utilizes curve-fitting routines
based on the Marquardt-Levenberg algorithm to fit the
time-domain data directly. The proper response func-
tion, which accounts for finite spot-size effects, was used
and yielded excellent fits to the data. The latter pro-
cedure performs Fourier transforms of the data into the
frequency domain. The acoustic parameters were ob-
tained by fits with Lorentzian profiles. Results presented
here were obtained with the time-domain procedure.

III. EXPERIMENTAL RESULTS

Figures 3 and 4 show ISBS data from longitudinal
acoustic waves taken with scattering angles of 23.78 and
6.03', respectively, and with wave vectors along the a
axis of TSCC. From Eq. (3), it is apparent that ISBS sig-
nal oscillates at twice the acoustic frequency (2', ) and
decays at twice the attenuation rate. The effect of laser
heating, apparent from the square of Eq. (2), is to add to
the signal a frequency component at co„ leading to signal
maxima of alternating amplitudes. Also apparent is the
Gaussian taper of the oscillatory signal and the Gaussian
rise of a nonoscillatory signal at the baseline at long
times. These effects are due to runoff of the acoustic
waves as discussed above. Note that the data in Fig. 3
are due primarily to stimulated Brillouin-scattering exci-
tation (hence the 2', oscillation frequency) while the
data in Fig. 4, recorded with a smaller scattering angle,
are due mainly to heating (oscillation at frequency co, ).
This is because the stimulated scattering contribution to
the signal decreases as 1/co, [see Eq. (3)]. A comparison
of the data scans taken at different temperatures clearly
shows that the velocity anomalies at both scattering an-
gles are readily measured. The anomalous increase of
acoustic attenuation is also easily observed in the high-
frequency experiment.

To facilitate dispersion analysis over a wide frequency
range, existing high-quality ultrasonic, ' right-angle
Brillouin-scattering, ' and back Brillouin-scattering' re-
sults were taken from the literature. Together with the
ISBS data, analysis over four decades of frequency was
carried out. Due to the scatter of reported velocity and
transition-temperature values, each data set was normal-
ized against its reported value at 50 K above T, and its
temperature axis translated to obtain a uniform transition
temperature at the present measured value. The
discrepancies in velocity values most likely result from
uncertainty in scattering angle measurements among the
light scattering data. The ISBS values agree well (= 1%)
with ultrasonic values along the a and c axes but differ by6' along the polar axis. Rather erratic dispersion far
from the transition temperature has been reported' be-
tween 2 and 30 GHz along the c and b axes. Careful
ISBS measurements at room temperature between 0.3
and 4 GHz along all three principle axes have not re-
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FIG. 3. ISBS data from longitudinal acoustic mode along a
axis of TSCC {0=23.78'). Longitudinal acoustic data shown
were obtained with V-V polarized excitation pulses. The alter-
nating maximum intensities were caused by a weak laser-heating
contribution to the ISBS signal. The top trace was taken near
the transition temperature, showing the anomalous increase in
acoustic attenuation. The small change in acoustic frequency is
clearly measurable. Due to the small excitation spot sizes used,
acoustic propagation leads to a gradual Gaussian taper of the
intensity maxima and a Gaussian rise of the baseline at long
times.

vealed any dispersion, as can be seen in Fig. 5. Acoustic
velocities at room temperature are U, =3.72, Ub=4. 99,
and U, =4.65 km/sec.

The anomalous changes in acoustic velocities along the
principle axes, measured with both scattering angles, are
presented in Fig. 6. The velocity values were calculated
from the measured frequencies and scattering angles ac-

where XL =1.06 pm and 0 is the scattering angle. Note
that the refractive index and therefore its temperature
dependence does not enter into the determination of
acoustic velocity. No thermal hysteresis was detected as
the phase transition was approached from above or
below, indicating an essentially continuous transition.
Along the a and c axes, very sharp decreases of the veloc-
ities were observed as temperature was reduced near T, .
The decrease occurred within a range of 100 mK from
the maximum slope to the minimum velocity. A rather
rapid rise followed in the low-temperature phase, recov-
ering over 50% of the anomaly within 20 K. The veloci-
ty anomaly along the 6 axis, however, displayed markedly
different behavior. The drop was stretched out for nearly
5 K. Also evident is the gradual decrease near T, in the
high-temperature phase. Along the a and b axes, experi-
ments performed with two scattering angles yielded virtu-
ally identical results. This indicates that the frequency
range accessed by the ISBS experiments is well within the
low-frequency limit in which co, ~&&1, where ~ is the or-
der parameter relaxation time.

Figure 7 shows the acoustic attenuation anomalies
plotted together with the velocities to illustrate their rela-
tive temperature dependences. The attenuations along
the a and c axes remain below the instrumental capability
for measurement throughout the high-temperature (HT)
phase and abruptly rise and fall through a maximum at a
temperature T . The rise with decreasing temperature is
much sharper than the subsequent fall, displaying a A,-

type peak with half width AT =O. l K. Along the b axis,
however, no anomalous increase was observed. For the
6.03' scattering angle experiment, acoustic attenuation
along any direction remained below the instrumental lim-
it throughout the entire temperature range studied.

From T and AT, assuming Debye relaxational dy-

3.o-

UJ

C3

Ct:
LL ~.o-
LL

~.o-
CA

C3

6 9 12
TIME (ns)

15 0.00.0 0.2 0.4 0.6 0.8
INVERSE WAVELENGTH (ym-')

1.0

FIG. 4. ISBS data from longitudinal acoustic mode along a
axis of TSCC {0=6.03 ). At small wave vectors, the signal is
dominated by the laser-heating contribution. Although acoustic
attenuation is too weak to be measured accurately, the velocity
anomaly is determined.

FIG. 5. Room-temperature frequency dispersion in TSCC.
Longitudinal acoustic frequencies measured at room tempera-
ture with different wave vectors are shown for the principle
axes. Linear dispersion is evident in each case, indicating no
dispersion in the room-temperature velocities.
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the behavior of acoustic phonons quadratically coupled
to the order parameter. Proximity to a tricritical point is
accounted for. Next, the depolarization field and its
eA'ects on the acoustic modes are treated. Logarithmic
corrections to mean-field behavior are then included. Fi-
nally, acoustic dispersion due to order-parameter dynam-
ics is accounted for. At each step in the discussion, the
theoretical predictions are compared to experimental re-
sults.

A. Mean-field behavior

I

2.0
I

C3

cM 1 5
I—

I—
Vl

o 1.0-
C3

I—
CA

0.5-

q II L. 100)
x 2 5 m;

The familiar Landau expansion of the free-energy
density (@), accounting for quadratic coupling between
order parameter, the uniaxial polarization P, and all lon-
gitudinal strains S, along crystallographic axes i =1, 2, or
3 is

C&(p TPS)=@+ P + P+—P

S;=— P
2C,',

Ao
P = — + (T„—T)

2C C

}/2

where

B'=B-
2C,',

'

2

T~ T~ +
4AOC

The transition temperature is unchanged as a result of
the quadratic coupling, with spontaneous acoustic strain
and polarization vanishing at T T, . The equilibrium
polarization susceptibility is, in the LT phase,

}

Xo
1

P (2B+4CP )
(10)

C",,+ S + PS+—.
I 2 1

where 2, B, and C are expansion coefticients with
A = Ao(T T, ) the —only temperature-dependent quanti-
ty. C;; represents the longitudinal elastic constant along
the i direction, and Q the electrostrictive coefficient
which couples P and S;. The sixth-order term has been
included because the ferroelectric transition in TSCC is
known to be in close proximity to a tricritical point, i.e.,
B & 4 3C. For brevity, no gradient terms have been in-
cluded.

Minimizations of the thermodynamic potential give the
following expression for the equilibrium values of the lon-
gitudinal strains and order parameter in the low-
temperature (LT) phase:

C)

& 0.0
100 110 120 130

TEMPERATURE (K)
140

FIG. 8. Low-temperature phase anomalous elastic constants
in TSCC. The inverse square-root behavior of the anomalous
elastic constants in the LT phase is shown for the a and c axes.
The anomalous elastic constants were obtained by subtracting
the background values shown by solid lines in Fig. 6. Results
from two scattering angles are shown for the a axis. The linear
plots for both axes share a common intercept, yielding T„=8.9
K.

where the effective elastic constant at constant (zero)
electric field C,, is derived according to the following
relation connecting thermodynamic susceptibilities at
constant field and at constant conjugate variable:

(a4/apas; )

as,', (a'c gap'),
(12)

(13)

Equation (13) predicts a discontinuous drop in the elas-
tic constant at T, with a subsequent inverse square rise in
the LT phase. Along the a and c axes, such a description
for the LT phase agrees well with our observation. Fig-
ure 8 is a plot of the inverse square of the anomalous elas-
tic constants versus temperature for the a and c axes.
Linear variations are found for both axes with a common
intercept giving T, —T, = 8.9+0.5 K. T, provides a
measure of the tricritical character of the phase transi-
tion. At a tricritical point, T„=T, . For TGS (triglycine
sulfate) in which the sixth-order term in Eq. (5) is
known to be unimportant, i.e., far from tricriticality,
T, —T, =300 K. ' In Fig. 8 noticeable deviations from
linear behavior occur close to T, . These deviations are
caused by critical Auctuations.

Since the susceptibility is independent of P in the HT
phase, mean-field theory predicts no anomalous acoustic
behavior for T) T, where the equilibrium value of the
order parameter is zero by definition. For T ~ T„substi-
tuting Eqs. (7) and (10) into Eq. (11) gives

CE=0 Q (T T)—1/2 7 (T
QAOC

The acoustic anomalies at constant (zero) electric field
are given by

FACE
=0 CE =0 CP 4gP2+

B. Depolarization field

For a uniaxial ferroelectric in which electric polariza-
tion is the order parameter, additional consideration is
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needed concerning the electric field induced by the spon-
taneous polarization. From electrostatics, it is well
known that an inhomogeneous distribution of electric
polarization gives rise to an anisotropic electric field
known as the depolarization field Ez. It has the follow-
ing wave vector dependence:

—4vr[q P(q)]qEt, q=
2

&o~
(14)

where ep is the background dielectric constant. The pres-
ence of E~(q) leads to a change of the thermodynamic
potential which must be added to Eq. (5). For a fixed
wave vector q along an arbitrary direction, the depolari-
zation field contribution becomes

—Ep(q) P( —q) =4rrq2P /e~q (15)

In experiments performed with high-frequency acous-
tic waves, due to the finite wave vectors involved, acous-
tic anomalies in the low-temperature phase predicted by
Eq. (13) are modified by the depolarization field effects.
On the plane orthogonal to the polar axis, these effects
vanish and Eq. (13) remains unchanged. Off the orthogo-
nal plane, yo in Eq. (11) must be replaced by y(q) and the
presence of the temperature-independent term in Eq. (16)
prevents the divergence of the inhomogeneous polariza-
tion susceptibility. This leads to suppression of the corre-
sponding polarization fluctuations. Therefore acoustic
anomalies along the polar axis (the b axis of TSCC) are
expected to be suppressed. Accounting for the depolari-
zation field, in the limit of tricriticality, the following ex-
pression is reached for the temperature dependence of the
elastic constant for longitudinal strain along the polar
axis:

SCE2=P = QT„T-
4m

~P&22

This form fits the LT phase data well, as can be seen in
Fig. 12 (top half). The constant term appearing in the
denominator of Eq. (17) represents the suppression of the
acoustic anomaly due to the depolarization field. For
TGS, which has a Curie constant 1/Ho=323 K, this
term leads to the complete elimination of the acoustic
anomaly along the polar axis. For TSCC, which has an
unusually small Curie constant of 40 K, the suppression
near T, results in the rounding of all the sharp features
seen along the a and c axes. The anomaly is spread out

where the right-hand side has been simplified for TSCC
in which the maginitude of P Auctuates but the direction
is always along the polar (b) axis, i.e., P, =P3 =0. Notice
that its effect is highly anisotropic and vanishes only in
directions orthogonal to the polarization axis. Along the
polar direction, the effect remains even in the limit of q
going to zero. Clearly, the inhomogeneous fluctuating
properties given by [g(q)] ' become highly anisotropic,

2

6'p q

over a wide (several degree) temperature range. The
magnitude of the anomaly is still significant.

C. Logarithmic corrections

C&„„s=,' At(1+3b in—ay) '~ P~

+ —,'8(1+3b luau) 'P4

——'T, b, C to[(1+3b inane)' —1],
where t =(T T, )/T, , b and a a—re constants, and KCO is
the mean-field jump in specific heat. All other symbols
have the same meanings as above. Equation (18) is valid
in the limits of b «1 and b lnay«1. Therefore, Auc-
tuation effects lead to modification of the Landau
coefficients by logarithmic factors and to a singular term
proportional to the jurnp in heat capacity. The last term
remains nonzero in the high-temperature phase. Adding
terms for quadratic coupling in strain and differentiating
Eq. (18) gives the following expression for the anomalous
elastic constant with logarithmic corrections:

~CE =' =-,'~CE =P
LC 3 MF

' 1/3
tp1+3b in-
(

—1, t&0

tp
MF

=—'5C 4 1+3b ln —1, t&0,

(19)

where AC~„ is the mean-field jump in elastic constant
at T, and to=a/t For b ln(to/t). ((1, Eq. (19) can be
expanded to yield

Mean-field theory is accurate for systems in which the
order parameter interacts through long-range forces. For
uniaxial ferroelectrics, due to the anisotropic nature of
the dipolar interaction, the dipolar forces are not truly
long range. This has been illustrated most convincingly
by comparing the Fourier components of the dipolar
force in wave-vector space with those of the isotropic
long-range force. While the isotropic case has a diverg-
ing curvature at the origin in wave-vector space, the an-
isotropic dipole force does not. As a result, fiuctuation
effects are not completely suppressed and corrections to
mean-field behavior are expected for uniaxial ferroelec-
trics such as TSCC. Note that if the polarization is
piezoelectrically coupled to a soft elastic strain, as in the
case of the KDP family crystals, the long-range elastic in-
teractions lead to complete suppression of fluctuation
effects.

First-order corrections to mean-field behavior can be
calculated by considering higher-order correlations of
Auctuations that have been ignored in Eq. (5). Larkin
and Khmel'nitskii solved exactly the problem of asymp-
totic critical behavior in uniaxial ferroelectrics, and
found deviations from mean-field results by logarithmic
factors. This result has been extended byNattermann' to
the whole critical region, and his results will be quoted
here. The singular part of the free-energy density in the
limit of small corrections was found to be
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AC = ——'AC b lnLC 3 MF

1/2
0
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FIG. 9. Acoustic anomalies: Deviation from mean-field be-
havior in TSCC. Longitudinal anomalous elastic constant
values along the a axis, measured with two scattering angles, are
shown on an expanded temperature scale. The solid line is the
mean-field prediction (for 23.7 scattering angle) as determined
by low-temperature data. Deviations are evident for an extend-
ed range of temperature above the transition and for a smaller
range below the transition. Similar behavior is observed along
the c axis.

(20)

Since b, CM„ is negative and t less than one, Eq. (20) pre-
dicts, in addition to the mean-field anomalies, a logarith-
mic decrease of the velocity of sound in both phases near
T'

Figure 9 shows the anomalous part of the elastic con-
stant along the a axis calculated from the ISBS data by
subtracting the rather constant background shown in Fig.
6. The solid line represents the best fit of mean-field
theory with the calculated order parameter relaxation
time and T, determined earlier. Deviation from mean-
field theory is very apparent in both phases, with the tem-
perature range in which corrections are seen being larger
in the symmetric phase. In fact such corrections are
present for all three axes and are most apparent in the
symmetric phase since no anomalies are predicted by
mean-field theory.

Figure 10 plots the corrections to mean-field theory
against In~ T T, ~. In—the symmetric phase, linear depen-
dences are obtained for all three axes for a range of tem-
perature of over 50 K. For the low-temperature phase,
due to the uncertainty in determining background values
in the b and c axes, analysis is carried out only for the a
axis. For this axis, logarithmic corrections are apparent
in the LT phase over a temperature range of 10 K. Obvi-
ous bending of the data occurs near the high-temperature
end of the corrections. This behavior has been discussed
in terms of a dipolar Ising crossover. ' However, since
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the bending occurs nearly 50 K away from T„the expan-
sion in Eq. (20) may no longer be valid.

Equation (20) offers several predictions that can be
compared with experimental data obtained in both
phases. As can be seen in Fig. 10, the factor of 4
difference in slopes between the HT and LT phase correc-
tions predicted by Eq. (20) was not observed. The ob-
served slopes are essentially the same in both phases.
Equation (20) also predicts a difference between the two
phases of a factor of &2 for the temperature ranges in
which logarithmic corrections are significant. The ob-
served factor is close to 5 instead. Concerning the unusu-
ally large dipolar region in TSCC, the prediction is that
the dipolar region should increase with the Curie con-
stant and T, . For TGS, which has a much higher Curie
constant and transition temperature, corrections to
mean-field behavior are not at all obvious. The con-
stants a and b are functions of the polarization correla-
tion lengths which are not expected to be very different
between TSCC and TGS. Therefore Eq. (20) does not
offer a quantitative description for TSCC. One obvious
shortcoming of applying Eq. (20) to TSCC is the absence
of the important sixth-order term. Therefore, theories
developed for tricriticality may be more appropriate.
Analysis based on phenomenological arguments and tri-
criticality predicts a factor of 4 between the two tempera-
ture ranges' in very good agreement to experiment.

D. Acoustic dispersion

To account for order parameter relaxation dynamics,
the acoustic velocity anomalies are given by the real part
of Eq. (11)with yo replaced by

FIG. 10. Elastic constant corrections vs T on a logarithmic
temperature scale. Deviations of the anomalous elastic con-
stants from mean-field predictions are calculated by subtracting
the mean-field predictions as shown in Fig. 9 from the anoma-
lous elastic constant values measured. Results from all princi-
ple axes are shown for the HT phase. The corrections are found
to be linear on a logarithmic scale for a temperature range of
about 60 k above T, . For the LT phase, results for the a axis
are shown and linear behavior is found for a much smaller
range of about 5 K.
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dispersion is observed between 0.3—30 GHz while a large
dispersion occurs between 0.02—0.3 GHz. The anomalies
observed along this axis in the high-frequency region are
due to coupling to the order parameter, in spite of the
presence of depolarization field. The dispersion observed
in the low-frequency region is most likely due to energy
relaxation processes to which the strain is coupled. (4)
Careful measurements of longitudinal velocities along all
three principle axes at different frequencies far from T,
have revealed no dispersive behavior. The erratic veloci-
ty behavior observed in an earlier report' is, therefore,
not reproduced.

Most of the data obtained through ISBS as well as ul-
trasonics and Brillouin scattering can be explained quan-
titatively by accounting for proximity to a tricritical
point, depolarization field efFects, logarithmic corrections
to mean-field theory, and order-parameter and energy re-
laxation dynamics. Fortunately, each of these efFects can
be isolated rather well by examination of acoustic
anomalies along different crystallographic axes and in
different frequency regimes. Thus quantitative evaluation

has been largely successful. The main theoretical devel-
opment called for is calculation of logarithmic correc-
tions to MF theory near a tricritical point. Experimental
investigation of acoustic behavior in the 20 MHz —1 GHz
frequency range should also be carried out to elucidate
quantitatively the additional dynamical feature which we
have ascribed to energy relaxation effects.

The results we have presented demonstrate the applica-
bility of the ISBS technique to the study of acoustic
anomalies in quadratically coupled systems. ISBS offers
excellent relative and absolute accuracy for determining
acoustic velocity anomalies. Changes in the few percent
level can be studied thoroughly with this technique. Its
dynamic range represents an important asset in acoustic
dispersion studies.
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