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Physical origin of the dynamical central peak in ferroelectric triglycine sulfate

Y. Tsujimi, T. Matsui,* H. Furuta,† and T. Yagi
Research Institute for Electronic Science, Hokkaido University, Sapporo 060-0812, Japan

~Received 18 May 1998!

The picosecond time-resolved spectroscopy is carried out to clarify the physical origin of the central peak
that has been reported in uniaxial ferroelectric triglycine sulfate (NH2CH2COOH)3•H2SO4 ~TGS!. An ul-
traslow relaxational mode with a relaxation timet55 –8 msec is reported as a real-time signal intensityI (t)
and is assigned to a thermal relaxational mode. This assignment is based on the fact that the diffusion constant
evaluated fromt agrees well with the thermal diffusivity measured by heat-pulse method. The discovered
mode, the thermal relaxational mode, is proved to be the physical origin of the reported central peak of TGS
from the anisotropic anomalous behavior of the signal intensity at time originI (0). @S0163-1829~99!00201-5#
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The peak with zero-frequency shift has been found b
in quasielastic neutron- and light-scattering spectra.1,2 This
peak is called a central peak and the mode causing the
tral peak is referred to a central mode. Especially the cen
peak that shows the anomalous behavior near the struc
phase-transition temperature is very attractive because
peak gives us important information on the dynami
mechanism of the phase transition. The light-scatter
method, which has a spectral resolution better than
neutron-scattering method, has been utilized extensivel
study this type of central peak.2 The direct measurement o
the spectral width of the central peak, the inverse of which
the characteristic time of the central mode, is essentia
determine the physical origin of the central peak and to
tract information on the phase-transition dynamics from
peak. However, the observed central peak is sometimes
narrow to measure the spectral width even in the lig
scattering method due to the spectral resolution limit of sp
trometer.

Miyakawa and Yagi found a narrow central peak in ord
disorder-type uniaxial ferroelectric triglycine sulfa
(NH2CH2COOH)3• H2SO4 ~TGS! by a 90° Brillouin scatter-
ing experiment.3 The peak intensity of the central pea
shows anisotropic anomalous behavior; al-type anomaly is
present along thec axis but no anomaly is present along t
polar b axis. They could not measure the spectral width
the central peak due to the spectral resolution limit of Fab
Pérot interferometer~about 1 GHz!, which yielded two dif-
ferent interpretations for the physical origin of the cent
peak. One is a thermal relaxational mode and the other
polarization relaxational mode.

Miyakawa and Yagi attributed the physical origin of th
central peak of TGS to a thermal relaxational mode~tem-
perature or entropy fluctuation!.3 They interpreted that the
anomaly of the central peak is associated with that of h
capacity. This interpretation contains a problem, beca
heat capacity is a scalar~isotropic! quantity and cannot show
anisotropic anomalous behavior. Some other reasonable
planation is needed in order to insist that the physical ori
of the central peak is a thermal relaxational mode.

Tokunaga proposed that the physical origin of the cen
peak of TGS is a polarization relaxational mode~polarization
fluctuation!.4 This proposal seems to be fine at first glan
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since the anisotropic anomaly of the polarization fluctuat
seems to be explained simply by a depolarization field eff
~suppression of the polarization fluctuation along the polab
axis due to depolarization field!.5 However, it is required to
confirm experimentally that the characteristic time of t
central peak is the same as the relaxation time of the po
ization fluctuation.

It is apparent that the measurement of the spectral w
of the central peak is inevitable to determine the physi
origin of the central peak of TGS, the thermal or the pol
ization relaxational mode. In order to measure the spec
width, the authors used a time-resolved spectroscopy ca
impulsive stimulated scattering~ISS!, which is known to be
an excellent experimental method with which to realize
spectral resolution higher than 1 GHz.6–8 In ISS, coherent
modes~acoustic phonon and relaxational mode! are excited
impulsively by crossing two light pulses inside the samp
and their real-time behavior is probed by pulse or cw la
beam. If a picosecond pulse laser is used for mode excita
one can easily obtain a time resolution of 1 nsec. The ti
region longer than 1 nsec corresponds to the frequency
gion lower than 1 GHz, which means that ISS can realize
spectral resolution much higher than 1 GHz of the Fab
Pérot interferometer. The purpose of the present paper i
clarify the physical origin of the central peak reported
TGS. For this purpose, the coherent modes are excited
are observed in a time region much longer than 1 nsec by
use of ISS technique.

Two TGS samples were prepared for the present exp
ment. Theb plate sample of size 5.437.730.6 mm3 was
used to study the modes with the wave vectorqia* axis and
with the qic axis. The c plate sample of size 2.535.5
30.8 mm3 was used to study the modes withqib axis. The
ferroelectric transition temperatureTc was determined to be
48.5 °C from the measurement of the dielectric const
along the b axis. A Nd31:LiYF4 ~Nd:YLF! pulse laser
~Quantronix 4217! was used for the excitation of modes
the wavelengthlE51053 nm. The mode-locking frequenc
and Q-switching repetition were 82 MHz and 400 Hz, re
spectively. A single pulse of 110mJ and 60 psec emitted
from the laser was passed through a Glan laser prism
prepare two excitation pulses. These excitation pulses w
polarized vertically and crossed inside TGS samples wit
28 ©1999 The American Physical Society
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crossing angleu, which excites impulsively the spatially co
herent modes~acoustic phonon and relaxational mode! with
a wave vectorq determined uniquely by the crossing geom
etry. The vectorq lies in a plain formed by two paths of th
excitation pulses and is perpendicular to the bisector ofu.
The magnitude of q is given by a formula uqu
5(2p/lE)2sin(u/2). In order to probe the excited mode
the vertically polarized probe beam from a cw Ar1 gas laser
~Spectra-Physics BeamLok 2060! with the wavelengthlP
5514.5 nm was focused into the sample with an angleuB
satisfying the Bragg diffraction condition~phase matching
condition!. The angleuB was calculated from a formula
lP /sin(uB/2)5lE /sin(u/2). The Bragg-diffracted probe
beam was detected by a photomultiplier tube~Hamamatsu
R1636! and was stored in a digitizing oscilloscope~Tek-
tronix TDS540A! as a real time signal.

The modes, the wave vectorsq, which are parallel to the
a* , b, andc axes, respectively, were excited in the pres
ISS experiment. The value ofuqu was 7.53103 cm21, as the
crossing angleu was set to be 7.2°. Two kinds of mode
were detected along eachq direction. One is a longitudina
acoustic phonon vibrating in a time range of 0–10 ns
which has already reported in Ref. 8. In addition to th
mode, a new relaxational mode was discovered with an
traslow relaxation time of about 10msec~with a frequency
region of about 100 kHz, realizing a spectral resolution mu
higher than the 1 GHz of a Fabry-Pe´rot interferometer!. Fig-
ure 1 shows a typical real-time signal intensityI (t) caused
by the discovered relaxational mode atT544.6 °C on a
semilogarithmic scale. Since the longitudinal acoustic p
non attenuates completely at about 10 nsec, it does no
pear in this figure. The intensityI (t) clearly shows a simple
exponential decay, indicating that the relaxational mode
a single relaxation timet, 6.160.1, 6.960.1, and 8.0
60.1 msec along thea* , b, andc axes, respectively.

In order to clarify the physical origin of the relaxation
mode,uqu dependence oft was investigated atT544.6 °C.
For this purpose, the intensityI (t) was studied with the
crossing anglesu of 3.5°, 5.6°, 7.2°, 9.5°, and 13.0°, co
responding touqu of 3.63103, 5.83103, 7.53103, 9.9
3103, and 13.53103 cm21, respectively. The relaxation
time t evaluated fromI (t) is plotted in Fig. 2 as a function
of uqu21 on a logarithmic scale. It is obvious thatt is pro-
portional touqu22 along eachq direction. This proportional-
ity implies that the discovered relaxational mode can be

FIG. 1. The real-time signal intensityI (t) caused by the relax
ational mode withuqu57.53103 cm21 at T544.6 °C. ~a! qia* ,
~b! qib, and~c! qic axes.
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signed to a diffusive process with a diffusion constantDISS
51/(tuqu2). To obtain the more detailed information on th
diffusive process, the temperature dependence ofI (t) was
measured at fixeduqu57.53103 cm21. After t was ob-
tained fromI (t), DISS was calculated by the use of the e
pressionDISS51/(tuqu2). The temperature dependences ot
and DISS are presented in Figs. 3 and 4, respectively. F
later discussion, the real-time signal intensity at time orig
I (0) is also evaluated by extrapolatingI (t) to time origin
and is plotted in Fig. 5 as a function of temperature. A dom
nant anomaly ofDISS is seen in Fig. 4 along thea* and c
axes, but no anomaly is seen along theb axis. The tempera-
ture dependence and the anisotropy ofDISS are almost the
same as those of the thermal diffusivityDth measured by
heat-pulse method under the open circuit condition~the con-
dition of electric displacementD50).9 Therefore, it is con-
cluded thatDISS is the same physical quantity asDth and
that the observed relaxational mode corresponds to a the
diffusion process, that is, to a thermal relaxational mode. T
present ISS is essentially the impulsive stimulated ther
scattering~ISTS!, because the excitation of the thermal r
laxational mode arises from the energy absorption of the
citation pulses into O-H and/or C-H vibration overtone
This type of absorption has been observed in ma

FIG. 2. The relaxation timet as a function ofuqu21 at T
544.6 °C;qia* ~squares!, qib ~closed circles!, andqic ~triangles!
axes. The solid line expresses the relation oft}uqu22.

FIG. 3. The temperature dependence of the relaxation timet of
the relaxational mode withuqu57.53103 cm21; qia* ~squares!,
qib ~closed circles!, andqic ~triangles! axes.
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organic materials at an excitation wavelength of 1064 nm6,10

Using the result ofI (0) shown in Fig. 5, we will prove
that the physical origin of the central peak found by Brillou
scattering is the thermal relaxational mode. It is appar
from this figure that a large anomaly ofI (0) is present along
the c axis but no clear anomalies ofI (0) are present along
the a* andb axes. The theoretical formulation ofI (0) for a
thermal relaxational mode has been already obtained an
expressed approximately as11,12

I ~0!}S a

CX
D 2

. ~1!

Herea andCX are the thermal expansion coefficient and t
specific heat at constant stressX, respectively. The tempera
ture dependence of (a/CX)2 is evaluated from the reporte
values ofa ~Refs. 13 and 14! andCX ~Ref. 15! and is plotted
in Fig. 5 by a curved line. The coincidence between

FIG. 4. The temperature dependence of the diffusion cons
DISS51/(tuqu2) of the relaxational mode with uqu57.5
3103 cm21; qia* ~squares!, qib ~closed circles!, and qic ~tri-
angles! axes.

FIG. 5. The temperature dependence of the real-time signa
tensity at time originI (0) caused by the thermal relaxational mo
with uqu57.53103 cm21 ~circles! and the temperature dependen
of the calculated value of (a/CX)2 ~curved lines!; ~a! qia* , ~b!
qib, and~c! qic axes.
nt

is
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observedI (0) and the curved lines is excellent. As the the
mal expansion coefficienta has the anisotropic nature an
shows the anomaly much stronger thanCX ,13–15 it is con-
cluded that the temperature dependence and the anisot
behavior ofI (0) are explained mainly by those ofa2.

Miyakawa and Yagi found a central peak in TGS by 9
Brillouin scattering and calculated the Landau-Placzek ra
RLP5I R /(2I B) from their experimental results.3 HereI R and
I B are the integrated intensities of the central peak and B
louin peak, respectively. They reported that the tempera
dependence ofRLP shows al-type anomaly along thec axis
but it does not show any anomaly along the polarb axis. This
temperature dependence and the anisotropic behavior ofRLP
are very similar to the present results shown in Fig. 5, wh
gives us the idea that the physical origin of the central p
must be the thermal relaxational mode. Miyakawa and Y
interpreted that the anomaly of the central peak results fr
that of heat capacityCX . As mentioned before, their inter
pretation contains a problem, becauseCX is a scalar quantity
and cannot show anisotropic anomaly. Finding out that
formula they used forRLP is valid only in isotropic materi-
als, the authors generalize it for a solid and have an appr
mate expression:

RLP}
a2TcS

rCX
. ~2!

Here r and cS are the density of sample and the elas
stiffness constant at constant entropyS, respectively. The
temperature dependence and the anisotropy ofRLP observed
in Brillouin scattering can be explained very well by th
equation; it is notCX but a2 that has the anisotropic natur
and plays an important role in Eq.~2! as in the case of Eq
~1!. From this successful explanation of the anisotropy
RLP , it can be concluded that the physical origin of TGS
surely the thermal relaxational mode. Following this conc
sion, the true spectral width of the central peak can be e
mated from 1/t to be the order of 50–80 MHz in the case
90° Brillouin scattering using a laser of wavelength 514
nm. This width is so narrow that the observable spec
width in Brillouin scattering would be restricted and dete
mined only by the spectral resolution limit~about 1 GHz! of
the Fabry-Pe´rot interferometer. No temperature dependen
would be detected in the width. This is just the case see
the Brillouin scatting experiment.3

Finally, the authors discuss the other interpretat
about the physical origin of the central peak of TG
Tokunaga proposed that the origin is a polarization rel
ational mode.4 The relaxation time of the polarization fluc
tuation has been determined by Brillouin scattering to
about 4310211 sec atTc2T51 °C.16 If the polarization
relaxational mode is the origin, the spectral width of t
central peak should be about 10 GHz. However, the obse
width is around 1 GHz,3 which indicates that the physica
origin is not the polarization relaxational mode.

The present work has been supported in part by a Gr
in-Aid for Scientific Research~C! from the Ministry of Edu-
cation, Science, Sports and Culture, No. 10640359.
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