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ABSTRACT

The Brillouin spectra of the ferroelectric Tris-
Sarcosine Calcium Chloride crystal have been observed in
small angle, right angle and backscattering. The smallest
angle we have achieved is 7.48°. The frequency range we
were working on is about 2 GHz to 32 GHz. Brillouin
investigation in such large frequency fange is
significantly important. The anomalies of hypersound
velocity and attenuation were obtained. '

He are the first to calculate the polarization of the
scattered light in a orthorhombic crystal like TSCC. He
are quite successful in interpreting the anomalies of
sound velocities and attenuation for the phonon along
{001) by piezoelectric coupling and we are the first to
interpret the anomalies of .sound velocities and
attenuation for phonons along the polar axis [010]1 by the
small depolarization effect.

We are the first experimentally to prove the relatlon
Tc-TaoQ for [001]1 phonons and Tc-Ta= constant for [ 010]
phonons. ' )

He estimated the elementary relaxation time
To=5.25*10"'* sec for [0011 phonons and To=8.24*10"'2% sec
for [010]1 phonons. : :




the development of new theoretical approaches.

Ll

CHAPTER I
INTRODUCTION

The stgdy of phase transitions both theoretically and
experimentally has found'widesppead interest during the-
past few years. Two main‘aspects make this subject so
attractive: the many-particle or cooperative nature of

these phenomena and the hypothesis of universality. It

stands to reason that the field of phase transitions

and critical phenomena has experienced a period of
extremely rapid growth during the last two decadés, both
in the application of new experimental techniques and in
1

A given assembly of atoms and molecules may be’
homogeneous or ihhomogenéous. 'The homogeneous parts of
such a assembly, called phases, are characterized by
thermodynamic properties like volume, Ppressure,
temperature, and energy. An isolated phése is stable only
when its free energy is a minimum for the specified
thefmodynamic conditions,.

As to thermodynamic considerations, the classical

Ll
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Clape&ron equation satisfactprily predicts the features
of first-order phase transitions involving discbntipuous
changes in the first derivatives of the Gibbs free energy
such as enfropy and voiume shown in Fig. 1. Unlike the
case of first-order transition, where the free energy
surfaces, G(p,T), of the two phases intersect sﬂarply at
the transition ﬁemperatuﬁe, it is difficult to visualize
the nature of the free energy .surfaces in second or
higher-order transitions. In second—érder‘transitions,
where changes in heat capacity aslwell as compressibilit&
and thermal expansivity are noticed at the transition,
Landau made a momentpus contribution to our understanding
of phase transitions by expanding the free energy in terms
of long-range order parameters Q; @ decreases with an
increase of temperature and goes to zero at the transition
temperature. fhe concept of an order parameter today
provides a Qery general way of examining phase
transitions. ?

The idea of phase transitions and spontaneous symmetry
breaking has been widel& used in physics since the 1930's
gLandau 1937) . Its application has been significant in
both elementary particle bhysics, and for structural
transitions, where it is described (Cochran, 1960, 1961)
by the collapse of the ehergy of an optical phonon, i.e.,

"soft mode". The diagram in Fig.2 is now familiar in a
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5
variety of contexts.  The free ehefgy of a system is
plotted versus a general displacement coordinate (order
parameter) Q. Below a certain critical temperature T. the
lowest freé energy state is obtained at nonzero valueé of .
Q. Depending on the sign of the quartic coefficient B in
the free energy, the traﬁsition ha& be either continuous
(second order) or diécontinuous (first—orderiz. The
value of @ which minimizes the free enefgy at a given
temperature T is called the spontaneous value of the order
parameter and is usually denoted Q;(T). Fig. 2(a) 'shows
the dependeﬁce of the free energy on Q@ and T for a
continuous transition (in which the quértic coefficient B
in Eq.(i~1) is pésitivé); the insert plots-  Q:s{(T) versus T
for this case. fig.2(b) shows the dependence‘of ffee'
energy on Q@ and T for a-discontinuous transition (in which
£he quartic coefficient B in Eq.(I-1) is negative); the
'insert plots QS(T) versus T fof this case. Fig. 2(c) shows

’

second-order transitions as solid lines; first-order as
dashed lines. The black dot fs the @ricritical point.?
The free energy used in this application is

phenomenologically written as
F(Q, T)=A0(T-To) Q2+BQ*+CQ*  ---~--------- (I-1)

where Ac(T-To) is a linear approximation for the quadratic

coefficient which results from the mean field assumption
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that all particies interact equally in thg system; this is
equivalent (Stanley 1971) to the assumption of interaction
forces of infinité range, and is expected to be a good
approximation for systems where Coulomb forces are
dominant. The coefficient E is an explicit function of
other vapiables, such as pressure p, applied electrical
field E (for a ferroelectric), or stress S (for a
ferroelastic). If B(p) chgnges sigﬂ, a point(T¢, pc) where
the transition changes from second;order'to first-order
exisﬁs in (p, T) space. This is called a tricritical
poinﬁ, because in the three-dimensional T, p, E pafameter
space for a ferroelectric there are three lines of second-
order phase transition boundaries which intersect at
(Tc,pc).. This is diagrammed in Fig. 2(e){Scott, 1976).
Such situation are well-known in ferroelectrics such as
KH;POs and SbSI, and they have been studied in detail by
light scattering‘by Peercy (1976).°% Gammon et al. fqund
that at pressure near and above the tricritical pressure
the Brillouin spectrum becomes strongly overdamped and
narrower‘than 50 MHz, " the width of the elastic peak in the
best crystal.* In the free energy expansion, there may be
logarithmic terms which result from dipole—dip&le
interactions in a gystem, that is so-called logarithmic

)

ccrrections. Free energy descriptions have been applied

successfully in some steady-state systems. From the
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point of view of statistical mechanics, é grand partition
function, Z¢ is given by

~C ' ® R

Zg(2,V, T)=X z"ZN(V,T): —————————————— (1-2)

N=0

where N is number of a system, V is the volume, T is
temperature, 2z is equal to exp(u/kT), where u is its
chemical potential, Zn is the classical canonical

partition function given by

ZN(V,T)=(1/N7\3")jexp[—Q( Fi, Tz, - r) /kT1d3Nr  (I-3)

where A, the thermal wavelength, is given by

" energy of the system, which indicates all interactions

among the particles,. Obviously, the partition function
B -
Ze(z, V, ) =22NZn(V, T)  -=--—=--- Eiutuiaindababe (I-4)
N=0 .

if B is large enough, and then

B
Ze(z2, V, T)=w(1~-2/2x)  ——————=——-——=——=~=—-— (I-5)
N=0
B
where 2z« are the roots of the polynomial Tz IV, T).
: N=0

Let zo be the value on the real axis corresponding to a
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zero of Zg(z,V,T). At this point some thermodynamic
variables or their derivat;ves may show discontinuities,
when the volume V goes to infinity. This boint is the
phase tranéftion point?.

While the thefmodynamic treatment of phasé transitions
is very fundamental and useful, it does not provide a
geometrical picture of the microscopic changes
accompanying a transitipn. The transifions accompénied ﬁy
microscopic structural change ére called structural phase
transitions (SPT). The ferroelectric (FE) phase
transitions are structural phase transitions. However,
two categories, the displacive traﬁsition and order-
disorder transition are generally classified®. Two
limiting cases are known:

i) The crystal symmetry is lowered by a spontaneous
displacement of sublattices against each other (displgcive
transition) or

25 Certain atoms or atomic groups have several
positions (spatial or directional). In the disordered
phase these positions are occupied at random, while in the
ordered phase spontaneous ordering in one position takes
pPlace (order-disorder transitiom)’.

During the phase transition the physipal properties of

the material such as the dielectric constant or stiffness

constant will change. For structural phase transitions we
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must study not only the static but also the dynamic
properties of the mﬁterial such as the soft mode,
frequenéy shift of the phonon, attenuation énomaliés along
with the dielectric constant for a ferroélectric material.
According fo the well-known Lyddane~Séchs—Teller‘(LST)_

relation

where QLe 1is the'frequency of the longiﬁudinal optical
mode, Qr. is the fréquency of the transverse optical - mode.
€y is the static dielectric constant while €« the infinite
fréquency_dielectric constant corresponding to freguencies
much higher than phonon frequencies, at which only the
electrons contribute to the-dielectric reéponsea.

For some dielectric crystals, when T=T., €s goes to
infinity and then Qr. goes to zero.

Practically all experimental investigations deal with
the order paraheter, either measuring it directly or a
generalized susceptibility, which describes its response
-in space anq time. The pertinent experimental methods can
be classified into two groups:

1) The syétem to be studied is eiposed to an external
influencé and the response of the whole system is
measured.

2) The variation of local properties is probed locally

Ll
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within the system.'
. To the first group belong'all the scattering
experiments, where the external influence is, for example,
a laser be%m, X-rays or fhermal neutrons and also
measurement of material properties, such as the dielectric
constant, refractive index,'specific heat, etch By the
method in the firs£ category one determines a correlation
of physical quantities.?

Examples fqr the ;econd group are electron and nuclear
magnetic resonance experiments.

With the introduction of lasers in the 1960's, light
scattering specfroscopy was immediately transformed into.a
straightforward experimental technique. Raman scattering
studies of the soft modes in KTaOz and SrTiOsz were first
reported by Fleury and Worlock (1967). Subsequently,
Kaminow . and Damen(1968) observed an overdamped soft que
in the Raman spectrum of KH2POas. Fleury et al. (1968)
first demonstrated the utility of the soft mode.concept
for,cell—multiplying phase transitions in their étudy of
tﬁe cubic-tetragonal transition in SrTiOs. Similarly,
Brillouin scattering'fMandelstam—Brillouin scattering in
the Rﬁssian litepature) was‘applied‘to the investigation
of acoustic modes near phase transitions, complementing
the earlier téchniqués of acoustic resonance and

ultrasonic propagation. A soft acoustic mode in KHzPOs'
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was observed by Brillouin scattering by Brody and Cummins
(1968).

Since 1970-the.emphasis in lighf scattering of ﬁhasé
transitions has gradually shifted from simple soft'que
analysis to aspgcts of spectra associated witﬂ mode
coupling, central peaks, polarization coupling with the
Phonons, modification of the claséiéal soft mode behavior
due to critical fluctuations, etec..

The4main‘activity in iight scattering investiéations
of phase transitions concerns £he spectrum of scattered
light. "The starting point of tﬂe theory of spéctral
anomalies is aiso the idea of the loss of stability, i.e.,
vanishing of restoring forces for a 1éttice distortion at
the ﬁhase transition temperéfure. This leads.to the
cphdition that ;ne of the iattice frequencies is expecfed
to become zero at the phase'transition, i.e., £o the
famous "soft mode" concépt. This concept wés developed
p;imarily by Ginzburg (1949a,b), Cochran (1960, 1961) And
Anderson (1960). fhene are séveral types 6f fluctuation
responsible for.theAscattg;ing; These different sources
of scattering can beAdistinguished‘on the‘basis of their
temporal behavior in the spectrum of the scattering light.
‘ In an-insulating crystal the main-source of scattering is
dielectric conétént modulation by acoustic lattice

vibrations. Another source in crystals containing certain
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atom groups (such as sarcosine) is the internal vibration
modes of - the molecular group. The optical vibrations of
the lattice and the moiecuiar-vibrations are the source of-
what is cailed:the vibrational Raman efféct. The obtical
vibrations of theilattice and the molecular vibrations are
of higher frequency. These vibrations result in spectral
lines that are displaced from Ehe incident light frequency
by from-about 50 to over 3500 em™ 1, The acoustic lattice
vibrations which are much IQWer frequency for the small
wavevectors involved_iﬂ light scattering are the sources
of the Brillbuin spectrum, which usually is within' 1t cm !
from the incident 1light Frequency._ For acoustic modes
each primitive cell écts as one mass point, sé there are
three acoustic modes orxbranches corresponding to the
thréé degrees of freedom per particle. Thus the Brillouin
spectrum will contain three sets of doublets symmetrically
placed about the Rayleigh line. But dftent the
degeneracies in the acoustic branches and selection rulgs
governing the scattered intensity'reduce the,numbeg of
observed Brillouin comﬁgnents.' The longitudinal acoustic
vibration mode alters the density §f_the sample and thus
‘the dielectric constant. One predicts the intgnsity of
the 1ongitud@na1 Briliouin-components to be stronger than

the inténsity of the transverse Brillouin components.

Now we can relate the observed Brillouin spiitting, 8Q,
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to the incident light frequency, Qo¢, and the scattering

angle ©; via the Brillouin relation
8Q/Qo=2n( v/c)sin(6/2) S (I-T)

where n is the-refractivé index of the scattering medium
and é is the velocit& of-light in vacuum. Obviously, the.
Qo is given (the laser.frequency is known), and the
refractive index n is given ér can be measured and the
scattering angle @ is determined by the experimental
geémetry. Thué we need only mea§ure the Brillouin shift
of the sﬁectrum to determine the sound velocity of
thermally excitéq acoustic lattice vibratipﬁs. 'This is
the essence of the pfincipie of Brillouin scattering..

We can consider the Brillouin scattering process as
Bragg diffraction of the incident béam by the wave
corregpdnding to some fluctuation. Evén more simply,
Brillouin scattering can be viewed as diffraction of
incident ‘1light by gratings created by sound waves. For
example, sound waves cause fluctuations of density, and
thus of dielectric constant. These fluctuatiéns act like
a gratiné moving along the wavévector'aththe speed of
sound, so the diffracted light suffers the Doppler shift.

Brillouin scattering was first dbserveq by Gross!?® in
liquids and has been used to investigate the elastic

properﬁies of_alkali halide crystals, quartz,

Li il
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ferroelectric transitions and other crystals exhibiting
other transitions.

For a givén-scatteriﬁg wave&ector (i. e. fbf a given
scattering‘aﬁgle) there 1is élso gcatteringAproduced by
non—propégating diffusive fluctuations. The frequency of‘
this scattering light is the same as the frequency of
incident 1light. Fluctuations of the temperature and non-
propagating density fluétuatibns are the sources of this
elastic scattering. |

For a iiquid—gas or liquid-solid transition in the
vicinity of the critical point there is a scattering peak
produced.by density fluctuation. These‘flqctugtions cause
critical opalescence, which was first e#pléined by Von
Smoluchowski and Einstein. The scattering intensity is
related to density—dengity cor?elations.‘_We can picture
this scattering as caused by a lot of "islands" of liquid
in the éas or "islaﬁds“ of solid in the liquid, resulting
from big fluctuations in the vicinity of the critical
point,

Recent studies of this c¢ritical opalescence uging
laser light sources and light-beating spectfoscopy havé
greatly increased our knowledge of such transitions.

Ginzburg suggests'! that an enhanced scattering,
siﬁilar to critical opalescence, should be observed in the

vicinity of an order-disorder transition. This scattering

-
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would be produced by lafge fluctuations in the degree of
order. An enhanced scattering at the x-8 transition in

quartz was observed, '?2

but it was shown to be due to a
static twinning of the crysfal.‘J '

Because the ferroelectrie—pareelectric transition is a
structural phase transition, the measurement stated above
may provide an indication of fhe presence of such a
"critical opalescence; in the-vicinity of the structural
phase traneition in Tris-Sarcosine Calciqm Chloride
( TSCC). . Such an enhanced quasi-elastic scattering'may_be
performed in fhe future.

The second'reason.for the present measuremené is to
‘investigate the high frequency soundevelocities,.the
elastic constants, and the attenuation in both the
paraelectpic and ferroelectric phases. The criterion for
decidiﬁg what is a high or lower frequency is the inverse
of the response tiﬁe of the order parameter, whieh is
called the relaxation time.

Brillouin scattering measures phonon frequencies in the.
microwave reégion. 'Theée frequencies are higher than the
inverse of the relaxation time‘for the order parameter.
Thus, Brillouin scattering measurements can provide data
on the magnitude of the dispersion in the longitudinal
sound Qelocities in TSCC.

We have measured a temperature dependent dispersion in
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the velocities of the longitudinal ﬁodes propagating along
b and ¢ crystal directions. He have done right angle
scattering, small angle scattering and backscattering.
The smalleét angle we have achieved is 7.48°. The large
frequency range_that we worked on is about 2 GHz to 32
GHz. He have measured the natural line width of the
longitudinal Brillouin components for temperatures from
300 K to 110 K. From these widths we determined the
lifetime of the microwave frequency of sound waves in the -
300 K-110 K temperature region. -We also got the
femperature dependence of the phonon life times.

From the temperature dependence of the v;locities
investigated in this work, we can alsc determine the
temperature dependence of the three elastic constants of
TSCC via the relation of the velocity to thé elastic
constant and density. |

In Chapter II we present the theory of Brillouin
scattering for crystals of orthorhombic structure such as
TSCC. Chapter III presents the experimental technique 'and
apparatu; used in our expérimgnt. Chapter IV ppesents the
éxperimental results of our'measurements of Brillouih
spectra. Chapter V gives a discussién of these results in
terms of the relaxation theory of sound absorption due to
phonon-polarization coupling theory in TSCC. WHe interpret

the anomalies of sound velocities and attenuations for
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[001] phonons by pure piezoelectric coupling and for [010}
phonons by piezoelectric coupling wiph small

depolarization effect.
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CHAPTER 1II

THEORY OF BRILLOUIN SCATTERING IN

ORTHORHOMBIC CRYSTAL

Introduction

In this chapter we will calculate'the Brillouin
spectrum from orthorhombic drystalé in terms of the sound
velocities, polarigation, and the wavevector of the
acoustic modes ‘with respect to elastic constants and then
calculate the intensity, polarigation and freduenc&
splitting of the Brillouin components for the scattering
from acoustic modes prppagaﬁihg in‘the a, b, and b, ¢
-planes of an orthorhoﬁbic crystal. The complete theory of
Brillouin scattgring in cubic crystals_has been éiven by
Benedek and Fritsch.'® The general equations of their
qalculation are specialized to the case of.scattering from
acoustic modes propagating in the [110] planeé. Nobody
has yet provided the theéry of Brillouin scattering in
orthorhombic crystals. In this cése the calculation will
be more compliéated than for a cubic crystal. Principal

axes of the dielectric tensor are the crystal axes,

Ll A
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" and the three elements are equal for cubic crystals, while
for orthorhombic crystols the principal axes of the
dielectric ftensor ‘are the.crystal axes also, but 'the three
elements are. not equal. The stiffness tensor for
orthorhombic crystals has_more elements than for cubic

crystals.

The Spectrum of the Scattering Field
Basically? the Brillouin scattering is a sort of

radiation by the current and charge systems which are

functions of time. He can expand these function in
Fourier series. Thus we only need to deal with each
Fourier component. We only consider the potential, field

and radiation produced by finite systems of current and
charge without losing generality.!?’

We assume

-igt

plr, £)=plr)e

Jr,t)=3d(prye-i2t

As usual the real parts of these functions are the
physical quantities.

In the Lorentz gauge the vector potential is
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- - D - - - = —_ -
A(R,t)=(1/c)Id3rJdt'(J(r,t')/|R—r[)6[t'+(IR—rI/c)—tJ

. (1I-2)
Substituting (II-1) into (II-2), we get

MR =170 T (et 1 T-T1 /| REa?s  —---- (II1-3)
where k=Q/c and

A(R, £)=A(R) @ #8t oo (11-4)
Then the magnetic field is

BEVXA  —-mmmmmmmmmmmmmmemmmmmmmm oo (1I-5)
and the electric field outside the source is

E=(i/K)VxB=(i/K) yX( YXA)  =-—cmmmm—mmm——mm (II-6)

In principle, if the current distribution 3(;) is
given, we can calculate the field via the integral (II-3).
There are three régions. Let the size of the source be

d, the wave length ), the distance from the origin to the

position of observation R. The three regions are
near (static) region d<<R<<A
middle (induction) region ~ d<<R=A

far (radiation) region . ‘R¥>»2>>d
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Here, we are only interested in the radiation region.
In this region as shown in Fig. 3, kr>>1 and e'*"
oscillates very fést. Tﬁen we can make the sufficiently

accurate approximation

where f is the unit vector in the direction of E and ; is
the distance to the radiating point. Then the integral
(II-3) becomes

Lim AR =(ei*R/oR)] J(re-i*T g3z - (I1-8)
R->w
This means that in the far region, the vector potential is
that of a éxpanding spherical wave with a factor which
is a function of the solid angle. It is easy to show that
the fields calculated from (II-5) and (II-G) are
transverse to the radius vector and decrease as R™!. They
thus correspond to the radiation field. If 'the source
dimensions are small compared to a wavelength it is
appropriate to expand the integral in (II-8) in powers
of k. |

Lim AR =(e'*R/eR) Bl (~ik) "/t 1) 3 (I- M "d%F (I1-9)
kR->w : ’

If only the first term in (II-9) is kept, then the vector
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potential will be
K(E)=(ei“R/cR)J3(;)d3;v B (I1-10)

The integral can be put in more familiar terms by an

integration by parts

- - - - - — - - - n o
jJ(r)d3r=—jr(v'-J)d3r+r-J N ittt (II-11)
In the limit of large r ,;-3=0, so
| 7a%7=-ial Fotmryd®n + —mmmm i (I11-12)

since from the continuity equation

PQur) =7 d  mmmmmmmmmmmmm e (II-13)

"Thus the vector potential is

AR =(—ike!®®/R) ) P(FIA®F  —ommommmn (II-14)

where 5=p(;)-;, the polarizatioh;

Now we calculate the intensity and spectrum of light
scattered from thermal fluctuations in liquids and 'solids.
Since the media contain about 107 atoms in a region as
small as the cube of the light wavelength, for a dimension

of this order a liquid or solid may be regarded as a
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continuum; A light wave passing through’the medium
produces an oscillating dipole momeﬁt rer unit wvolume of
polarization E(;,t) at each point ; and at time t. The
oscillating moments in turn r;diate or'scatter
electromagnetic waves in all direc@ions. From Equations
(ITI-6) and (II-14), the electric field dE‘ at the field
point E caused by the oscillating dipole moments within a

volume !dsr!<<A3 igt?

dE' (R, t) =[Ip-c%x(Ig-rxd?p(r,t')/dt?)/c?|R-r|1d’r

——————— (II-15)

where the vectors Ez r are the obsérvation point outsidg
the medium and the radiating point inside the medium. The
unit vector I is shown in Fig. 3.

If the radiation has low intensity, thg 1oca1.
polarization is linearly proportional tb the electric
field. The proportional factor is a tensor «. It is
convenient to decompose « into ité‘time—average part <«
and the time-space fluctuations 6x(;,t) produced by
thermai fluctuat;ons in the medium, In liquids and in
cubic crystals the time—a&erage polarizability <> is -a
scalar times the unity tensor aﬁd the index of refraction
n is independent of the direction of propagétion.

However, the thefmal.fluctuation in a crystal causes off-

diagonal components in the polarizability tensor, so we




25
should regard 6« as a tensor whose elements fluctuate in
time. Hriting the electric field of the incident wave

within the medium as

E(;,t)=ﬁoe*‘r'r'°t) '__;__'-*_-'—___f—" (II-16)

where k=nQ/c is the wave vector of the light wave ih the
medi um, we.find that the polarization at each point in the

‘medium is

Plr, £)=(<a>+8alr, £t)) - Eoe! (k- F-2t)

To calculate the second derivative of ; as reduired by

Eq.(II-1f, we have
dp/dt=-i00<a>Eoe® (F-T-8t) _i0o6aBoet (K T -8t
+1d(6w) /dt1Eget (k- 2t (1117
dZS/dtzé—Qoz<m>Eoe"F::'Qt{-Qozgodxel(;':'Qt’
~2iQoEoe! ‘¥ T 2t d(§a) /dt
+[d2(6x?/dt]2§oe"r':"gt’ - (11-18)

We can see that the characteristic frequencies for
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thermal fluctuations are small (=10!'2? Hz) compared to the
light frequency in the optical region (=5*10'2 Hz). We

may therefore keep just the first two terms in Eq.(2-18)

and write
d2p(r, £) /dt?=-02(Ca>+6x) Eget (k- r-2t)

=-0%p(r, t)  ----- mm—mie (II-19)

On substituting Eqs.(II-19) and (II-18) into (II—15),
(II-1 ) and carrying out the integration over the

illuminated volume V at the retarded_time t', we find

that if R>>T
E' (R, t)=[-(Q/c)2et (K R-8t) /Ry Ty gl I
xf<<m>+6«<5,t))ﬁoe“F'V‘"7{d35' (II-20)
where we have.made use of the fact that if §>>;,

Ip-r=Ix

and

nQ/c|RZr|=nQ/cIc- (R-1)

and
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E'=ank/C
and
|R-r|=R

The inteérél (II;ZO) indicates the superposition of

phasés of waves scattered from each illuminated point in
the crystal volume. If the fluctuation 6« is absent,

this superposition leads to a'complete cancellation of the
scattered‘wavés. ‘The contribution to the integral from
the <> terﬁ is zero except in the forward direction.

Scattering out of the incident direction results entirely

from fluctuations in the polarizability.

By decomposing the fluctuations into their spatial

Fourier components

6wl ;,_t')=(21r)'3’22I ldqléoc'(a)ett:q_-r_za,.(:)t':
: n ‘
‘ R (II-21)

where a ig the wavevector of the fluctuation and Qu(a) is
the frequency of the fluctuation corresponding to this
wavevector (wavelength). The superscript H denotes the
branch in_the'dispefsion relation connectihg a and Q. In
general, Qu(a) can be complex to include a descriptién of

the damping of the fluctuations. Qu(a) is double valued




L1l

28

"with %= to account for the degeneracy in the diSpersion
relation for posiﬁive and negative running waves. We now
can put Equation (II—21) into (II-20), being careful to

include the effect of time retardation in S«. He pbtain

‘E'(E,t)=—(g/c)22[ei‘;'75"’/lekx[kajf(zn)'3f2
g " _

ldqléx»(a)et(q_-:tnu(;H)Eoe"x(k_-;')-F“ld;"l

=—(Q/c)2Fei k' "R-2s (a1t pT o7,
" A

r ; — - - - _ - -
XJquléxu(q)eitq-rtQu(q) (t-Lcx-(R-r)/c )1

_.e-iﬁnlcml—‘-R=ei(i-<-'-9,¢lc.,.1_“)-R

el (®/c%8,/ca )T R

=l (122, ) /cad I, -R

where ;=(QiQu(a))/Cm

ei(;-r_tﬁ,/c,.,l_x-:)ei(k_-nlcmln-r)

=e:(;—(n:n,)/cmE-F)-7
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Hence

E‘(E,t)=—(Q/c)ZEka[fuxIquléx,(a)-go
' B

.(eiCk-R—E?tﬁp(q)Jt)/R)

-(2n)'3’2ﬁld;le“7;7‘*;": (I1-23) -

The final integral in Equation (II-23) is a delta
function provided that the illuminated region is very

large compared to the wavelength of light. In this case

Je“7'7'+7"7|d;|=<2w)36[5-<£'(5)—i )1 (I1-24)

"Thus the wavevectof of the fluctuation which produces the
scattering in the direction ;' is that which satisfies the

implicit equation
4=k’ (@) ~k=K + —--mmmmmmmm———m- - (II-25)

He replace vector a in Equation (II—éS) by E and:call
it thé scattering vector. The vector E in this Equation
can be interpreted.physically in two equivalent ways. In
photon-terminology,.it implies the conservation of
momentuﬁ among the incident,photon';, the scattered
photon k' and the scattering fluctuati;n E. He notice
the relation E'=(QtQu(a))/c. The wavelength of thé

scattered light is different from that of‘the incident
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light because the scatteriﬁg fluctuation can add or
subtract‘a quantum of energy :hQu(E)'to the incident’
photon. In classical terms, Equation (II-5) indicatéé that
a spatially périodic fluctuation can modulaée the
polarizability and hence the phase of waves scattered from

each point in such away as to exactly cancel out the phase

(k' -%k)-r¢

factor e! produced by the combined effect of the
spatial variation of the incident wave and the time
retérdatioﬁ. As a result of this cancellation the
radiation from each point in the medium adds coherently at
the field point, or we can fegardhthis phenomena as-a
Doppler effect. In this classical description, Equation
(II-25) corresponds to a Bragg reflection of the light
waves off the wave front~of the fluctuation. HWe
substitute Equations (I1I1-25) aﬁd‘(II—24) into (2-23) and
replace 6« by 6€/47m, where 6€ is the fluctuation in the
dielectric constant\tens@r; Obviously, fﬂ=fk, so we
relabel E'(ﬁ,t)=§(i',t), (i.e. we emphasize the dependence
of the scattered fieid on the direction of scattering)

E'(R, £)=E(Kk', t)=[-(0Q/c)2(2m 3/2/4qRI Bettk R-(aza, ) t1
B

cTex[Tex(6ECK) - Eol mleee- (1I-26)

We can see from this equation there are three QH(E) for

the same wavevector K. Thus in the spectrum there would
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bé three Briilouin scattering peaks.

The fluctuation of the diélectric constant is caused by
the fluctuation of the lattice strain. Ihe optical
propertieé of érystalé historically haQé been specified in
terms of the indicatrix, and ellipsoid'of fesolution, the
principal axes.oflwhich have 1eng£h given by the inverse
dieletric constants in the principal direcfions of the
crystal. In more modern terms we may say that
diagonalizes the dielectric tensor.

Equation (iI—25) states that the scattering results
from a particular Foupier component sf the fluctuations in
the dielectric conStanf. In the scattering process,
momentum‘and enegry are conserved. ‘Momentum coﬁservation
relates the wavevectors of the incident wave k: the

scattered wave E' and the scattering fluctuation ﬁ
hk' =hk+hK  ~-=-=-—===m=m-—m- L (11-27)

Enefgy conservation is indicaﬁed in the relationship
between the‘incident-ligﬂt fyequency Q, the scattered
light frequency Q' and the freguency of the‘Fourier
component of thé fluetuatién responsible for the

scattering Qu(i)

hQ' =hQ+hQu(K)  ---=--=----==-=  {(II-28)

where the = sign allows for scattering accompanied by
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creation or annihilation of a phonon. These equations
state that we are dealing'with Bragg reflection of the
incident light wave off the wavefrént of the fiuctuations
for a particuiar wavevectog E. He can regard this
scattering as the iﬁcident light being scattered by‘a
méving one-dimensional periodic lattice. But since'these
fluctuations. are propagating, the light frequency suffers
a Doppler shift Q=xQ,.

We now calculéte the magnitude of theiwavevector of the

- fluctuation wave E

| ]E[=(n/d)(Q:Qu)

z(n/c)Q.  —mmmm—m———mm—————— (I1-29)
because

Qu<<Q
'and

|k |=ngsec
|K|2=k' 2+k2-2k' kcos®
=(noQ/c)2+(n*qQ/e)?-2n*noQ%/c?coss

=(0/¢)2(ne?+n*2-2non*cosO -- (I11-30)

|K|=(9/c)Vno2+nk2-2non*cos® - ---  (II-30")
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If no=n*=n
[K|=(2Qn/e)sing . -----mmmeomeea- (II-31)

For small‘angle.scattering =0 whether no=n* or not

=(Q/e)V2no2-2no2cosB+(1-cosB) 2ne(dn/de) e

=(20/¢)vno2+no(dn/de)8sin?(6/2)
2(20/cne)sin(B8/2)  ——-------- (11-32)

For anisotropic homogeneous meterial, the indicatrix has
the following important properties. Draw through the
origin a straight line OP in an arbitrary direction. Draw
the céntral séction of the indicatrix perpendiculgr to the
line OP. This will be an ellipse. If the Qisplacement 5
of the wéve propagating along OP is polarized in the
direction of the semi-axis OA of tﬁé ellipse (i.e. D
vibrates parailel to OA), this has refractive index
OA. If B is parallel to OB (another semi-axis of the

ellipse), then the wave has refractive index OB. Thus,

only if the polarization of the light is along either OA
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or OB, does the wave has a single refractive index shown
in Fig. 4.
Assume the direction of the incident light is k and
polarizat&on for E inside the crystal is perpendicular to
;. The central section of the indicatrix perpendicular to

must be an ellipse. If the semi-axes are OA and‘OB, the

x|

component of E-along OA and OB have refractive indices ni
and nz respectively. The same relation holds for-the
scattered light. Each'component of the incident light
beam creates scattered light in tﬁe ;' direction. -The
scattered light itself has two components, with réfractive
indiées, say,‘n;' and n2'. He may observe four phonons

following the relations

k4=Q/C\/n22+n2'2 T mmss e . (I1-33)

If we do not distinguish the four waves, we can never
measure the peak and particularly the lifetime of a given 
phonon. To obviate this problem, we have to fin@ the.
optical.axes and be vefy careful with the scattering

geometry. Fortunately, TSCC is an orthorhombic structure
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for which the.optical tensor axes lie along the cryé@al
axes, and we are only interested in fhe longitudinal
prhonons. In thig case the polarization of.both the

incident and scattered light - -is vertic¢al, so that we don't

worry about this problem.

The Fluétuation 6% of the Dielectric Cbnstant

The refractive index of a crystal is specified by the
indicatrix, which, as'we have seen in éection ﬁ, ié,an
ellipsoid whose coefficients are the components of the
refractive dieiectric impermeability tepsor Bi; for the

optical axes, namely,
BiyXiXy=1  —=---m——memmmmm————m oo (I1I-34)°

and by the definition, Bjj;=kodE;/dD;, and €:;=dD:/dE;, we

have
€E=1/8B

In generél, a small change of rgfféctive.index, more -
precisely, a small change in the shape, size and
orientation of the indicatrix, is produced by electrig
field andistfesses_ This change 'is mo;t conveniently
‘specified by giving the small change in the coefficiéﬁts
Bij. If we neglect higher-order terms than the first in

the fields and sfresses, the changes of Bijy in the
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coefficients under an applied field Ex and an applied

strain €+, are given by
6Bii=Zi ikEx+Pijrs€rs ————-——-—-- . (II-36)

In the Brillouin scattering, we only consider the

second term; namely
6B:i)=DijrsErs  mmmmmmmmmmmm———o- (II-37)
or in another way

SBa=pPan€a (m, n=1,2,3,4,5,6) -—- (II-38)

Using the following conversion scheme
tensor notation 11 22 33 23,32 31,13 12,2f
matrix notation 1 2 3 4 5 6

The source of the fluctuation in € that interest us is
the acoustic lattice vibrations or phonons. There are
fhree such acoustic modes for each E. These thermally
excited lattice vibrations moduléte the dielectric
properties of £he medium. 'This modulation 6qcurs because
the optical dielectric constant or refractive index is a
function of the state of strain of the lattice. Thé
optical properties of the crystal have been specified in
terms of dielectric tensor €:;. In general, the

fluctuation of the dielectric tensor can be expressed as
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6‘€ij=zp1jrsers ——————————————— (I1I-39)

where the €., are the strain components which are defined

in terms of the particle displacement u: as
€relr,£)=(1/2)[dur(r, t) /dXe+dus /dx,)

The indices r, s range over the wvalues 1 to 3..

From Equation (II-20) we see that Eo can»be takeﬁ outside
the integral only if it does not change.its direction. He
assume the polarization of.the incident light is along the
optical axis. Thus for the outgoing light beam, we have
two components in the direction of the two optical axes.
The result for thé intensity scattered into a unit solid
angle in the direction K is

3
dPL/dQ=Pons(Q/*[(2M3/7(4am 2181 V/(2mM 3
u=1 ,

+KT/20,(K) 21 | K | 2K2

3 _ -
=Po(Q/e)*IV/(4m ?1n. 2| ks [2/CpVv(K, Q) ?)
n=1

—————————————————————— (II-40)

3 _ -
dP. /dQ=Pon,(Q/)*1V/(4m 21|k, [2/(P V(K, Qu)?)
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The temperature dependence comes from the kinetic energy

of the phonon.

<E>=2<m|u|?>/2
=1/[1_ehll/(k'|')]
=kT/h

The first form of (I1I-40) shows essential features of thg
intensity. The Q% term is just the Rayleigh law, the
parentheses,include terms which are just the mean squared
amplitude of the acoustic mode of frequency Q propagating
in the direction K. The quantity Mk is the coupling
constant tﬁat includes the selection rules and strength of
the photoelastic coupling between the acoustic vibration
and the dielectric constanﬁ. .The K? term arises from the
fact thét the number of modes per unit.frequency interval
increases with K2,

We know that
Ié(Q)dededKz=J6(Q)Zﬂxzdx
=I6(Q)(2ﬂK2/v)dQ

=(217/V3)]6( Qu"’Qy)Qu'deu.

=(21/v¥)(Qu) 2 —-——— (I1-42)
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Substituting expression Qu=v(kaK, we get the sgcon& form
of Equation (II-40). The summation over u is a sum over
ﬁhe three‘acoustic branches, each of which has a
polarizatioﬁ orthogonal to the other twq branches.

He may thus expect the intensity':

3 _ -
dP+/dQ=Pons (Q/e)*(V/(4m 2)Z| K |2/0p v(K, Qu) 2T
=1 )

)]
H
-I(1/w)(Fu/[LQ'-QiQu)2+FL2]}dQ'

3

dPu/dQ=Pon, (Q/c) *(V/(4m 2) Z|Ku |2/1 pV(K, Qu) 2]

u=1

-[(1/w>ru/[(9'4Q:Qu)2+ru21

LT et (II-41%)

Here,'we have included the fact that each Brillouin
compohént has a width I'y that arises from the finite
lifetime of the phonons responsibie.for the scattering.
The Lorentzian shape is a result of the assumption that
phonons decay in time as e "t,

The K determine the intensities'of.fhe Brillouin

components and include the effects arising from the

geometrical relationship of incident field polarization,
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sound wave polarization and sound wave propagation

diregtion.' Explicitly

K =Iex({Iex6D1  =—=f--=--——- ————- (I1-43)
where

65=6Eigo=6EonfE ——mm—tm——— - (11-44)

Acoustic Modes in a Monoclinic Crystal’
To calculate the acoustic velocities and their
dependeﬁce'on prbpagation direction in the lattice we must

solve the dynamical equation of motion

pd?ui/dt?=%doy;/dxy  —----—=------- (II-45%5)

.where ui is the displacement in the ith direction, pis 
the density and ci; are elements of the stress tensor.
Now we'chédse coordinaté; for an orthorhombic crystal
such'as TSCC, such that x{ is along a a#is, x2 along b
and—X3 along c. |
We'treat fhe'crysfal in the long waveléngth lihit;  He

use the generalized‘Hooke“s law to form the relation

between the stresses and the strains.

cij=5Cijr1€k1  —=m----m-o--——es-es (I1-46)

ksl
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Where the Ciy,«x1 are the elastic constants of the crystal
and ex1 are the elastic strain‘components defined before.
Substituting €x:1 into Equations (II-45) and (II-46) yields

the wave equations

pd?ui /dt?®=2C; ;k1d?ue/dx;dxy  ----~ (II-47)
ik .

We have used the symmetry property

Cijk1=Cijru
and

Ciiv1=Ciju1
We segk plane wave solutions of Equation (II-47), having.

Ui=Ujoetl (K-r-8t

=ujoel! {EK x -RLD e ——————- (I1-48)

Substituting Equation (II-48) into Equation (II-47),
we obtain
pPR?ui=SCikir1uxK; Ky -----mmmmmm e e (II-49)
k i .

Then

P2 u;1=%Ci1k;1uxK;jK1+ZC1x, 2ucK,; K2+ZC1 v suxK; K3
. )

k J k

=XC1k11UkK1 K1 +ZCrx21uceK2K1+3C1 k31 uxKakKi
.k K K
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. +EC;k12ukKlK2+zcik22UkK2K2+ZCtk32UkK3K2
X K K
+ZClklSukxtK3+zc;k23UkK2KJ+EC£k33ukK3K3
K X )
=%(Csiwxt1 K1 K1 +C1k21K2K1+Cervat KaKe+C112K1Ka2
x

+Cex22K2K2+C132K3K2+C1x13K1Ka+Cikv23KzKs
+Ctg33k$K3)Uk --------------- (II-50)

Here K;, Ki (j;l=1,2,3) are the components of E along the

crystal axes. EquationA(II—SO),beéomes
szu{=(C;111K1k}+é1121K2K1+C1135K3K;+C111?31K2
+01122K2K2+01132K3K2+Ct14;K1K3+C}123K2K;
+Ctt:3K$K3)U1+(C:?ixKxK}f012;1K2K1
. *?1211K3K1+C1212K1K2+01;22K2K2+01232K3K2
+C}zx§K1K3+Ct223K2K3+01233K3K3)uz
+(01311K1K}+0132;K2K1f013;1§3K1f51312K1K2
01322K2K2+01312K3K2+Ci3isK1K3+01323k2K3
CiassKsKsdus  -------—---==-=-< ' .(Ii-51)

He change from tensor to matrix notation, and obtain
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QQZU1=(Ct1K1K;+016K2K1+015K3K1+C{6K1Ké+012K2K2
+CI4KJK2+Ci5K2K3+013K3K3)u1+(cbiKtK2
+C66K2K1+C65K3K1+CaaKxK2+Csz2K2+C64K3K2
+CosK1R3+Cos Kz.és +c“.x‘3 K3)uz+(Cs 1Ky kx |
+CsaK2K1+CssK3K1+CsaK1Kz+¢5zK2Kz+C;4K3K2
+C:5K1¥3+05;K2K3+053K3K3)us - (II-51')

PQ2u2=(C2111K1K1+C2121K2K1+C213:1KsK1+C2112K1 K2
+0212232K2+021;2K;K2+Cgi1;K1K3¥02123K2K5l
+02133K3K;)u1+(C£211K1K1+¢2221K2K1
+0223{K3kl+02212K1K2+02222K2K2+02232K3K2
+C213KtK3+02223K2K3+02233K3K35u:
+(Czsx1K1K1+02321K2K1+023$1K3K1+02312K1K2

+C2322K2K2+C2332K3K2+C2313K1Ka+Cz323K2Ks

+C2333K3Kal)us ettt (II-52)

Again changing from tensor to matrix notation,

4m2uz=(Ce1KxKg+CaaKsz+C65K3K{+CabK1K2+062K2K

+C6{K3K2+C§SK1K3+064K2K3+065K3K3)u£
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+C21K1K1+C26K2K1 +C2sK1K3+C24K2K3+C23K3K3
+C26K1 K2+C22K2K2+C24K3sK2+C2sK1Kz2) u2
+(C41K{Kz+C46K2K1+C45K3K1+C46K2K1+C42K2K2

+C44K3K2+CasK1Ka+CaaK2K3+Ca3KaKs) us

. (II-52')
PQ%u3=(C3111K1Ki+C3121Kak1+C3131KaK1+Ca112K1K2
+C3122K2K2+C3132K3K2+C3113K:1Ka+Cas23K2Ka
+03133K3k3)u1+(C3211K1K1+03221K3K1
+03231K3K1+03232K3K£312K1K2+03222K2K2
+Cszt3K1K3¥C?223K2K3+03233K3K§)uz
.+03311K1K1+CssgxK2K1+03331K3K1+03312K1K2
+Cs:22K2K2f03332K3K2+C3313K1K3+05323K2K3

+C3z3sKaKs) us il et b (II-53)

Again changing the notation,

pQ2u3=(C51K1K1+CS&K2K1+055K3K1¥056K1K2+C5K;K2
+CssKaK2+Css K1 K3+CsaK2K3+Cs3K3K3z) uy

+Ca 1K1 K1 +CaeK2K1 +CasKaK1 +Ca s K1 K2+Ca2K2K2
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+CeaK3K2+CssK'K3+CasK2K3+Ca3K3K3) uz
+C31 K1 K1 +C36K2K1+C3sK3aKi1+C3sK1K2+C32K2K2

+C:4K3K2+C:5K1K3+C34K2K3+033KSK3)u3
———————————————— (II-S53')
The stiffness constants'depend on the crystal symmetry. For

orthorhombic the stiffness tensor is

[ Cor Cuz Cita 0 ¢ o |
Cz21 Cz22 Cz23 o .0 1]
Cai Caz Casa 0 0 (8]
0 0 0 Cass 0 o .
0 § 0 0 Css 0
i 0 0 0 0 0 Css |

Then Equation (II-51) becomes
[PQ2-(Cy1KiKy+C12K2K2+C13K3K3)Tu(-(2Cs6K2K1) uz
-2CssKaKiua=0 -; ---------------------- (II-51")
"Equation (II-52) becomes

2Cs K1 K2us-[ PQ2-(C2, Kt K1 +C22K2K2+C23K3K3)luz




+C33KsK3z)lus=0 ---------—->---—-—- ————=- (II-53")

" For there to be non-trivial solutions of this set of
equations the de@erminant of the coefficient matrix must
vanish. This condition yields the eigenvalues of the
problem, which in our case are the sound velocities. For

E in an arbitary direction in the crystal.

PN2-(C11KiKi1+C12K2K2 -2CssK2Ky -2Cs s K3 K
+Cy13KaK3)
pQ%-(C21K1Ks +C23KaKs :
0 0
+C22K2K2)

" pQ%-(Ca KKy

+C32K2%2+C33K3K3)
e L e (II-54

For E in the x2(b) direction Ki:=Ki=0, K=Kz, and then

the determinant vanishes:

pQ%-Cy2K2? 0_ ‘ 0
0 -pQ%+C22K22 0
0 o ' -00%+C3K2?
20  mmmmmmmmmmm e '"“T"'"""'""““'";_—_ (II-55)

The roots of this equation and the corresponding
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eigenvectors are

PQ?=C12K2%, Qr2=/C12/0Ka2, _ vi2=/Ci2/p, mTr2=01001]
pQ2=C22K22, 'QL2'=f022)pKz, VL2=\/E;;/—O_, 7L2=0010]
oR%=C32K2%, Qn2=VC32/pK2, vuw2=VC32/p, Tm2=00011

- The orientations of the wave vector and the polarizations
of the sound wave are shown in Fig. 5.

For K in the xa(c) direction K1=K2=0, Kz=K and then

p2%-C13Ks? 0 0
0 -pQ?+C23Ks? 0 =0
0 0 ~pR%+Cz3Ks?
P
———————————————— (II-56)
The roots of this equation and the corresponding
eigenvectors are
pQ%=Cy3K3?, Qr3=\/C13—7p—K3, VT3=\/013_7D, 7r3=01001
pQ?=C23K3?, Qws=VCz1/pKs, ves=VC23/p, mwa=[010]
R2=C3:Ks2.  Qui=/Css/PK3, vis=/Cis/p,  me3=(001]

The orientations of the wave vector and the polarization

-of the sound wave are shown in Fig. 6.
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The Polarization of the Scattered Light

As stated above

Bij=kodEi /dD;y

=Bijo+6By1,
and
6Bi,j=£pi.,ll|61!
€E1a=(1/2)0dur(x, t, K) /dx, +dus (X, t, K) /7dx1 1
where pij1s are the photoelastic constants. This matrix
is
Pt Pt2 P13 0 0 0
P12 P22 P23 0 0 0
P13 P23 P33 0 ] 1]
0 0 0 Psa g 0
0 0 0 -0 Pss 0
0 0 a 0 0 Pss
There are two cases we are going to deal with. These
are:

Case 1, E is in the direction [ 0101}

For the longitidinal .phonons polarized in wL2=[010]
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ut=usz=0, and uz=uzoe” 'K*.

Thus the strain tensor is given by

€110=0 €120L=0 €13.=0

€24L=0 €220 €23.=0
€z =0 €32L=0 €3z3L=0

Then the fluctuation of the dielectric impermeability is

6B11=pP12€221L 6B12=0 6Bi3=0
6B21=0 §B22=p22€22L 6B23=0
6B31=0 6B3z2=0 6Bss=psz€a2L

For the transverse phonons polarized in wrv2={100l

ugwe %% ua=uz=0.
Thus
€117=0 €127 €137=0
€127 ' Ez?rfﬂt Ezsr=0.
€31=0 Gszr=6 €337=0

and then
6Bt 1=0 6312=p6561zr . 6B13=0

6B12=Pss€127 6B22=0 6B23=0
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6B3t =0 6B32=0 6B3z3=0

For the transverse phonons polarized in mw2={0011

ug =0, uz=0, uzwe '"*,
Thus
€i1n=0 €12n=0 €13n=0
€21n=0 . €22n=0 €z2an
€31n=0 €aan ’€;3n=0

Hence on}y 6B23 exists, other elements are zero.
In the orthorhombic crystal TSCC the inverse of the
dielectric tensor of a unstrained crystal B is diagonal

like the following

By 0 1]
Bo= 0 Bz22 0
0 0 . Bss

L J

For the longitudinal phonon mode of wavevector
{010}, the fluctuation of the tensor B due to the thermal

motion is

6By 0 0

6B

0 6§B22 0

| o 0 ' 6Bs3
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The total tensor inverse dielectric permittivity .tensor

(dielectric impermeability) is

B=Bo +6B
Bi1o+6B1 0 1]
= 0 B220+6B22 0
0 0 sto+633$

The total dielectric tensor thus turns out to be

€=1/B
1/(Byy+6B1 1) : 0
= 1] 1/(B22+6B22)
0 0
1/B11-6By1/B1¢? 0
= 0 '1/B22-6B22/B22%.
0 0

1/(B3s3+6Bsz)

1/B33-6B3a/Bas?
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- ‘ -
1/B1 ¢ 0 0
= 0 1/B22 0
0 0 1/B3s
6B11/By1? 1] 0
+ 0 6B22/B227 0
0 0 6B33/Baz?
=€o+6€

For our experimental situation, the polarization of the
incident light is along [001). Thus the fluctuation of

the displacement is
6a=6;°go
=-6B33/B3s[ 0011
The polarization bf the scattered light woulq be
K=;kx[ka65]
ol 001]  ———mmmmmmmmmm e (II-57)

That means obviously that for the longitudinal phonon mode
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the scattered light has the same polarization as the
incident light.

For the transverse mode wr2z={100}

- B
0 6By 2 0
6B=] 6Bi12 0 ]
0 0 1]
= _l’
an off-diagonal matrix. The total relative dielectric

impermeability tensor is

B=Bo+6B
Bt 6B 2 0 .
={ é6By2 -Bgi b
1] 8] Bigz

The dielectric tensor is the inverse of B, so that

€=1/B

By the defination of the impermeability and the dielectric

tensor, then




€11

€214

He have the

57

Bis 6B12
6B12 B22
1] 0

following equations

€11By1+€428B12=1

€116B12+€12B22=0

€13B3saz=0

€12Bis+€228B12=0

€1206B12+€22B22=1

€23B33=0

€31B11+€328B12=0

€316B12+€32B22=0

€33Baa=0

Solving these equations,

we obtain

Bas
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€12=€21=-06B12/(B11B22)

€11=1/Bs1, €22=1/Bz22, €33=1/Bzs,

The other elements are gzero. Consequently,
1/B1 14 -8B12/(By1¢B22)
€=| -6B12/(Byi1B22) 1/Bz22
1] 1]
r N
1/B1 4 0 0
= 0. 1/Bz22 0
0 0 1/B3a
1] . -8By 2/(By11B22)
+| ~6B12/(By1B22) 0
0 0

Obviously,

1/Bags
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0 -6B12/(By1B22) 0
6€= ~-8By2/B11B22 0 0
0 .0 0

If the poiarization of the incident light is [001] as

usual, then

§D=6€- Eo
0 -86B12/(Bg1B22) 0
=| -8By2/(B11B22) 0 . 0
0 0 0
- 1
0
= 0
0

There is no scattered light for this phonon mode.

For the ww2=00011 phonon mode
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6B

1]
o
o
O
o]
»
“

0 6B23 0

In thé same way we can find the fluctuation in the

dielectric constant tensor

S€

1}
o
o

-6B23/(B22B3zs)

0 —682.3/(322533) .0
Then the fluctuation in electric di$p1acement is

6D=6€- Eo

If the polarization of the incident light is the same as

before, then

§D=| o 0 ~6B23/(Bz22B3a) | | O

o -6B23/(B22B33) 0 1.
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=| -6B23/(B22B33)

0 .

=-8B23/(B22B33) | 1

The polarization of the scattered light is
X=fx xI fK Xéal
®f 0101  ~—-——=--- SR S (II-58)

The polarization of the_Briilouin—scattéred light would
_ be perpendiéular to the polarizatipn of the incident
light. |

.This characteristic enables us to measure the
‘Brillouin,frgquenqy shif£ for,diffgrent mo@es with the-
éame wéve?ecﬁor separately by:using a pdlafizerﬂsitting.in

front of the collimator lens.

Case 2: E iq [001)] direction

For the longitudinal mode i.e. wL3={001), uy-=0,
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uz=0, uswe !X*.  Thus
€11L=0 €120=0 €13.=0 ’
€21.=0 €z22.=0 ’ €z23.=0
€31L=0 €32.=0 €3ac

and then
6Bit=pl3€33L
6B;;=p23€33L
~6Bss=p3s€sst
§B12=6B21=6B13=6B31=6B23=6B32=0

Again the whole relative dielectric impermeability tensor

is

B=Bo +4B
By +6Bi1y 0 0 : W
= 0 . B22+6B22 0
0 - T 0 * Bzaz+béBas

The dielectric tensor is the inverse of the relative

impermeability tensor B. That 1is,
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6€=1/B

With a little algebra work we obtain

[ i
1/B114 0 o
€= g 1/B22 0
0 ) 0 1/Bas

- .

 ~6B11/B11? 0 0
+ 0o - -6B22/B227 0

0 0 -6B3s/Bas?

=€o+6€E

The polarization of the incident light in this case is

[c101. The fluctuation of the displacement is

65=6E'Eo

-6B11/Bs1? 0 .. 0

= 0 -8B22/B227 0

0 0 _—6833/8332
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=-§B22/B222 1

The polarization of the scattered light is
K=fKX[fKX6B]
©[ 0101  ~--mmmmmmm—mmmmmmm——m——emm— e (II-59)

The direction of the polarization of the Brillouin-
scattered light is the same as for the incident light.

" For the transverse mode mr2=01001, ui=e”'¥*  u2=0,

uz =0, Thus the strain tensor will be
€1117=0 E;2r=0 €Egar
€211=0 €227=0 €2317=0

€Eear 63?T=0 - €zar=0

And then the dielectric imperméability'is
§Bi1=0. §B12=0  6Bua
6ﬁ23=0 63;250 6B23=0

6By 3 6Bz2=0 6B33=0
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‘'The whole dielectric impermeability tensor is

B=Bo+6B
Bi1 0 6By 3
= 0 B22 0
6By 3 0 Bas |
L . .

The dielectric tensor is the inverse of the impermeability

B. That is,

;=1/B
| 1/By 0 0
= 0 1/B22 ‘ 0
0 0 1/Bss |
L J - (
~ N : -
0 0 -6531/(Bf1B33)
+ 0 0 0 i
i -6B31/(B1153;) 0 0 ; é

The fluctuation of the dielectric tensor is
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0 0 -6B3i1/(B11Baz)
€= 0 0 0
~6B3s/(B11B33) 0 . 0

The fluctuation of the electric displacement is

6D=6€- Eo
0 " 0 -6B3z1/(By1Baa) 0
= 0 0 0 1
i -8B31/{Bys1B3z) 1] 0] 0
m ]
0
= 0
0
|

There is no Brillouin scattered light for this phonon
mode.
For the transverse mode 7w3=[010] propagating along the

direction [ 0011, uy=0, uéwe"“*, uz=0. Thus the strain

"tensor will be
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€11n=0

€21¢n=0

€31n0=0

And the fluctuation

tensor will be

6B11=0
§B21=0
6B3y =0

Then the total

The dielectric

€=1/B

67

"Ey2n=0
€22n=0
€23mn

of the diele

6B12=0
6B22=0

6323

€1an=0
€2an
€zan=0

ctric impérmeability

6B1a1=0
6B2a

6B3a=0

dielectric impermeability tensor will be

0 0
B22 6323
6823 ; B;:

constant tensor

Hith a little'algebra we get
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0 0 0
6€=-8B23/(By1Baz) 0 0 1
u] 1 0

L -

The fluctuation of the electric displacement is

§D=6€- Eo
0 0 0 o
=-8§B23/(B1¢Bass) 0 0 1 1
0 1 0 0
0

=-§B23/(B11B3a)| O

The polarization of the scattered light

K=EKX[EKX6B]

=| o T —--f----. (II-60)

He see that the Brillouin-scattered light changes the




69
direction of the pélarization from that of the incident
llight.

Sﬁmmarily, we’found the foilowi;g selection rules:

15 The polarization of the scattered light by a
longitudinal phonon in a orthorhombic crystal is the sahé
as for the incident light.

2) The polarization of the scattered light by one of
the two transverse'modes with the same wavevector changes
90° from the incident light, the other transverse mode

produces no scattered light.




70

- CHAPTER III
EXPERIMENTAL EQUIPMENT AND TECHNIQUE

Introduction

This chapter, we will describe the apparatus and
technique used in measurement of the scattered light
spectrum.‘ First there is a general description of the
apparatus and later a discussion of certein features of
the experimental technique in detail. Tﬁese feateres are
the cpyostet, temperature measurement and temperatere
control system, light focusing and collection optics,
Fabry-Perot interferometer, photomultiplier, computer and

system for interfacing the computer to the eqdipment.

General Descr1pt1on of the‘Apparatus

The apparatus can be divided into the 1light system,
temperature cont;ol , measurement system ,_computer
control and record system (see Fig. 7). ‘

The 11ght source was a Lexel Mode 95-2 Argon Ion Laser
operatlng at a wavelength of 5145 & in a 81ngle mode.

In order to keep the temperature difference between the
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illuminated volume df the sample and the témperature
sensor constant, we kept the power level constant during a
givén run. Single-mode operation of .-the lasér was
achieved by a prism wa?elength selector. The laser line
broadening due to the jittering was claimed by the
manufacturer to be ibout 10 MHz full width at half haximum
( FWHM) . The laser beam was highly polarized in.the
vertical pléne.. fhe diameter of the laser beam is 1.3 mm.
One highly reflecting mirror bent the beam into the
focusing optics through an aperthre (see Fig.?), which‘cut
out the infra-red from the laser beam. Fér right angle
scattering lens L1 focuses the beam into the sample
through the window of thé cryostat. For smalllangle and
back scattering the light beam focused by lens L1 was
réfleéted by a mirror into the sample thrdugh the window.

The éample was placed in the cryostat which will be
described in defail later (Fig.10). The cryostat was
cooled by liquid niffogen. The temperature in the vessel
was controlled within 3 mkK.

The divergent scattered light‘from the sample was
focused onto the pinhole by the lens L2. Between the
'sgmpie and the léns L2 thgre is a polarizér whose polar
axis was vertical o; horizontal for measuring the

longitudinal or transverse phonons respectively. The

pinhole diameter is 100 micron. ‘The light from the
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pinhole is considered as a point lighc source. The light -
leaving the collimahor lens is parallel. The beam goes-
through an aperture used to adjust the collection angle by
adjusting the diameter of the éperture. WHe used the
multipass technique in which beam goes through the corner
"cube and then enters the Fabry-Perot ihterferometen

The Fabry-Perot interferometer is a Burleigh
Instruments Model RC-140. This Fabry-Perot is designed
with particular emphasis on freedom from angular and
linear drift with time and temperature, to help assure
maintenance of mirror parallelism over long periods of
time. It uses matched sets of piezoelectric PIZIT
transducers constructed from interferometrically matched
PZT discs. This PZT material offers the best linearity
.and.hysheresis characteristics, with better than'1% inter-
order linearity and 0.5% hysteresis. The PZT discs have a
low coefficient of thermal expansion which greatly
improves the thermal stability of the Fabtry-Perot. The
discs have a'high piezoelectric d constant, allow?ng a
short PZT drive which improves thermal stability and
ensurec a more rigid mechanical construct;oh. The
adjushmeht screws uced in the Fabry-Pérot have very high
resolution capability with greater than 10 mm adjusthent'
range. Adjustments to 0.1 pm are easily made b& the

screws. The mirror spacing is continuously variable from
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0.1 mm to 150 mm. The RC-140 provides up to a 50.8 mm
clear aperture. A thin wafer of pigid low-thermal-
expansién alumino-silicate ceramic is laminated to each
end of the stack to provide electrical isolation. Aluminuﬁ
shields prevent accidenta; touching of the PZTvstacks,
which have up to 1000 V applied.

The RC-42 Ramp Génerator drives the Fabry;Perot
Interferqmeter,_Tunable Etalons, and PZT
Aligner/Translators. These instruments use three
independent-piezoelectric.elements. The Ramp Generator’
controls these elements to provide th basic functions,
scanning and alignmeqt, with two indeﬁendent circuits.

The scattered light 1éaving_the Fabry-Perot
interferometer goes through a telemeter 1lens. The
parallel‘light beam is focused on thé pinhole at the end.
Another lens focuses the light from that pinhole onto‘the
binhoie in'the photomultipler housing. Just in front of
the photomultiplier tube there is a color filter that will
absorb stray light that enters the photomultipiie%. There
:is a partial shutter betwéen the lens ;nd the pinhole at
the end. The shutter is cloéed-in the Ray;eigh spect;um
range.ahd greatly attenuates the Rayleigh scattered 1light
but .it is open in the Brillouin spectrum range.

The scattered light finally goes into the

photomultiplier tube. A Model R464 end-on photomultiplier
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tube was used in a Model 3470 photomultiplier housiné. A
home-made high voltage power suﬁply provided high voltage
for the cathode of the photomultiplier tube. Thé putput
current from the anode of the photomultiplier tube is the
input of a pulse amplifier. A Pacific Pregision
Instruments Model 53 power supply/temperature controller
~was connected to the photomultiplier housing, but the R464
tube does not need a cooling system, so we did not use it.
The analog output of the amplifier was fed into a home-
made counter and the digitql number was stored in a
AIM-65 computer and then fhe signal was displayed on an
oscilloscope or chart recorder.

The AIM-65 computer and ité interface control the ramp
generator whiech in turn aligns and scans the Fabry-Perot
interferometeﬂ
1. .Light gathering and focusing optics

Lens L1 focused the light beam onto the sample. In
order to reduce collection angle broadening, the angle of
the incideﬁt light cone should be as small as.possible.

In Fig. 8 we éee that this angle has the same effect on..
linewidth as the collection angle, that is, the angle of
the scattered light cone. In this sense, the focal length
of lens L1 should bé as larger és possible. On the other
hand, if the focal length is too long it will be d;fficult

to find the focal point and it sometime increases_the
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angle of incident light cone. So we have to make a

compromise.

When the light is going through the sample, it produces

two very bright spots A and B on the surfaces where it
enters: and exits. To obtain.the best Brillouin sbéttering
signal we must rgduce the Rayleigh scattering. Hence; we
must adjust lens L2 in such a'way that the pinhole‘image
appears in the sample between bright spots A and B (see
the Fig. 8). First, with the telescope we can see the
crystal center very clearly and we adjust lens L2 gn£11 we
can see the pinhole very clearly. He then adjust-the
incident.beam position unt%l the the pinhole image appears
between spots A and B. A small piece of plastic is pdt on
top of the crystal just above-the pinhole image. This
piece of plastic should appear clearly in the telescope:.
Hhen the telescope is shaken sl;ghtly, the pinhéle imaée
and the plastic piece should move together (parallax). If
they do the pinhole image is located at .the righf
ppsition and-the adjustment of lens L2 is correcf. The
alignment of lens L3 is déscribed in B. 2.

If the aperture diameter is d.,, we can_caiculate the

collection angie 68 by the following fqrmulé
6ez=2tan"[dp,xL2/(2L1L2)] ————————— - (III-1)

In our case, L1=350mm, L2=80mm, L3=220mm.
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All the lenses used in our experiment are doublet or
triplet and coated.
2. Charaeteristics and alignmeht of the Fabry-Perot
€1) Charaéteristics of the Fabry-Perot
The condition for constructive interference for a

transmitted wavefront is
2ndcosSO=mMA  ---=-=----=-------——eooo (I11-2)

where n is the refractive index of the medium between the
two.feflecting surfaces,

d is the mirror spacin@,

® is inclination of the nqrmal of the mirrors to the
wavefront direction, in our case eﬁd°,

m is the order of interference,

A i; the wdvelength.'

From Equation (III-2), we get
nd=m) /2

Letﬁd~change by A/Z.‘ The wave with the same
wavelength is_still able'to pass this interferometer but
the.order of the interference lowers by one. There will
be another wave with different wavelength which méy.pass
this interferometer but with the mth order of

interference. Hence we have
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nd=(m-1>)A,/2

=mA2/2
Ihen
m(Ay=22)/72=X¢/2
and
ék;kx/m
=A1?/(2dn) ———f———' ———————————— ==  (III-3)

where 8A is called the Free Spectral Range (FSR),
Aiis the wavelength of the 1ight 
Assuming. the spécing between the two mirror changes by
A1/(2u), where p is not an integer, the wave front of
wavélength A1 is allowed to pass this interferometer, if

tﬁe followiné_formula is satisfied.
‘nd-)2/(2W =(m-i)YA3/2
where m, i are integers.
A3=2(nd-x1/(21)) /(m-1)
=2[nd—x1)(2u)1/pm—i)
=2an-xl/(2u)1/<2nd/ki-i)
At-rs=20nd=- /(2w 1/(2nd/ Ag-1) Ay

=(2nd it -A 2/ /(2nd-A i) -A
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=(2ndAy-As2/p-2ndAg+i A 2) /(2nd-1iXy)
=( i-1/u>>\12/[2nd<1-i>\1/<2nd5)1
=00i-1/W) A2/02dn)1C1+iXs/2dn)
'If m>>i,.then
At-A3®Ci-1/p) A %/7(2nd)
6A=(1i-1/p)» FSR  ~----mmmmm el (ITI-4)

where 6\ is the frequency shift from the original wave
(Rayleigh), aﬂd i is the shift'ordér which is different
from the orger of interference.

The Finesse is the key measure of the interferometer's
abiliﬁy to resolve closely spaceq lines. The fiﬁesse can
be thought of As.thé effective number of interfering beams
invblved in forming the FP (%abry-Perot) multiple-beam
.interference fringes and is proﬁortioﬁal to the time

. constant or decay time of the FP.interferometer. The
major factors which limit the net finesse are (1) mirror
reflectivity of less than unity; (2) lack of parallelism
anq.planenéss of the mirrors; and (3) diffpactipn losses
arising from the finite aperture of the interferoﬁeter.
The net finesse is found by treating the component
finesses as.if tﬂey were gara}iel impedances,

The reflective finesse (Fg) 1is




Lnd,

81

Fr=7/R/(1-R),

where R is the reflectivity.

The flatness or figqre finesse is
Fe=M/2 for a A/M plate

where M is the fractional wavelength deviation from
Planeness across the mirror aperture.

. The diffractive finesse (Fp) is
Fo=2D%/(And),

where D is the diameter of the limiting aperture.

The pinhole finesse (Fp) is
Fp=4)L%/(D%*d),

- where D is the diameter of the pinhole at the end, and L
is the focal length of the collimator lens.

The net finesse (instrument finesse) is
F12=%F;?
i
For multiple pass the instrumgnt finesse is
Fre=Fr/(2t/P-1)t72,

where P is the number of passes.

The dontnast (C1) is
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Ci=4F12/72.

The transmission due to absorption and reflection for

-

single pass (t;) is
t1=(1-4A/(1-R)) 2,

where A is the loss from absorption in coatings; and R is
the reflectivity.
The transmisgion due to absorption and reflection for P

. passes (ts) 1is
te=t:®.

By passing a beam through a FP P times,-the contrast is
greatly incfeased, from C for a single pass, to c? for P
passes.

(2) Alignment

There are two requirements for aligning a Fabry-Perot

interferometer. First, the FP must be aligned relative to
the incoming radiation. In our case, the FP will be
normal to the input. The degree of regular alignment

required is not great. Second, the FP plates must be
aligned relative to each other. .Initial alignment with -
visible or UV plates is easiest with a small iaser.
Reflecting a gas laser referenge beém, whiph is coincident

with the optical axis, illuminating the FP with this beam
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and looking at the output on a white‘card, a train of dots
will be observed, resulting from reflections on the mis-
aligned plates. The coarse adjust mechanism_should be
used to collapse the dots to a single spot; In another
Qay, we input a small parallel beém to the rear of the FP
and looking at the outgoing'pattérns at the front of the
FP by a reflective mirror, we should see a traih of
circles. The coarse adjustment is then used to make the

circles concentric. By putting a piece of tracing paper

between the Pinhole and the collimator lens L3z we can tell

whether the reflecting beam cbincides with the incident
beam. By adjusting'the screw in the front of the FP and
the screw on the side we can coarsely make the two beams
coincide.

The focus of the collimator lens L3 must be located

just at the pinhole'in'the front. We reflect a laser
reference beam into the pinhole by a diffuser. Then we
have two ways to adjust lens L3. One way is by looking

through a telegcope with a prism from the side behind the
lens L3 (the telescope sﬂould first be adjusted to see the
far object clearly)., He adjust lens L3 uptil we can see
the pinho}e clearly. Another Qay is by.looking'through.a
microscope with a prism from the side in front of lens L3.
We can see Ehe pinhole and the image of the pinhole

(because light is reflected by the FP and through the lens
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L3). We adjust the distance between lens L3 and the
pinhole until the pinhole image is the same size ;s the
pinhole itself. By adjusting the screw in thg front of
the FP and the one on the side, one can make the pinhole
image and the piﬁhole itself to overlap. - That means thé
FP mirrors are.perpendicular to the optical axis.

Now, if the FP is illuminated with a large, collimated
monochromatic beam at a wavelength within thé spectral
range of the plates, straight lines fringes can be
observed on a white card behind the FP aperture. The
larger the~number'of lines, the more misaligned the FP ié.

He adjust tﬁe two knobs on the rear of the FP until the
number of lines reduces to one. Then we adjust the ramp
bias to the second order of the fringe, i.e. the second
appearance of the fringe. (As we adjust thé ramp bias,
the fringe will appear and disappear successively).
Finally, by adjusting the three biases, we will be able to
see even transmission across the aperture. Then we check
the'microscope‘to see if the pinhole image still overlaps
the pinhole itself. If not, we adjust the FP screws, and
if the pattern on thé white carq changes, we must adjust
the biases again. He do.this back and foch several times
untii the-paftern is even. For multiple pass, we insert
the corner.cubes and observe Ehe.pattern after the

aperture of the corner cube. ‘He adjust the biases again
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until the pattern is eYen‘with maximum brightness. Now -
the manual alignmeht is done. We scan the FP and displéy
the Rayleigh spectrdm on the oscilloscope. If the finesse

ié not very good, the computer Qill optimize tﬁe'bias
 electrically. This will be Qescribed in detail in B. 3..
3. Coﬁputer control system ‘

- This system qonsists of the AIM-65 computer, interface
oscildscope ,‘chart recorder and software. |

The AIM-65 microcomputer can provide externa1 RAM, ROM;
or I/0 borp. The AIM—§5 monitor includes commands to
Lallow usef defined functions to interface with user
provided periphgrals, such as the Ramp Generatop-anq
phdtomﬁltipier, etc. The monitér language, assembly
language; editor language and basic language cén be used
for programming. |

. The diagram for interfééing thé computer to @he ramﬁ
generafor is shown in ?ig.Q.

The Fabry-Pefqt interferometef istscanned by applying a
high'volfage pamb to thfee'piezoelectric stacks. This
voltage ramp is controlled either’by the front control
" panel knobs on_thé'Burleigh_RC;42 rémp genefator or
alternatiQely_by fhe'compﬁter.

Acquisition'pf'spectra is aécomplishgd under computer
control thepeby'alléwind fhe éomputer té,make multiple

scans of the spéctrum and by adding these scans tdgether,
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provide neceséary signal averaging while'eliminating the
effects of spectromeﬁer drift during the course of
measurement. |

Each scgn‘should be roughly 1. 25 free spectral ranges
in width and-provide two'e;astic pgaks in each scan. The
computer also provides a signal to toggle a relay on and
off which can operate a shutter or move a neutral density
filtgr into and out of the collection optics.before and
after the scan through each elastic peak. The shutter
will greatly attenuﬁte the intensity of the elastic peaks
without décreasing the Brillouin peaks which we wanL
Provision is also made for changing the scan rate through
the elastic peaks from that of the remainder.of the scan.

Within each scan of 256 cﬁannels the computer looks for
the chaﬁnél containing the maximum_numbe} of counts in the
first 128 channelé of the scan.' This channel is éssumed
to be the elastic peak location and is used to generate
the offset necessary to align the new scan.data with the
acc;mulated scan dafa before adding it into the
acéumulated data. In.this ménﬁer drift in the offset of
the.Fabry-Perot is.compensated for. This same offset is
uéed to calculated a new raﬁp "start" position to keep
the chapnel number of the first elastic peak in each scan
constant. If thié‘offsét was found;to be more than four

channels then the scan is ignored and the .computer assumes
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that a "glitch" was observed in the first 128 channels of
the scan.

The computer control is implemented by setting the RC—
42 "Ramp Duretion" switch in the "off" position, since we
can use the computer to control the ramp rate. The
"external input" connector on the rear of the - RC-42 must
be connected to the computer interface output. The 10 V
maximum external input for the ramp generator will produee
1000 V maximum output:

The ramp generator should remain "off" until the
operator, via the computer, has initialized the remp and
biae Qoltage of the Fabry-Perot. .This is to avoid sending
to the Fabry-Perot too high a voltage step which might
damage the piezoelectric stacks.

The Fabry-Perot controller program is written in‘BASIC
and accesses machine language via the BASIC USR function.
The whole program has several functions sueh as
initiaiizing the ramp generator, ramping up or ramping
down the voltage for the pieroelectric stacks, optimizing
the Fabry-Perot, scan and accumulating data, display,
recording deta on chart recorder, transfering data from
one AIM—65 computer to anoﬁher anq recording,dafa on disc.
4. Temperature control and measurement
(1) The optical cell has four windews and is designed Tor

low temperature and hydrostatic pﬁessure up to 5 kilobars.




89
However, this experiment was done in this cell only under
atmospheric pressure.

The cell body and various window and éample—holder'
parts were made of BeryllimeCopper, bépguse of its ease
of machining and'heat'treating and ifs good thermal
conductivity.

The ceil and the tail section of the cryostat are
illustyated in Fig.1d. The dimensions of the cell present
a compromise to keep the opticél path length.to a minimum
and still have a reasohable aperture,.in this case 3.17 mm
diameter. ".The outside dimensions are 63.5 mm diameter by
76.2 mm lgngth. The window seats are backed up with
unﬁardened Be-Cu o-ring sealé and by hardened Be-

Cu threéded plugs which have a 12° tapered aperture hole
to reduce shadowing. The étructure‘of the sample holdér,'
ring sea; and support plug are similar to those of the
window. The cell is connectgd to pressure tubing of 6. 35
mm o.d. by 1.59 mm i.d. with a standard gland unit (in
this experiment the tubing is only used for putting in the
index matching liquid). The cell is surrounded by a
éopper radiation ;hield_can énd copper outgr can which is
c&nnecteq to the .1iquid nitrogen tank, which acts as'a
constant—température heat sink. Thé space inside'of'the
'déﬁar is evacuated to 10°% torr to minimize the heat

losses and temperature gradient_of the cell. The copper
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tubing surrounding the pressure tubing inside-the tank is
provided to prevent changing of:the temperatﬁre of ﬁhe
presshre tubing as the liqgid nitrogen level_vapies; The
temperatures of the céil and inner coppeb shield‘are
controlled by'a 1ow—témperature'capacitance controller
(Lake Shére Cryotronics fnc. Model CSb4bd) and a
Scientific Instruments, Inc. Model No. 3610 A, cryogdgenic
tempergture'controlier respectively. The‘temperature can
be controlled only below'about 160 K. From our
experience, the.temﬁératﬁre of the can should be about 10
K lower‘than the Eemperaturé-of thé cell to eﬂable the
capacitance controller to hoia the cell temperature
constant within 3 mK.

The can temperature was measured by two»Copber—
Con#tantan-Type 2 thermocoupleé'uéing a Keithley 177
ﬁicrovqlt DMM voltmeter, and the cell temperafureAwas
méasured with a capacitance sensor.

5. Sample preparétisn

Single-crystals of TSCC were grown frqm aqueous
solutions of sarcoSiﬂe and caicium chloride by slow
cooling. The,éolution‘was'prepared ffom chemical of
"special quality gnd was filtered by a b.z_um pore ‘size
- membrane filter. The 'samples are pafefglly polished
rectangular parallelepiﬁeﬁs. Aluminum waé evaporated onto

" two surfaces of the sahple for right angle scattering as |,
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electrodes for measurement of the‘aielectric constant.
This sample was aﬂnealed at {40 °C for 20 hours in an
evacuated glaés tube to improve the quality of. the
crystal. |

The sample for small angle écatterin§ énd'back,
écaﬁtering is also a éarefully polished rectanéulab
'pérallelepiped which is 8 mm long along thé a axis by 5 mm
wide along thg b axis and 5 mm high along the ¢ axis.
This sample was not heat treated. In order to reduce the
infensity of_the»Rayleigh peaks by reducing the reflecfion
on the surfaces, we use'isopenéane'liqﬁid for index
maéching.
6..Recording Brillouin spectra

The electrical pulses coming from the photomultiplier
go to a pulse amplifier and then to a homema@e countern
The number of pulses per channel for up to 1024 channeis
is storéd'in the AIM-65 comﬁﬁter. ‘The number are put
serially into a Tektronix Model 5111 storage oscilloscope
for display. Also the data is put sefially into a Houston
"Instruments Omniséribe Mode 8512%—5 chart recorder

The data are also saved on floppy disks in casé of
‘need. There'aré programs to tranéfer the Qata'from one

AIM 65 computer tb another,
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CHAPTER IV
EXPERIMENTAL RESULTS

Introduction

In this chapter we present the results of our
investigation of the Brillouin spectrum and the anomalies
of phonon frequency, sound velocity, and attenuation of
tris-sarcosine calcium chloride. He measured the

Brillouin spectrum and line width from room temperature

down to 110 K (the phase transition temperature is 130 K).

From the Brillouin spectrum and line width we get (a) the
anomalies of hypérsonic sound velocities with respect to
temperature, (b) the anomalies of the phonon attenuation

coefficients.

Data Analysis
The sound velocities are obtained_from\the
experimentally measured Brillouin shifts by usihg the

Brillouin formula

6V/vo=vs/c(ni2+nsz~2n1n;cosé)"2 - (IV-1)
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where 6V is the Brillouin shift in Hz, voiis the frequency
of the incident lighf, n 'is the .refractive index,»vs is .
the sound vélocity,'c ;s the’velocity of light in wvacuum,
and 6 1is the.scattéring angle._ We'used smailiangle, ridht
angle and back scattering. The scattering angles are
diffeéent-in different heasufemean.

We can rewrite Equation (IV-1) as
SV(T) /Vo=vs/clni2(T)+ns2(T) -2n: (TI ns (T)

008081t/ 2 o (IV=1')

The refractive index is a function of both the wavelength
of the light and the tehperature T. He used an argon ion
laser with wévelength in vacuum 5145 &, corresponding to
frequeﬁcy Vo=5.827x10'* Hz. To obtain the sound
Qelocities, we must have data on the tempefature
dependence of the refractive index ét 5145 k.

Ivangv ana Arpdt measured the refractive indices in a
refractometer at 20°C at a wavelength of 5893 & and found

a=1.5921, ny=1.5506, nc.=1.5528.1° Thié-ﬁavelengih ié

close enough to the wavelength of 5145_K of our ;aser that
we assume Ehat the disbrepancy between the~va1ues'of fhe
refractive indices stated above and. the values abplicable,
to our experiment.ié negligiﬁle.

The temperature dependence of the refractive indices
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found by Ivanov and Apndt is shown in Fig. 11, where
(6n)3=nc-ns.

The deviation‘of (dn)s in a range of temperature from 73‘K 
to 300 K is less than 0.09%. He éan assume that the
refractive indices measured by Ivanov and Arndt at.room
temperaturé are valid for our entire temperéture range.
From the calculafed sound velocities we can determine

the elastic constants, since

wherep is'the density and Clrepresents a combination of
" one or mofe elastic constants that determiﬁe the sound
velocity in each direction AS,descriped in Chapter iI.
The density of TSCC Qbseryed by Makita (1965) is p=1.533

'7 while it was determined as

~g/cm® at room temperature,
p=1.530 g/cm® by x-ray lattice constant; a=9.151:0.0y,
b=17. 460x0. 005, c=10.265+0.005 & at room temperai;ure.18
TSéC'Uﬂdergoes a ferroelectric phase transition at'
éempérature 130 K. Mishima, Itoh and Nakamura measured
"lattice constants. a=9.122(4), b=17.408(4) p=1d1228(8) A,
z=4 and ‘density p=1.55 g/cm3'at.118 K. *?The change in
den;ity from room tempefatﬁre down to 118 K is abdut 1%ﬂ

Considering other origins of error which will be shown

later, we use P=1.533 for all our calculations.
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The Brillouin Spectrum

We have done Brillouin small anglé, right angig and
back scattering and have measured the dielectric constant
simultaneously when doing the right angle écattering. Thé
frequeney range in whicﬁ we were working is about‘2 GHz
(for small angle scattering) to 32. GHz (backscattefing).
The smallest angle we used is 7. 48°. As far as we know it
is thé smallést Brillouin scattering angle ever achieved.
Tﬁe scattering géometry is shown in Fig. 4. The incident
and scattered light are both. polarized along the_g axis.
This scattering geomeffy is very convehienﬁ and simpiifies

fhe formula (IV-1), which becomes
6V/Vo=(2novs/c)sin(8/2) —--------- (IV-1")

Typical traces of the spectrum are shown in Fig.12.
The cenpral_maxima‘ére Rayleigh peaks, whoge intensity is
much stronger than that of thexBrillouin-peaks. After_
thouéands of scans, the spectrum has four peaké. The two

at the edges of this spectrum are the Rayleigh peaks after

thousand-fold attenUation.by the shutter. The shutter was

closed between the two troughé. The two peaks betheen the;

two Rayleigh peaks are Brillouin scattering, The original

measurements are the Brillouin peak shift from the
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Rayleigh peak and the iine width. In order to do these
heasurements.the peaks have éo be well separated, so-thét
the fingsse'of thé Rayleigh peak must be about 45,- The
Rayieigh-peak posit;ons are shown clearly in the second
set of stbrége éhannels. Before starting to take dafa, we
éséimate the frequenpy shift.and iine width b& assuming
the sound veloqity is 4500 m/s and célculating the
wavevgctor. Using some authors' results and the estimated
results ag a reference, we determiné'thé free Spéctral
range (FSR) and then in turn determiﬁe the mirror spacing. .
After obtaining.the first spegtrum, we had tb find which
B;illouin peak is Stokes and which is anti-Stokes. By
changing the scattering angle a little bit, say, a little

bit larger, if the two Brillouin peaks become closer, that

means the right Brillouin peak is the one that shifts from‘

-the right Rayleigh peak and the left Brillouin peak is thé
one that shifts from the left Rayleigh peak.' If the two
Briliouin peaks become further apgrt,_that means the right
Brilléuin peak is‘fréﬁ the left Rayleigh peak and. the 1ef§
one from_the right peak. In case the frequency shift
decreases when thé crystal undefgoes the phase transitiont
-the two Brilloﬁin peaks will ﬁore towardé each othe? and
may overlap, which is to be avoide&l' He do ﬁot_w;nt'the
two ﬁrillouin peaks to move into the "skirt" of the

Rayleigh peaks either. After the first spectrum was
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observed, we found the frequency shift appro&imately from
SV=(n+L/m) + FSR  —===—mmmmmmmo— (1V-2)

where.éu is the freqqenqy.shift, n is the order of .
interference pattern, L is'tﬁe channel in which the
Brillouin ﬁeak is 1o§ated, énd m ;s tﬁe total channel
nuﬁber cﬁange from the first to the second Rayleigh peak:
From formula (IV—ZY.Qe can choose the appropriate’
position of the Brillouin peaks, i.e. the.number’of-L, by

selecting a proper FSR.

Temperature Dependence of the Brillouin Shift ( Phonon
Frequency) and Line Widtﬁ of the LongitudinallPhonéns
in TSCC

.We‘measured the Brillouin shifts versus teﬁﬁe;ature for
the phénonévalong [010) for small angle, right angle:and
back scattering and for phonon along [ 0011 for small angle
scattering. The results are givéh in Tables 1-5 'and
shown in the following figures.

Figs.13-15 show the'temperature‘dependences of the
Brillouin sh;fts for the 1oqgiﬁudina1 phonons propagating
along [010]'at-scatﬁerihg angles 7.48°, 90° and 170°
respectively. In Fig.13, although thejexpe;imgntal pointé
have a distribution due to several sources of error, the

temperature dependence of the Brillouin shift appears
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Table 1, qL 0101, ©=7.48°
TCK) § (GHz) v(m/s) Hos s ( MHZ)
153. 04 1.903 4832 44.1
148. 50 1.898 4820 . 441
144, 91 1.909 4848 .51.08
143. 57 1.896 4815 43,5
140. 93 1.899 4822 38.7
140. 59 1.909 4848 50. 3
138. 08 1.891 4802 49. 8
138. 25 1.910 4850 51.8
137.09. 1.894 4810 51. 3
136. 27 1.911 4853 59.5
136. 02 1.891 4802 51.5
135. 54 1.895 4812 19.8
135. 29 1.905 4837 65. 0
135.10 1.894 4810 51.1
134, 49 1.900 4825 53. 4
133. 48 1.896 4815 57. 2
132.38 1.898 4820 ' 52.6.
131. 56 1.895 4812 44.1
130. 6 .1.892 4802 43. 3
129. 23 1.880 4774 51. 2
129. 37 1. 883 4782 46. 6
128. 94 1.878 4769 48. 9
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128. 26 1.873 4756 45.
127. 68 1.865 4736 55,
127. 23 1.865 1736 49.

126.77 1.855 4711 55.
126.57 1.855 4711 52.
126.37 1.851 4700 a4,
126. 15 1.856 4713 a4.
126.15 55.
125. 93 1.854 4708 52.
125. 66 1.852 4703 55.
125. 44 1.852 4703 a7.
124. 82 1.853 4705 51.
123. 40 1:356 4%13' 53.
1;3.35 1.852 4703 45,
123.06 1.856 4713 60.
122. 49 1.854 4708 48,
120. 67 1.851 4700: 57.
118.64 " 1.853 4705 44,
116. 50 1,851 4706 47."
114. 69 1.855. 4711 47.
113.16 1.854 4708 51.
111.98 1.852 4703 50.
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Table 2, q[010]1, =90

T K) 6 (GHm) vim/s) Wo n ( MHzZ)
140. 95 20. 98 4913 1. 25
139. 95 20.98 4914 -13.0
139. 75 20.97 4911
138. 84 20. 97 4911 -10.1
137.74 20. 96 4911 12.5
136. 74 20. 96 4910 8. 1
135.73 20. 95 4908 13.1
135.13 20. 95 4906 12.7
134.72 20.94 4906 25. 0
134. 23 20. 94 4905 1.25
133. 80 29;94 4904 12.1
133. 20 20.92 4901 -9. 4
132. 80 20.92 4900 18. 75
132. 52 20. 92 4900 6.00
132. 21 20.92 - 4899 0.0
131. 74 20. 88 1892 30. 1
131, 35 20. 88 4892 50. 0
131.14 20. 86 4885 41.7
130. 90 20. 85 4885» 68. 7
130.73 20. 84 4881. 81.30
130,33 20. 82 14876 81.2
130. 05 20. 75 4861 95. 6"
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Table 2, (cont.)
130. 02 20.73 4855
129. 82 20.76 4864 70.7
129. 55 20.72 4853 75. 1
129. 62 20. 68 4844 96. 4
129. 44 20. 67 4842 " 8s.0
129. 30 20.63 4833 100. 5
129. 30 ' 149. 90
129.03 20. 58 4820 87.0
128. 75 20. 58 4820 72. 2
128.53 20. 54 1812 100. 1
128.19 20. 50 4802 149.5
128, 01 '20. 49 4799 132. 2
127. 81 20. 44 4788 136. 9
127.6 20. 46 4793 153. 2
127. 4 20. 42 4784 124. 0
127.26 20. 42 4784 154. 3
127.03 20. 40 4777 150. 0
126. 80 20. 40 2778 213.0
126. 2 20. 40 2778 162.6
126. 12 20. 39 4776 176.1
125.98 20. 38 4774 S 141.9
125. 70 20. 36 4769 176.1
125.42 20. 37 4771 143. 4
124. 42 20. 37 4771 129. 8
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Table 3, q[010], 6=170°
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TCK) § (GHz) vim/s) Ho n ( MHZ)
297. 48 31. 37 5216 102
_290.25 31. 38 5218 76.9
267.99 31. 49 5236 117
249. 08 31.56 5248 120
233. 74 31. 62 5258 76. 9
220. 38 31.69 5269 55. 9
213. 09 31. 71 5273 99. 9
202. 99 31. 74 5278 55. 9
191.18 31. 78 5284 65. 9
171. 34 31.86 5298 46.9
169. 76 31. 86 5298  55.9
163. 96 31. 86 5298 44,9
159. 30 31. 89 5303 41.9
154.36 31,90 5304 45. 9
149. 81 31. 89 5303 47.9
146. 46 31. 9 5304 48.9
143. 27 31.9 5304 56. 9
141, 41 31. 88 5301 37.9
139. 48 31. 87 5299 51.9
137. 36 31. 86 5298 51. 9
136. 88 31. 85 5296 69. 9
136. 35 31. 84 5294 49.9
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Table 3, (cont.)
135. 86 31. 84 5294 52.
135. 35 31. 84 " 5294 61.
134. 96 31.83 5293 - 62.
134,54 31, 82 5291 60.
133. 84 31. 81 5289 .52,
133. 30 131, 81 5289 83.
133. 02 31. 80 5288 69.
132,23 31.77 5283 73.
131. 64 31.75 5279 82.
131,17 31.73 5276 108. ¢
130. 69 31. 71 5273 114
130, 21 31. 66 5264 170.
129. 89 31.53 5243 136
129. 28 31. 41 5223 131,
128. 74 31. 23 5193 164.
328123 31.18 5185 154.
127. 81 31.14 5178 162.
127. 52 31.10 5171 - 138.
127. 26 31.07 5166 158,
126.7" 31.06 5165 167
126. 99 31.06 -5165‘. 135
126.'55 31.04 5&5%- 132
126.23 31.03 5160 135,
126.19 31.04 5161 131,
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Table 4, ql00%1], ©=7.55°

T¢ K) 6 (GHz) Cvim/e) Hob s ( MHZ)
149. 60 1.693 ' 4254 ' '
149.20 1.692 4251 . 47.6
149. 2 1.693 - 4254 '59.8
143. 94 1.690 4246 . s51.0°
139.13 1.698 - | 4266 ' 51. 3
138. 06 1.696 4261 53. 1
137. 61 ' 1.696 - 4261 53.5
137. 04 " 4.695 4258 55. 6
136. 37 1.694 4256 55. 3
136. 01 1.693° 4254 52. 1
135. 63 1.691 4248 49.6
135.19 1,694 4256 52. 9
134. 68 © 1.692 4251 50. 3
134. 20 1.690 . 4246 47.9
133.70 1.690 4246 48. 9
133. 25 1.690 |- 4246 49. 6
132.73 1.690 4246 ‘ 50. 0
131. 34 1.681 4223 - 50. 3
130. 84 . 1.682 4225 ‘ 49. 4
130.12 1.688 o 4241 ~50.8
129.32 1.651 4147 " 55,3
128. 82 © T 1.651 1147 57.6
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Table 4, {(cont.)
128. 36 1. 651 4147 47.
128. 02 1.652 4150 53.
127.54 1.659 4168 ‘53,
127.19 1.654 4155 47,
127.14 1.655 4158 50.
126. 65 ' 1.659 4168 50.
125. 88 1.656 4160 8.
125. 50 1.654 4156 45,
124. 48 1.660 4170 47.
1234, 22 1.661 4173 47,
122. 46 1.660 4170 50.
120. 53 1.661 4173 55.
120, 49 1. 660 4170 57.
116. 55 1.666 4186 55.
114,25 1.663 2178 49.
111. 97 1.665 4183 45,
129. 55 1.657 4163 53.
129. 64 1.662 4176 59,
'129. 95 1.682 4226 61.
129. 88 1.666 4186 70.
129. 93 1.677 4213 75.
130. 00 1.685 4233 47.
141, 49 1.694 4267 49.
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Table 5, q[ 0011, 6=90°

T(K) § (GHz) vim/sg) We n ( MHZ)
149, 39 21.63 4943 15. 2
143. 50 21.65 4947 52. 2
138.48 21. 66 4950 18. 3
136. 61 21. 66 4950 51.0
134. 55 21.65 4947 25.1
132.78 21.64 4945 0. 00
131.73 . 21.63 4943 24.5
130. 90 21.62 4941 48,5
130. 00 21.59 49314 75. 0
'129.49 21.48 ° 4909 126. ¢
129. 35 21. 39 4888 482.
129. 21 21. 34 . 4877 437,
128. 88 21. 30 4868 348.
128. 45 " 21.23 4852 286.
128.16 21.22 4849 180.
127. 33 21.24 4854 162,
125. 99 21;26 4858 156l
124. 66 21.29 4865 - 87.5
123.50 21. 30 4868

121.01 21. 34 4877 48.4
118. 77 21. 37 4884 40. 2
115. 52 21l40 .4890 10. 3
112. 60 21.43 4897 2.10
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quite clearly. First, it shoﬁs the anomaly around Tc=130
K. Neverthelese,-it barely:shows temperature depeﬁdence
in the PE phase well aﬁove T.. Abproaching T:, +the
Brillouin.shift.first shows a 'slow reunding and then a
quick'decrease'with decreasing-temperature;. The
temperature at thch the slope of the euree is maximum ie
defiped as the transitioq temperature. When the
temperature reaches about 125 K, the Brillouin shift.shows
almoet no temberature_dependence.

Fig.14 clearly shows the anomaly of the temperature
depepdenee.' Unfortunately we only got eata areund the
transition temperatere. We see that the‘Brillouin shiftl
shows a slow.rounding down with the'decreasing
temperature. . The fastest drop occurs at the critical
boint T:, and again near 125 K the shift eeems fo stop
decreasing. We will see more detail in Figure 3(b). This
' result has teen shown previously,. ?°¢

Fig. 15 showsrvery strong tempereture dependehce of the
Brillouin shift in a wide range of temperature from room
temperature down to about 110 K. ﬁown to about 145 K.the
Briliouin shift is increasing monetbnically. ' The shift at
room temperetﬁre is about 3{:35(GHZf However, at the
maximum peint'the shift is 31l§ GHz. Below 145 K, but
. above Tc;tBO K; the Brillouin shift shows a slow rounding

down until the critical point T where the shift quickly
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decreases. The Brillouin shift reaches the lowest value
of about 30.98 GHz near 122 K. From 122 K down to 110‘K,
the Brillouin shift increaées sharply.

Fi§.16 shows the temperature dependence of the
Brillouin shift for phonons propagating along (0011 in the -
wide range from:room temperature down to about 11b'K at
the small angle 7.55°. Above about 142 K hp to room
temperature, the Brillouin shift varies quite étrongly
with temperatﬁre. The Brillouin shift at room temperatufe
is about 1.64 GHz. The»maximum Brillouin shift of about
1. 693 GHz occurs.near 342 K. Below this point the
Brillouin shift shows a slow rounding down as usual. Then
a quibk drop takes ﬁlace in a.very narrow region at the
ﬁhase transition, less tﬁan one degree wide, followed By
an abrupt increase of the Brillouin shift. The Brillouin
shift increases with decreasing temperature d§§n ﬁo 110 K
.where we ended our measurement in this trigl.

Fig.17 showé the temperaéure dependenée of the
Brillouin shift for phonons propagating along direétion
{0011 at scattering angle 90°, This results,has been
shown previously.?' The Brillouin shift increases with
decreasing temperature from room temperature dawn to about
.140 K. From 140 K down to T:=130 K-there is slow
roundipg. At T. the Brillouin shift-suddenly drops and

then the Brillouin shift increases quité quickly with
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decreasing tempgrature, so there is a sharp dip aréund the
critical region. The Brillouin.shift fhen increase
monotonically down to 1j0 K, where it seems to flatten
out,

Fig. 18 shows the température dependence of the
Brillouin shift for backscattering in the temperatu£e
region from 190 K dpwn to 110 K. Above T. the Brillouin
shift shows very strong temperature‘dependence. Near but
above T., there is slow rounding. At T. the Brillouin
shift drops very quickly and then just a little below T
the Brillouin shift sfarts to increase slowly and
increases down to 116 K. This result is from Smolensky,

Siny, Tagantsov, Prokhorova and Windsch. 22

Fig.19 shows more detail of the temperature dependence .

of the Brillouin shift with a expanded.temperature scale
together with the observgd line width ﬁaﬂs ( FWHM) for
phonons propagating along [0105 direction"at the
scéttering angle 7.48°%°, -We can see the slow rounding
quite clearl& near but above T. and a rounding £rough near
but beloﬁ Te. It is hard"ﬁo see the temperature
dependence of the line width. Because thé_séatfering
angle is small, the frequéncy shift is smali, so that the
error is relatively large. The experimental line width
results in this case are not vefy meaningfull In Fig.19.

we show the directly observed line width without
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cohsidering the'iﬁstrumental and collection angle
broadening.

Fig. 20 shows more detail of the température dependence
of the Brillou;n shift with a expanded temﬁerafdre scale
together with the line width [ FWHM] for phonons
p;opagafing along [ 0101 at scattering angle 90°. He see
no sudden step down in the phase £ransition regian around
T., but above aﬁd below T. there is a sléw rounding
down and up respeétively. The temperatﬁre dependence of
the line width shows a round maximum around T.. The
anomalies of both the Brillouin shift and line widﬁh
appear in thé same temperature region and the maximum of
the'line width takeé place at the temperature a few
degrees below T.. The line width further above T. seems
to be constant with respect to temperaturé.

Unfortunately, we do not have many experiment points below
Tc.

Fig.21 shows the temperature dependence of the
Brillouin shift énd line width in more detail with a
expanded temﬁerature_scale, Again, there is no.sudden
step around T.. There are dnly gldw roundiné; both above
and below but near Te. There is line width ha#imum.a few
degrées below T-.. Above T the line width is constant.

‘Fig. 22 shows the temperature dependence of the

Brillouin shift in more detail with a expanded tempgrature




LD86.
LD8/7
& I D;7;,0? J;P
9, @
LDBL
E4
D"D
" D2
¢} 7J 5
e © g b
73 9
4D 76
?AFCGF

# LD (+-(9&*.(,(-(,(12( "0 . /"1 ) 0& 8 %I, [1(A &
O & 1% | "I O". L #8 Yol )2%&&(. 1#

7@ ;

LDD

$N



AC:6 <

L [ F#
#8148 (+(%68*( (-(,(12("0 . /M1 )Y 0& 8 %!, /(A &
"0 PR 6 | O, Y62@)2%&&( H

1
™

76;

OARZ&

7M M LN(#



79,; 799 79 @ 795 79< 76 ; 769

L | F#

H8 L8  (+(%68*( (-(,(12("0 . /™! Y 0& 8 %!, /(A &
" PG G O O Vel )2%688(.

76 @

765

76<



124
scale toéether with the observed line width [ FWHM] for
phonons propagafing along [ 0011 at scattering angle 7.55°.
There is a steb anomaly of the-Briliouin shift ahd a very
sharp peak in the line width somewhat below Tg. Elsewhere -
the 1ine‘width shows no température dépendence. In Fig. 22
we show the direct observation 6f the line width wiﬁhoﬁt
considering fhejcollection angle broadening and
instrumental broadening.

Fig. 23 shows the temperature dependence of the
Brillouin shift in more detail with a egpanded temperature
. scale together with the line width for phonons propagating
along [ 0011 at scattéring angie 90°. It has been showﬁ
previously. ® There is slow Eounding near but above T..
and a sharp step up near, but below T, with a dip below
Te. The line width.ﬁas.a sharp peak in the phase l
transifion region. The maximum appears somewhat below T,
as for smalliangle scattéring for phonons propagating in
the same direction. Above and below T. the line width
shows no temperature dependence. However, near but ébove
T., the line width asymptoticaly approaches a constant
value. These results have been shown previpusly.2°

Fig. 24 shows iﬁ more detail the témperature dependence
of tﬁe Brillouin shift with a'expanded scale of
éemperature together with the line width for phonons

propagating along [001)] for back scattering. Near but
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above T. there is slow rounding, while neaf bﬁt below T
there is a discontinuity and a sharp étep up. The line
width again has a peak in the phase transition region,
somewhat below T.. There is no obvious temperature
dependence for the line width far above or below T;. The
line‘wiqth approaches a constant value faster above T:
than below T..

The observed line width consists of three
contributions: (1) the intrinsic instrumental broadening
which includes the laser line brbadening due to the
‘jitfering claimed by the manufacturer to be about 10 MHz
and the compﬁter resolution and the nature df the Fabry-
Perot. This.is instrumental line width Wianst, which can

be calculated by
Hinst=0.022 FSR  ——-=—---—m—m——m- (IV-3)

(2) the collection 'angle broadening Wang given by

Wang=0.03865°8V  —--——-—------—-o- (IV-2)
where 6V is the Brillouin shift, i.e., the phonon
frequency. Later we -will discuss Equation (IV-4).

(3) the natural phonon line width [EWHM] Won.
For calculating natural phonon.line width, the natural
phonon spectrum and the inétrumentél function were assumed

to have Lorentzian distfibutions, and the broadening due
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to collection optics was assumed . to have rectangular
distribution. In this case, the natural phonon line width

Hen 18 given by

Hpn=CHobs?-Wang2) /2 -Winse e (1V-5)

The Sound Velocity Anomalies

We studied light scatered by pure longitudinal modes in
the [010] and [001] directions. In the [ 0101 direction
the longitudinal phonon velocity is determined by the

single elastic éonstqnt Cz2 and is

In the [001] direction the longitudinal velocity is

determined by

The observed Brillouin splittings and regulting sound
velocities are given in Tables 1-5 The sound velocity
data have been plotted in Fig. 25 for phonons propagating
along [010] énd in Fig. 26 fop'phonbns
propagating along {0011, .

In.each case we have thrée plpts for the small .angle,
right angle and back scattering reépeéti&elyﬁ_ The

hypersonic sound frequencies are in the range 1.85 GHz to
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31. 90 delfor phonons proﬁagating along [010] and 1.65 GHz
to 21.67 GHz for‘phoﬁons prppagating elong [Q01]. |

The three plots in Fi§.25 have very similar shapes.
The phasevtransition is harked by about theAsame megnitude
of rounded drop in velocity with decreasing temperature in
"all three cases. But surprisiﬁgly, the sound velecities
in these three eases at a given temperature are different
and the plot forvsmall angie scattering with 6=7.48° shows
a discontinuohs dip near but below T.. But the velocities
do not vanish at Tc: |

The three blots in Fi§.26 also have very similar

shapes. The phase transition is marked by about the same
magnitude of rounded drop. The three plots show a dip and
a sharp step up from below T: to above T-.. The sound

velocities for the right angle and back scattering seem to
be consistent ‘with each other, but a deviation from small
angle scattering is obvioue; Later we will discuss all

these phenomena.

Temperature Dependenee of the Dielectrie Constant of TSCC
" While measuring the Brillouin shift for bhonons

propagating-along [010) for right engle ecattering, we

measured the dielectric'eonstant simultaneeusly to

determine'the phase transition temperature. The Brillouin

scattering measurement involves only e smell part of the
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_sample. The power of the'laser peam is quite high, so the
temperature‘of the illuminated volume may be higher than
that measured dielectrically for the major part of the
sample.- There will be a diecrepancy of degrees for the
transition temperature. Thus dielectric-conseant
measurement gives a more accurate determinetion of the
phase transition temperature. The temperature depeedenpe
of the inmerse of the sample capacitance is illustrated in
Fig. 27. There is a dip near the frensition temperature.
The Brillouin shif@ anomaly occurs in the same region in
Which the dielectrie constaﬁt reaches a peak. He define
the temperaeure at which the inverse of the capacitance is

minimum as the transition temperature.
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CHAPTER V
DISCUSSION

Intboduction

In this chapter we will discuss the mechanism of the
. anomalies of the Brillouin shift,‘the‘sound velocity and
the line width in the phase transition region.

Light scattering spectroscopy qffers a direct
experimental access via the flucﬁﬁation diésipation
theorem to the displacement correlation function. A full
derivation of these relations has been given by Landau and
Lifshits (1968).2% It seems worth emphasizing that the
first theoretical works on light scattering near phase
transitions? (Ginébufg 1955, Krivogiaz and Rybak 1957;
Ginzbﬁrg apd Levanyuk 1958, 1960, Levanyuk and Sobyanin
1967) héve been pe;formed in the framework of
phenomenological approach. Yamada et al.(1974)2* have
studied theorefically the criticalfdynamicdl behavidr of
pseudo-spin-phonon cogpled systems in connection with the
oD (6rder—disorderi—SPT(stfuctural phase transition) of

molecular crystals. A type of pseudo-spin-phonon
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interaction has be?omé apparent in the spectra of TSCC,
the hard-core modes. This type of‘mode, which is also
encountered in many other feproelectric materials of 0D
type, presents a temperature-dependent frequenéy shift on
'approaching T. but remain unshifted above T. and indicates
the effectiveness of a coupling meéhanism between the
pseudo-spin ¢ and other'optical phononé Qi which is not
equal to Qs, (Qs is soft-mode), which is non-linear
(Hin=g0Qi2); (Winterfeldt and Schaack 1977; 1980).232¢6

The FE transition is a structural phase transition.
chh transitions are generally divi@ed into two
cateréries, displacive and order-disorder. Particularly
with TSCC, there have been strong arguments ﬁbouf which
category the FE transition falls into. Chen and Schaack
are the latest proponents of an order-disorder transition
for TSCC.?7 However, a well-defined limit between these
categories does ndt exist, and we considef that TSCC shows.

features of both transition types.

Thé Crys£a1 Structure of TSCC

In order to understand the mechanism.of\thé phase
‘transition of TSCC, it will be helpful to look at its
structure.

Tris-Sarcosine Célcium Chlbride (TsSCC), férmula

( CHs NHCH2COOH) :CaClz, was found to exhibit a ferroelectric
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(FE) phase transition at the Curie point, 130 k.

(Pepinsky and Makita in 1962 claimed the Curie-point for
this cr&stal‘is 127 K). The érystal structure of TSCC is
significant for both the dielectric and the ultrasonic
.velocity anomalies. The.TSCC crystal is orthorhombic with
lattice constants a=9.156%0.01, b=17.46%0. 045,
c=10.265+0. 005 & and with Z=4 formula units ih the unit

& (Pnma) in the paraelectric

cell. The space group is D?n‘
(PE) phase and‘Czh;(Pn21a} in the FE phase. 2° Accordfng~to
the strpctural analysis by Ashidé et al. the érystal
structure of TSCC is pseudo-hexagonal when viewed down.the

a axis.?®

Tﬁere are iznsarcosine zwittérion molecules in
the unit cell. They belong to two types. One comprises
the four‘molecu1e; in thg mirror plane. The other eight
molecules in general position (tyﬁe 2) are siightly bent.
-There are three kinds of N—H...Ci hydrogen bonds.present
in TSCC, one Qith a total bond length of 3.18 & and two
with 3.22 kR with different N-H &istances. The structure
is shown in Figs.28-30. |

Since_ the crystal at room temperature belongs to the
orthorhombic syStém, it is optically biaxial. The acute
bisectrix is the a axis. The optical plane is
perpendicular to the ¢ axis and the crystal is obt?cally
17

positive.

‘When the crystal uﬁdergoes the PE-FE phase transition,
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the reflection planes perpéndicﬁlar~to the FE b axis are

suppressed.

The Phase Transition Category

There are disputes concerning whether the FE transition
of this crystal is of the‘orqér—disorder type or
displéciVe fype. From the structure of TSCC we can see
there exist the two possible types of transition. In
other words, the transitioﬁ of this crystal can occur with
the jumping motion of atoms, and/or with some internai
displacement of_atom groups such as methylvor carbox&l,
bepause the sarcosine molecules in the TSCC cryétal have
the form

H H H O

H—C—N—C—C
A -

which may have permanent dipole moments formed by the NH*
and CO0~ group.

The nature of the phase‘transition has been unclear for
many years.??

There is a lot of evidencé for an obdéf—di;order phase
transition. Makita (1965) meagured the-dieiectric | |
constant,and specific heat from 90 K to 160 K. His

results such as the small value of the Curie-Weiss

constant (58 K) observed in TSCC, and the small
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spontaneous polarization Q. obtained for a seiected

crystal of 0.27 uC/cm? suggést that the phase transition

of TSCC is of the order-disorder type. A small anomaly of

specific heat has observed by Makita (1965) and the
differénce of entropy 6S=0.38 cal/mole:degree between the

FE and PE phases, which is a small transition energy

compared to the thermal energy, also sugdest the

traﬁsition is of the order-disorder type.

| Lopez—Echarri and Tello (1981) glaimed that low yalue
of the transition temperature, and.the'confirmed existence
of the zwitterion from IR spectra (Bliné et ai'1970) seem
to confirm the order-disorder type for thig phase

transition. This physical situation is somewhat similar

to that in TGS.3° The small microwave dielectric constant

,also suggests that the phase transition is of the order-

28  peguchi et al. show the dielectric

disorder type.
dispersioh in TSCC is the relaxétion type in the Curig
temperature région'which may be indicativé of an order-
disorder trénsition, a view also presented by Wihq§ch on
the basis of M;Z; EPR studies.®! |

On the other hand, thére‘ére some studies which suggest
the phase transition ig dispiacivej' Recgnt light
scattering studies®2%:33% ‘have shown softening of the

optical -phonon in the,fefroelectric.phase. The soft mode

‘ remains underdamped up to about ten degrees below T:. and
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its frequency decreases with increasing temperature in the
temperéture range 56 K=(T.-T) =220 K. It turns out,
therefore, that both critical slowing-down of the
polarization relaxation and softening of the opticai
ﬁﬁonon are observed in the phase transition in TSQC. They
- may be indicative of order—disérder and displacive |
transition, respectively.

SOft modes were assumed as a general featpre of
structural phaée'transitions. ﬁowever, one hust
diséinguish between oscillatory and diffusive soft modes
-which may be ihdicative of displacive and orderjqisorder
trénsitions, respectively. Prokhorova et -al. observed an
oscillatory.soft modg instead of a diffusive one whicﬁ was
expecte& beforehand. 32 The behavior of'the'soft A1 (LO) and
A{(TO) modes\spggests that this pﬁase transition occurs
with doubling of the unit cell and therefore can be
considered as an improper type transition. The Brillouin
result?? is also indicativé of the improper éharactef of
the phase:transitioh. In conclusion, Prokhorova et al.
mentioned that if ﬁhe'phase transition in TSCC is réa11y
of the order—disordef type, at least the\digplaciVe
processes pléy a significant role;

Some publiéations?:"34 indicate that éhe squared
fnequenc& of the soft mode Qro varies coﬁéider&ble from

liquid He temperature establishing a definite displacive




143
character to tﬁe trans;tion.

The fransition temperature'of deuterated TSCC(DTSCC)
was found by Fujimoto et al..?®? to be 131.3.K. This is
practically the same as that‘of TSCC. Furthermore,:it was
found that the dynamic dielectrié properties of DTSCC are
very similgr to those of TSCC, and there is no
.quantitativg difference wiéhin the experimental accuracy:‘
Accordingly, it seems fhat the claimed 31436 juﬁping
motion of.protons within N—H.L.Cl bonds does not exist.
The highly asymmetric nature of these bonds.makes such

intrabond jumping unlikely in any case.

37,38

Early nuclear quadrupole resonance (NQR) studies
showed_clearly that the N-H...Cl bond length changed
slbwly and continuously with temper;ture as T. was
approached, a result clearly Qemonstrating displacive
charact;f, not order-disorder.

A variety of new measurements have been made,
includihg both specific heat?®? gnd diélectric studies. ?
Both of these studiés show the presence of logarithmic
correction terms‘to the otherwise mean-field behévior near
T. and both indicate that the transition.is second order
(continuoué).

Kozlov et.él.zf claimed tﬁat they have ahswered the

primary questions about the ferroelectric transition in’

TSCC. They have observed the soft underdamped optical
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mode in the paraelectric phase by means of millimeter
wavéiength spectroscopy. Théy have-confirmed the mean-
field behavior reported first by Levstik et al..*® They
have obtained an analysis of éhe soft TO and LO modes.
Their results seem to show that the secpnd soft mode in
the ferroelectric phase reﬁorted by Chen and Schaack (at
23 cm™' at 4 K) is not cpnfirmed,33 and also show that the
suggestion®*? thét TSCC has two closely épaced transitions
is not verified and that the suggestion that its |
transition is‘improper is also not substantiated.

The observation by Sandvold and Courteps of logarithmic
behavior of dielectric susceptibility and spon£aneous
polarization over a temperafure range as wide as 50 K
indicates that there are.diﬁole—dipole interactioné_in
TSCC in agreement with the report on the specific heat,
It might thus turn out that TSCC is the best current
example of uniaxial dipolar behavior in a ferroelectric.
Another interesting propert& of this crystal is that the
TO and LO phonons soften at the same temperature,?’ which
indicates that the short-rande force and Coulomb force
participate in the”phgse transition almost‘equally.34

There is an important type of SPT in which both "spin"
type variables and phonon tyﬁe var;ables are present, and
due to strong coupling between them,'the condensation of

phonons is "triggered by.the ordering of the spins", or
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vice versa. He may‘classify this case as a Pseudospin -
phonon coupled system. Thefe are various kihds of
pPseudospin systems which are linearly‘coupled to thg
phonon system. From the ‘discussion above wé.might
conclude thét the bhase transition in TSCC belongs to
pseudospin-phonon coupled»system. The appearénce of these
soft modes in TSCC is in fact unique and different in
seVeral'respects from the usual appearance of a sdft
optical phonon mode triggering a displacive SPT.

Chen énd Schaack® présent some calculations_based on a
model of an OD-SPT, where the order paraﬁeter ( pseudospin)
couples to optical phonons.

The starting point in the Chen and Schaack afgument'is
the aséumption that the.deformations of the sancosiné
molecules due to the soft phonon and due to the
relaxational reorieﬁtation process are esséntially the
same. The soft mode performs a small quasi-harmonic
modﬁlation of the normal coordihafe Qs around one of the
two stable values sto { shown ip Fig. 31) of tﬁe double-
well potential—perhaﬁs a twisting motion of the molecule
with a maximum amplitude gt the NH2 group or a bending or
librationallhotion of the whole molecule, while the |
reorienﬁatiqnal motion may be interpreted as a stochastic
switching qf this group between'the mirror-like positions

*Qs,p (pseudo-spin c=:1),deforming'the molecule according
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to the same eigenveétor'but.On a miérbscopic scale. In
khis case there is_a strong interaction between the Q¢ and
the pseudé—spip o. -The interaction energy will enter the
Hamiltonian of‘the system in the most simple‘approximation
in bilinear form Hint=goQs.%?

Y;mada et al.?* assuméd.that the.TSCC‘crystal contains
a molecular group thch can take_on two orientations in
the local aniéotropic'potentiéli It commonly happens that
the ofientational ordering of the molecular group is
accompan£ed'by small atomic displacement. One can-
introduce an Isiﬂg variab;e to specify the possible
_configurations of the molecular'groups.. Therefore this
case ‘also beiongs to the c;tegoryldf pseudo-spin-phonon
_coupled systems. . Yamada et ai. are not oply concerned
with the displacemént—diéplacement'correlation function,
but also with spin—spin‘and spin—displacement correlation
fgnction. The'temperature depehdence of the spectga waé
obtained.

Chen and Schaack use this model, i.e. the pseudo-spin-
phonon coupled Sygéem, to interprete the soft modes in
TSCC. .That_seems to clear up the dispute ponqerning
whether £he FE'£rénéition of this crystal is'Oﬁ type or

displacive'type.
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Interpretation of Anomalies of Sound Velociﬁy and
Attenuation
1. ?he Relation Bétween the Sound Velocity and the
Stiffness Constants |
In_tﬁe Brillouih scattgring‘experiment, we study fhe
sound velocity'and attenuation by measuring the phonon

frequency and use the qumula
.dV=(nveV/cl)sin(B8/2)
=Vek,  mmmmmmmm—m—mmmoomeee—oooo (V-1)

where k is the sound wavevector and v, 'is the sound
velocity.

From the equations of motion, we obtain

V;=\/Cg/p, ) it (V-23

" where v, is the sound velocity of that mode and C. is the
stiffness constant of that mode.

If we take damping into aécéunt, the relétion (vVv-2)
will still be valid, ekcept v; and C; will be complex
nqmbers.

He rewrite (V-2) as

1/ve*=d /Cs*  mmmmmmm—--- e (V-2")

where v." is complex sound velocity and C,* is complex




149
stiffness constant.

We have the plane wave

£ 0fRg t-kx)

X=Xoe
=xoelRlt-x/vg viwmg x/Qy)
=x°e19[t-x;t/vs-iusln?)] ______ (V-3)
Then
1/v'=1/vs’-ioc./9s ———————————————— (V-4)
Substituting (V-4) into (V-2'), we obtain
1/ve-iee/Qe=Vp/(Ca+Ca1)  =m==m-=== (v-2")
Hhere
C5=ReC*,
Ces=ImC*

In the 1limit of low attenuation (ImC*«ReC*) we get the

approximate expression:
ve=(ReC*/p)''7? e m e e (y-5)
€s=Q%/(2 v ImC*  --------------s (V-6)

2. Coupling Betweeh Strain and‘Order Parameter
The order parameter characterizes the amount of change

taking place during the transition. »Normally it is
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defined on an étomic scale, although in many casés
macroscopic quantities are measurable that are directly
proportional to the microscopic order parameter. *?2
The pheﬁomenological-Landéu—Devonshire theory of
phase transitions starts from an expansion of the freer
energy density in howers of the order parameter components

Q!, their spatial gradient, and the components €x of the

strain tengor
F(Qx,Ek,T)=Fto(T)+(1/2)a2(T)fz(Q1)+'(1/4)a4;‘.'4(Qi)
+(1/6)a61f6(Qi)'+------+_(1/2)b(6Q)2
#eveo e +Fal €) +Fc(Qu, €x) (V-7)

In this equation the fa denoée-the nth—arder invariants of
the components of the order pafameterg that are
homogeneous functions of degree n in the components Qi,
which remain unchanged under all possible symmetric
operations. The purely elastic contribufion is denoted by
Fa. All the coefficients are considefed as weakly
temperature dependentvwith the exception of aé wﬁich goes
"through zZero iike [m(T4TF)] at the temperature T. For a'
continous phase transition as must be positive and the
sixth order term is usually omitted. If as is negative, a
discontinous phase transition takes place and a positive

sixth-order term must be ;ncluded.
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The coupling term F. describes the interaction between

the strain and the order parameter.’'*3

This term is
responsible -for the spontaneous strain appearing in
connection with the Qrdering prbcess, and it also
describes the effect of an gxternalistrain'upon the'order‘
parameter. |

The elastic constants Canfsz/dEndEn-are usually
measﬁred under the condition that the order parameter can
chaﬁée freely under‘the infihence of strain, i.e. that its
conjugate force Zx=dF/dQx remains zero even when Q¢ is not
0. These elastic épnstants are'deﬁoted by Can*.

The equation dF/dQ«=0 determines the spontaneous
polarization. The elastic coﬁstant for the purely elastic
free energy F. are those determined under the condition
Qx=0 ( in paraelectric phase). These eléstic constant are
denoted by Can®.

The difference Can>-Cnn® is due to the change of the

order parameter, driven by the strain, and its reacting

stress. We have the equation

6Can=Con®~Can?=E(d?Fc/d€ndQi) Xkt *d?Fc/dEad
fodmmmmmmmmedee (V-8 -
where

X1 €=(d2F/dQed@) Tt m-mmmzoooo (V-9)

We_aré ceptéinly fnore interested in the free coupling
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energy density which is uéually written in terms of

increasing power of €; and Q«
Fe(€1,Q)=B11Qi€i+Ti ik QiQu€x+61jkQi€j€terrre

Which of the coefficients ﬁ, r, 5' are different from zero
is determined by.the symmetry.of the crystal. A
coefficient in the expansion of Fc can exist'only if the
corresponding s&mmetric pdwers of Qi and € belong to the
same ifréducible representation. For example, Ti;jx is not
Zero only when the sy&metr;c square [ Q12 and € have an
irreducible rep?esentgtion in common. Under this
condition Eheir‘productvis invariant against all possible'
Symmetfy transformations, apd the term cah exist:

_As usual, the lowest-order term-is dominant. There are
three siﬁple cases which can explgin £he‘anomalies‘bf the
elastic constanté and attenuations.

Case (a) Linear coupling F.=8Q€ and a continuous

transition (as>0, as=0)

6can=<dch/dqu)csz/doz)"dzfc/dedq

where

x€=(d2F7dQ?) ~!

(1) For static effect




x{=1/[«(T—Tc)J ——————— ;-f—-—i ————— V-1
_then
6§=Bf/[x(T—T;y1 ~ for T>Te
=Bz/[x(Tc—T)]' for T<Te.

This is thé Curie-Weiés iaw shoﬁn in Fig.32;.
(2) For dynamic'effeét S |

In a simple way we can take éhe dynamic effect info
account by using a frequency depeﬁdent susceptibility
in. Eq. (V-10). The imaginary part of the resulting
complex elastic modhlus indicates the attenuation. The
ofder,parametef has relaxational behavior, ahd we obtained

the following formula:
Ke1(Qe) =Xk 1 5(0) —=--m-mmo—----- (V-13)
and then

Ve2(0s)=ReC*(Q)=Ce%-(Cs®-Ci?) /I 1+(QsTe)?]

e s (V-14)
e =0:Te/(2 ve3) s (Cs8-Cs?) /[14(QsTe) 21

=Q.Te/2Vs 3 I Ve (@ v 200X /11+(QsTe) %1
S (V-15)

where
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ve?(w) =C,®
vs?(0)=C,4*

Equation (V-14) shows that the elastic moduli C.? and C,°*
are obtained in the limits Q.Te»1 and Q7€ «1. The |
relaxation time 7e¢ is the characteristic time for the
response of the order parameter to a suddeﬁ strain. It is
connected to the static susceptibility through the kinetic

coefficient L.**
Te=xf(0)/L  -—--~---------- Sk (V-16)

The kinetié coefficieﬁt is assqmed to be only weakly
temperaturg dependent, so that the divergence of x® at the
criticql point includes a éimiiar divergence bf the
"relaxation time, the so-called critical slowing down.
(3) The dynamic-fluctuation damping effect

A different type of attenuation mechanism, well—known.
aé the fluctuatiqn interaction, comes into play, based on

the classical fluctuation—dissipation theorem.

imcnn(Q.)=(Q.V/2kT)£exp(iQ,t)<éo(t)om*(0)>d£

| . e memmaes (V=-17)
The imaginary part'of the elastic modulqs, i.e. the
dissipative part of’the elast;c‘modqlus, relates to the

Fourier transform of the time;coprelation,funqtion of
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internal stress fluctuaﬁions_éo'in a volume V¥, By a
‘Kramers-Kronig transfbrmation we obtained fér the
variation of the re@l part of the elastié stiffness a

static corbelation function
6Cmn(Qg)5Cmn(m)—Cmn(O)=[(2/W)IImCmn(Qg)/Qs]dQs
=(V/KT)<80n60% > = ——-===---mm--s- (V-18)

The stress fluctuation 8¢, comprises a random force,

induced by the internal paraheters of the system. Mori

43,46 47

and Tani and Kawasaki have given a rigorous
defivation of equation (V-17) in terms ofvcurrents and
brojection operators,

In the case of a linear codpling we simply get

and

ImCmn(Qg)=(Q;V/ZkT)ZBimBjnjexp(iQst)<6Qi(t)6QJ*(0)>dt

________________ (V-20)

We know that

ImXij(Qs)=(05V/2kT)Iexp(iQst)(éQi(t)QQj*(0)>dt

———————————————— (vV-21)

so equation (V-20) can be written as
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IMCan(Q:)=EBinBinlmxs;(Qs)  --==  (V-22)
This is in fact_an extension of equation (V-8) to
imaginary values of Can.
Case (h) Coup;ing linear in the strain but quadratic in
the order parameter and a continuous transition.
F.=I'Q%€

Substituting Fe=IQ€E into Eq.(V-8) we obtained

§C=TZxf¢@>?  -=----- mmm—mmm— - (v-23)

1) For static effect, at the teﬁperature T<T. 'the static

vaiue of the order parameter
<Q;2m(Tc—T). e (V-24)
and the susceptibility
xem1((T<—T) —;——-~——————;E—; (V-25)

In the range of validity of the Landau theory the

temberature variations of x¢ cancel those‘of <@>2% and the

elastic modulus shows a stoﬁ-like_decrease by an amount

§C=T2/2as  ======-- e —m--- | (V-26)
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shown in Fig. 33.

‘In this type of interaction the elastic coefficients
show a much weaker temperature dependence than Q and x.
~(2) Fluctuation damping .

In the‘case of a'éoupling quadratic in order parameter
the stress fluétuations involve inhgenerhl also the static

or@er parameter
60...=2I_‘H,.(<Q1>6Q,+<Qj>éQ1+6Qi6QJ) (V-27)
Substituting this into Eq. (V-17) we obtain
Imcnn(dg)=stV/2%T)ZFiijk|nT4<Q1>(Qk>
.Jexp( ig,t) gééJ (£)6Q:1*(0)>dt

+Iexp;iQ.t)<6Qi(t)6Q;(£)6Qk*(0)6Q|'(d)dt]
mmmermmommoooee- o (V-28)
The first term of.Eq.(V—28) is the Landau-Khalafnikov-
contribufion, i.e. the piezoelectric coupling and the
secoﬁd term is a fourpoint correlation function describing
the fluctuation interactioﬁ, i.e. the electrost;ictive
~coupling.
Oné can expecﬁ two large anomalies in‘a Brillouin
scatfering study; " First, we can expect large anbmaliés in
the velocity_and attenuation of longitudinal'phonons

propagating along directions perpendicular to the polar
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axis.‘§ These anomalies are caused by piezoelectric
coupling in the FE ﬁhase,'as we can see from Eq. (V-28).
This coupling exists only ifl<Q> is not zero. Because
TSCC in the PE phase is centrosymmetric and hence not
piez@electric, this coupiing is not intrinsic but rather
is inducéd by the spontaneous polarization. Second, Sorge
and Straube observed that at 20 MHz the longitudinal
ultrasonic wave propagating aloné the'polar.axis b also
shows large anomalies of attenuation and velocity near T..
Because of-the depolarization effect in a system with
eleqtric,dipole—d;pole interactions such aé the dip01;¥
dipole interaction along the Q.axis in TSCC, these

anomalies are expected to occur not from piezoelectric

* coupling but ffom electrostrictive coupling.

Phenohenologically we can write the free energy F as

F=(1/2)(x%22)"'Q22+(1/4)a4Q2*+(1/2) g322€3Q2?
#(1/2)C33%€32  ~=——m==-mmmmmm—emo— oo (V-29)

for phonons bropagating aloné a direction pérpendicular'to
‘the polar axis'g in the paraelectric'pﬁaée. Here x22°%,
0336 and gsé are the diele&tric‘suscéptiﬁility at constént
strain, thé elastic stiffness.coﬁstant at constant
polari£a£ion and'the electrosfrictive constaht

respectively, and as is’the coefficientlof the fourth
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order term in the Landau exbansibn. Thg acoustic wave
propagatihg within'the médium changes the.distance between
the dipoles which in turn induces internal energy:
'fluctuatiphs.‘°'5°hThé‘anomalies‘of v and « are attributed
to static and dynamic behavior of energy fluctuations.

In the ferroelectric phase, st;tic spontaneous
polarization appears and the fluctuation polarizaﬁion
induced by fhe sound ﬁave is ghe deviation 6Q:2 from QQ;

i. e,
Q2=Qo+6Qz  -———————m-—m—————- ———- (v-30)°

and the oécillating strain is also the deviation from the

spontaneous strain, i.e.
€3=€30+6€35  m-momm---oo--o- S V-3
Substituting (y—ao),(v—aff, into év—zgf we obtaiﬁ
F=(1/2)(%22%) "' (Qo+8Q2)2+(1/4)as(Qo+6Q20"
+(1/2)gszziep+ae3)<Qo+6Qz)2

4(1/2)C33%(€o+6€3) 2  ---------~ emmmiee- (V-32)

and
C6F=01(1/2)(X2") " '+a4Q0216Q22+(1/2)C33°8€32

+(1/2)g3226€36Q22+g322Q06€3602 ————— (V-33)
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The terms (1/2)93526636Q£2 and giz22Q06€36Qz are coupling
terms in the energy fluctuation. The crystal'has‘an
electrostrictive intrinsic éoubling term'in the free
energy F. - There is also_an intrinsic electrostrictive
coupling term (1/2)g3226€3§Q22 in the energy fluctuation.
But theré is additionally an induced ﬁiezoelectric
coupling term wﬁich is not,intrinsic in the eneréy
fluctuation. Obviously, if Qo=0 the 5iezoe1ectric
" coupling term does not exist. If there is an external

electrical field, the energy fluctuatioﬁ (V-33) becomes
SF=[(1/2)(%22") "' +a4Q0%16Q22+(1/4)a46Q2"
+(1/2)C33%6€3%2+(1/2)g3226€36Q27
+(1/2Yg9322Q06€36Q2-E* 6Q2 .-—-'-'-.-.————-' (V-33')

From Eq.(V-29) we can see that there are two variables Qo
and €izo in the expression of the free energy. In an

equilibrium system free eneréy should be minimum, so tha£
BT . EE—— S (V-34)
dF/d€3zo=0  ----- S ;-——T:——rh—— (V-35)

Solving-these,equations, we ?btain

" Qo?=(asxz22°) "*(Bszsz/Caz®-1) !
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where
333=g_322272-a4

Substituting Eq.(V-36) into Eq.(V-33) we have
6F=(1/2)(X22°%)716Q2%+(1/4)as6Q2"+(1/2)C3s°€s%+
#(1/2)93226€36Q22+9322Q06€36Q2-E+6Qz  (V-37)

where x22'° is the static dielectric susceptibility for

the fluctuation. It has the relation
X22f5=X22s(B:s/Csza—1)/(B33/C33Q+1) -  (V-38)

From (V-37) we find that whénlfhe electric field E is set
-equal to zero, the sound wave 6€z acts as an oscillating
electric field -azséE;, Qhege az3=Qogaz2.

Hithout considering {he sound wavevector dependence,
the retarded reponse of éQz-is described by a coﬁplex
dielectric susceptibility X22%( Q) when an oscillating
_electric field is applied. The induced retarded
polarizaéion acts as the retérded.stress -

X22%( Q) a2326€3(K, Q). The complex elastic stiffneés has

the form
Cas’(Qj=033°—a232k22*(Qj ————— —_——— (V-39)
The complex suscepﬁibility,has thé relation

K227 (D) =%X22F5(1+iQT*) "1  —--mmmm——- (V-40)




164

with the static suscaptibility, where 7%, the
polarization relaxatidn time given in terms of a
noninteracting susceptibility xo/N=u?/ksT and the

relaxation time 7o of a noninteracting dipole, 1is
T*=To( X227 % /X))  ==—m————=—-——--~-- (AV_41)

Assuming a Curie-Weiss law for x22°, the critical
slowing down is expressed in terms of the reduced

temperature defined by t=(T.-T)/Tc as
p*=1o(1-Bz3/C33%) /2E(1+B33/C33%) (V-42)

Owing to the piezoelecﬁric coupling, it 'is convenient in
the following to define the relaxation time of a non-

interacting dipole below. T as
T°‘=To<1—B;a/c33°)((1+333/033°) ~--= (V-43)

Then finally we get the complex elastic stiffness
cas*(Q)=czsf—Bzze<{+iQTo‘t'*/2)" -- (V-44)

where Bzz=2B3za/(1+B33z/C3z3%).

Thus

C33*(Q)=C33%-Bz3/l1+(QTof/2)%t %2

.

+iB3aQTo ft 1 /1 2(14(QT0f/2) 2™ 2)]
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and
pPve2=ReC*=C33%-Baz/[1+(Q1of/2)%t" %] -——- (V-46)
«/Q=Bzs/(pve3)eTo t ™ Q/I1+(QTo /227" %]
———————————————— (V-47)
or B
Ve?=vVa2-(Va2-vo2) /I14(QTof/2) 2721  —--  (V-48)

x/Q=t<v.?—vo?)/v.31-To‘t"g/t1+(éfo‘/2)2t'21
| M m— o — s — (V—49)
where V.=(C:a°/p)"2 is theAsound velocity of an infinite
frequency sound wa%e, and v;=(033‘/p;533/p)”2 is the
sound velocity'of a zero freqﬁency sound wave.

As we have mentionéd, eqﬁaﬁions_(v—48) and (V-49)

- result from the piezoglectric coupling tepm whiéh éxists
only when Qo is ﬁot zero, so that these equations are only
valid be;ow the transition temperature T:. Equationé (V-
48) and (f—#g) caﬁ interpret the anomalies of souﬁd
velocity and attenuation.for the phonons propagating along
_the‘direction perpendicular to the polar axis in TSCC,

(1) Suppose there éxists'onl& the piegoelectric |
.coupliné tefm ahd Va, Vo depen& weakly on temperature
below T., whereas above Te thgre is no coupliﬁg term.

Then the sound velocity will have a sudden step ub to the'

maximum vs near T. with increasing temperature, as seen in
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Fig. 16., Below but near T. the sound velocity changes
rapidly, while above but near T. fheré is a slow rounding.
This behavior has to be explained by something élse. Both
above and below T. the sound velocitiés still show
temperature dependénce which may be intgrpreted by
temperature dependenée of elastic stiffness cpnstanté.
The dips just below T; in the plots of sound velocity may
be interpreted by thé'poupling between the modés;

(2) Agcording‘to equations (V-48) and (V~49), the
attenuation coefficiept « is zero at:Tc and bécohes a
maximum somewhat below T-.. A similar shift of maximum
from T. is observed in tﬁe’antiferromagﬁets RbMnF3*? and
MnF2.*7'39+'%% In ferroelectric TGS and TGSe this shift
appears also. 21+32:33
There is a relafioh between the phonon .decay rate FAor

the phonon line width I'/7 and the attenuation coefficient

« given by
/m=«vs/M  —-——-- memmm e m s m - (Vv-50)

From Egs.(V-48) and (V-49) along with (V-50), the

temperature dependence of the line width.is
F/w=(Qz/2ﬂ)-(Bsalé)(To‘t)/{(Csse—Bss)tz‘

#C33%(QTof/2)2)  -m====---------=  (V-51)
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The line w;dth bgcomeg maximum at
tm=(T;-Tm)/ch[03;é((C33°“Bz3)]”2(To‘Q/2)
=(va/ve) (To'Q/2)  =mmmooo- S — (V-52)
The ratio ve/vo 1is estimatgd to be‘nearly equal ?o unity.
Hence, Eq.(V;52) bécomes
ta=T0%Q/2 ';——f —————————————————————— (V-53)

From Figs.22-24 we see the shift of thé maxfmum from
T..
For phonons propagating along [00{] observed by small

angle scattering, we find

Te-Ta=0,072 ‘K
and

Q=1.05%10'° sec™?

Substituting Q, Tc-Ta=0.072 K and T.=130 K into Equatioﬁ

(V-53), we obtain
Tof/2=5,25%10"'* sac

This agree quite well with the result 2.7*10°!'? sec
obtained by Hikita et al.?! from right angle scattering.
The exact meésurement of tn is avnew'method to estimate

the relaxation time and is the only method available to
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obtain the relaxation time oflthé order parameter in
antiferroelectric moleculaflcrystals. The higher the
freqﬁeﬂcy of.the soun& wave, the larger the temperature

deviation. Brillouin experiments are convenient for this

purpose because of their higher sound freguency. Even the

different angle Brillouin scatterings show Qery obvious
evidence of this relation stated above. The relation
between the temperature shift tn and the sound wave

frequency is shown in the followihg table

Q (GHz) Te-Ta C(K)
2n*1.68 ‘ 61072
2mx21. 48  0.776
27%32. 35 0.786

From this.table we see that ts. increases wiEh increasing
sound Qéve frequency as sho&n in Fig.34. From small"
angle scattering to right angle scattering the temperature
shift of tn increases almost propontionallyAto the
frequency.

The shift of the maximum from T. guarantees that the

anomalies of sound velocity and attenuation for the.

phonons propagating along [ 0011 is caused‘hy piezoelgctric.

coupling induéed by spontaneous polarization below T..
For phonons propagating alon§ (0101, the polar axis,

the anomalies of the sound velocity are quite diffgrent.
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These phonons induce polariéation waves with the same
wavevector through the piezoelectric coupling. As stated
above, this K-dependent strain wave acts as an oscillating
K-dependent electric field for the polarization.®%*:%35 When
the wave vector of the polarigzation wave is parallel to

the polar axis, a depolarization field

Ez=-47Q2
appears. In general, this field is given by the
expression
E2(K)=-L(K2/K)2Qz(K)  —=c-mmmmmmmmem (V-53)

Taking this term into account in the free energy without

strain, we have

F=(1/2){(x22°) " +L(K2/K) 23| Q2 [2+(1/4)as|Q2]|*

________________ (V-54)

Namely, the K-dependent static susceptibility x22° is

altered to
[%22(K)) " '=(x22) '+L(K2/K)2  -=--=nn (V-55)

The dielectric susceptibility ié proportional to the
mean square of the polarigation fluctuation. Including
the case of the finite E value, we can derive the

generalized susceptibility for the long wavelength
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" fluctuation in the form
Xzz(i)'=(|Q|2>/kaT

={(X22%) " '+L(K2/K)2+TK2}"1

where L is. used to express a-gengralized Lorentz fi;ld
from the microscopic:point of View. I denotes the effect
of the spatial fluctuation in the free energy.

The expression (V-56) is a new static susceptibiiity
in equation (V-38), Using this expression, we can
easily derive the complex dielectric susceptibility and
then, the complex elastic stiffness constant.

For the éransvérse sound wave Es(Kz,é) we can get the
dependence of X22(Ki through that of C22(K, Q) only by

f

substituting equation (V-56) instead of %X22° into

Eqs.(V—38)—(7—46).' In oﬁr expériments, the phonons
propagating along the polar direction are longitudinal and

the elastic stiffness»constant is given by
: cgz*<KZ;Q)=02°—agzkzz*(K2,o) R (V-57)
and
X22‘f¥[(e1/2)(x2;‘)"—LK221"(1—Bzz/czz°), (V-58)

T =70l (=1/2)(X22°) " '=LK221"'(1-B22/C22%)  (V-59)
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Substituting Eqs.(V-Sé, 59)‘into (V-40), we obtain
X22%=0(<1/2) (E+@) 171 (1-B22/C22%)
S41-iQTo T E+alR2) 171 —mmmmooo- (V-60)
where-x ig a function of Kz and
Tof=(1/2)To(1-B22/C22%)

Substituting Eq.(V-60) into (V-57), we have the following

exprgssion for the complex stiffness C22%,
'sz*(Kz,Q)=C22°fBzzt/[t+m(K2)i
"1/{ﬂ-(iQTo}/Z)[£;x(Kzi]°i} (V-61)
From (V-61) .we have
‘Resz*(Kz,Q)szzG—B22£[[ﬁ+x(Ké)]
c1/{1+0QTef/2) 2 (t+a) 2} -- (V-62)
Im022*(K2;Q)=—Bzzt/(t+m)

-(éro‘/z)(t+x)'*/[1+(Q}o‘/2)21t+¢)'21
Smmmmsssmmooo-o-- (V-63)
and
pv,z;c?2°—Bzét/{(tfx)[1+(QT§‘/2>2(t+a>‘2]}

________________ (V-64)
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T/wm=cvs /7

=-B22t0%70f/{PV, 2 M E+x) 2114 QT0 ¢ /2) 2( E+e) "2}

From Equation (V-64) we can define Ti=«T.. And then

when T->Tk, (t-«)->0, so that
Ve=>Vn with [1)(t+x)];>0‘
Comparing Equation (V—4é) where
VeZ=va2-(va?-ve?) /L1+(QToF/2) 2L7 2]
when T->T., t—>0,.§o fﬁat

Vvs->Ve with (1/t72)->0

v

He foﬁnd that in the first case v, apﬁroaches,v» slower
than in tﬁe éecond case that we see in Figsj13—18.
Formulas (V-64) and (V-65) qpalita£ively wéli describe the
anomalies of sound velocity and attenuation for phonons

propagating along [ 0101, if « is small. Because
Eras[ (Te+Te) =T1/Te  ——===<-====  (V-66)

if « is large, there is no anomaly of sound velocity and
attenuation for the [0101 phonon, as for TGS,?''3% which
shows no anomalies for these phonons.

We also found the maximum of the line width of these
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phonons from Equations (V-64) and (V-65) at thé

.temperature T, which satisfies the relation
Te-Ta=[C22%/(C22%-B22)1%/2aT,  -=—-=~- (V-67)

The quantity T:-Ta has nothiﬁg to do with the frequency of
‘the phonon.. Our expeﬁimehtal results are shown in the.
following table and Fig. 35. It does agree quite well

with the theoretical result stated above.'t!*t2:22,3t

Q (GHz) | Te-Ta( K)

1.86 2.86 _
© 20. 4 0 3.14
31.2 2. 90

From Fig. 21 at the temperatdre Tn Wwe obtained
I'/7=180 MHz, Q=31.3 Gﬁz, ve=5193 m/s, vo=4739 m/s.
Substifuting all those values into Equation (V-65), we éet'
To=8.24%107 1?2 sec. This result agrees well with the
result from the ultrésonic measurement, To=7.7*10_1é sec.
Chen and Schaack obtainédb Te=2.7%1071% sec from their
analysis of the pseudo—sﬁih—phonon coupliné 6f Raman and
infrared spectra. This value ié dné ordep~of magnitude
larger than ours for the ﬁhonon propaéating along the
direcfion‘perpendicular ﬁo the'polar axis.g,.sut one order
df maghitude smaller than ours.for phonbns propagating

along b. Deguchi et al.®! showed that the relaxation time
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in TSCC is expressed By T=3.8*%(€3-€w) sec from their
dielectric dispersion measurements. If we use the values
‘c*=30 to 50 K for the Curie constant'? and the relation
C*/C" =2 we obtain the values 7=4.4*10"'%* to 8.5%10°'* sec
for the eleméntary relaxation time which is ih relatively
good agreement with our value. Though we obtain an order-
parameter relaxatiop time from the Bfillouin scattering
experiment, this does not necessarily mean that TSCC
undergoes an Qrder~disbrder phaseltrahsition. It is also
possible to adopt the interpretation that the soft . phonon
mode frequency decreases and the damping constant «
diverges as T: is approaéhed. In such an extremely dampeq
case, the system has the égme correlation function as that
of the relaxational mode where the effective_relaxation
time is given by I'/Qo?2.

Finally, we note a very strange phenomena shown in
Fig. 25. We find that the sound velocity of the
longitudinal phonons propagafing along [ 0101 from thg back
Brillouin scattering is larger than those from right angle
and small angle Brillouin scatﬁéring.‘ The discrepancy of
the sound velocity between the "back scatténing and the
right angle scattering is about 3.15% and the discrepancy
of the sound‘veloéity between the small anglé and the
right angle scattering is about i.64%. He considered the

possibility that these deviations were caused by
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experimental error, for instance, incorrect measurement of
the scattering angle inside the crystal, or using the
incqrrect‘order'of prattern to célculate the frequency
shift. He carefully checked the pattern order.énd are
sure it was correct. The érror for thé angle measurement
is at most 1.'0°.56 We are sufe that the differences of the
sound velocities among the different scattering_angles are
realf

3. Experimental accuracy and effects of a finite

" acceptance angle

Let us briefly diécuss the ‘accuracy associated with our
measurements of Brillopin’splittings,,sound velocity and

phonon decay rate.

.(1) Experimental_accufacy of frequency shift

Qur basic data are the obsgrved Brillouin splittings.
These splittingé are influenced by the ability to take.
measurements off the chart recordings due tp a finite
signal to noise ratio, by fluctuatiohs in the femperature
that alter the Brillouin splittings via the temperature
dépendence of the sound-velocities, by_the'uncertainty in
the spectrograph;éalibration, and by-shifts in the
position of'éhe Brillouiﬁ components due to the finite
acceptance. angle of the speétrometef. Incorrec£ angle
measurement may cauéé'als&stemaﬁic deviation'of the sound

velocities.
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We estimate the uﬁcertainty due to the signal-to-noise
limitation, found by exaﬁining the véfiation in measured
splitting from one traée to.another, and the ﬁncertainty
ng to the aécuracy of chart recorder, to be about 0.3%.
(2) Accuracy-of the sound velocity |

From Equation (V-69)
§V=(2nvv/cl)sin(6/2)
v=(§Vve) /(2nvsin(6/2))
dV/V=d(6v)n/6v+d§/v+dn/n+cot(B/Z)de (V-68)

In Equation (V-68) the first term d(6v)a/6v is.due to the
measdrement error and temperature fluctuation, whose
magniﬁude we have already calculated to be 0.3%. This

error is random, and will not cause a systematic deviation

for the.souhd_velocities. The second and third terms are -

negligible. Ihe importané term.is the laét; cot(8/2)ds6,
éspecially for small angle scattering. 68 may be the
acceptance angle and'the incorrect angle measurement. Tﬁe
acceptance.angle which éauées the line broadening of. the
phonon is random. It has né effgct'dh the velocity
measurement. kHowever,'incorreét angle heaéurement will
bring a systematic deviation into the sound velqcity. In
our experiment the angie measurement error is estihated as

1.0°,%7°5%8 ‘5o that
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cot(6/2yde=13. 3% . for small angle scatfering
cot(8/2)de=0.08% for:backscattering

(3) The line width of the phonon

He again differentiate the expression
§v=(2nvV/eclsin(86/2)
-and obtain

d(5V) /76v=dn/n+dv/v+(dV) inst/V+tcot(6/2)d6/2

N e T e (V-69)

In the expression above, dn/n is negligible; and dV/v'is
due to the velocity fluéfuétion"induced by the temperature
fluctuation. The third term (dV/V)ins: is due to the

instrument in our case,
(dV/V)iast=0,023-FSR/V

because the finesse of the Fabry-Perot inferferometer is
abouf 42-46.

The instrumental effects can be measured. To do so one
simply measurés the-lihe width of the elastic scattering
peak. It happens that the instrument can be quite
accurately described by a Géussian profile with a half—‘
width at half maximum of 0;023FSR. We measured the widfh

of the central ﬁeak on each spectral trace and used this
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width as the appropriaté ;nstruméntél width. Most of the
centrallintensity at room témperaﬁure is due to elastic
scaftering;

Thus, the observed Brillouin dompénent profile 3(Q) is
a convolution of a-Gaussian'instrumenEal function g(w of
known width with a Lorentzian shaped spectrum h(w) héving
a width détermined by the phonqn fifetimeﬁ ‘The functiop

5(w) is given by®®

'§(Q)=Ih(x)g(Q—x)dx ———————————————— (V-70)

where
gl 0) =goexpl ~02/8%)
and

h( Q) =ho /L 1+(Q/T)?%]  —=--emmmomomm—- (V-71)

Here g( Q) has a full-width at half-height giveﬁ by

Winst=2Y1nB=0,023FSR -———---—————= (V-72)

and h(Q) has a full-width at half—height given by

The observed Brillouin profile, 3(Q), has a full-width W;
at half~ﬁeight 81/2. He measure Wz and Winst'and want to
determine [/ .

Fortunately, 2(Q) is a known function, the Voigt
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function. It turns out that the natural line width is-

approximately given by

wPh=W§"‘w1nst ____________________ (V-74)

The measured line width W; includes the effects of a
finite accepfance angle. In oﬁr case the acceptance angle
66 is about 0.4° and the subtended angle of the incident
beam 66’ is about 0.4°, Because bothifhe écceptance and
the subtended angles are solid angles, the total effective
acceptance angle is about 0.9(66f6é')=0.72°. The line

broadening due to ﬁhis anglg.is given‘by
d(év)/évﬁ(1/2)cot(é/2)de ———f;—f— SV—75)

In otherAwordst the lineﬂbroédening due to this éffect is
Hans=d(6y). « =m=mmmmmmmmmmmmmmm o (V-76)

Assuming 3(Q) and the effects of the finite acceptanée

angle are Gaussian distributions, we obtain
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Conclusions

From gll tﬁe experimental analyses and théoretical
calculation, some conclusions are obvioué, but oéhers are
still not very clear ahd:are topics for future work.:

The clear concluéions are the'following:
'(1) The anomalies of the hypersonic velocities for thé
phonons both along the polar—éxis [010]1 and perpendicular
to the polar axis fér small angle, fiéht aﬁgle and back
Brillouih scattering clearly show that TSCC uhdergoes a
phase ﬁransition at the temperature T.=130 K.
(2) For'phonohs propagating perpendicular to the.palar
axis the phase tranéition ié marked by a sharp step up in
phonon velocity in going from the férroelectric phase to
"the paraelectric phase and accordingly the decéy‘rate has
a sharp peak-somewhat below Te. Thege agree quite well
with theoretical calculations based on induced
piezoelectric coupling of the phonons to the polarization
fluctuations below T. by the iptrinsic coupling quadratic
in polarigétion and linear in strain. The theoretical
results for these calculations are

the sound velocity
ve2=va?-(vaZ-vo2) /L1140 QT )ZET2]

and'attenuation coefficient
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/0=l (Va2-vo2) /(2Ve3)1QTo £ /[ 1+(QT0 %) 2t 2]

(3 éor_phonons propagating along the polar axis, the
pPhase tpaﬁéition is not mérked by a sharp step up in sound
velocity, but rather byia rounded increase from the
ferroelectpic to paraelectric phase. quordingiy, there
is no sharp peak for the temperatﬁre-dependence of decay .
rate, but only a rounded hump consistent with theoreticgl
results based on a small depélarization‘effect. The sound

velocity is
v52¥022°/p—(322/§)t/{(tf«)[1+(QTo‘)2(t+m$'2y}
and the attenuation cpefficieﬁt is
@/ Q=-(Bz22/p)»t/(t+e) 2{(QTo ") /11
F(QTo ) 2(t+e) "213 - S

(4) The experimental data for the value Tc-Ta agree very

"well with the theoretical results
Te-TaoQ for the [001] phonons
T.-Tan=constant for the [010) phonons

"We are the first to obtain data to support this
thgoretical result.

(5) The frequency range which we covered is about 2 GHz to
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32 GHz which is the largest range ever achieved.~ On this

wide range, we found experimentally that
Tc “Tm WQ.

However, the.anomalies of hypersonic Veiocity of these

phonons are similar.

Suggestions'for Future Work

(1) We have done shall angle, right angle and back
Brilloﬁih scattering. Nevertheless, the angle (frequency}
dependence of the sound'velocity and egpeqially,ltﬁe angle
‘dependence of the value T.-Tn, is still vefy'inﬁeresting.
We suggest that a wide and continuoué range of angle.be
eﬁployed for future Brillouin scattering experiments.
There ére two ;easons why we suggest‘this.

First, wé found that'the sound velocity for phonpns
propaéating along the polar axis [ 010! for back scattering
is larger than for right ahgle and small aﬁglé scattering.
We should measure scatterin§ gt additional ahgles to
investigate this unusual phenomeﬁbn.

Second, the-relation Tc-TawQ also needé‘more
Aexperimental data to éupport if. These measprementé Play
a cehtrallrole in proving the validify of thé pthonj,
polarization couplinglmodel we proposed in the ﬁrevious.

chapters. To do scattering at more angles we' now need a
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cryostat which qaﬁ easily.accommodate'a continuous range
of angle

(2) For small angle scatter;ng, we néed an accurate
_meas@remént of line width. Becauée smaller aﬁgle
scattering cqrresponds tq a smaller frequency regidn, the
line width is rglativel& smaller. The témperature at
which the decay raté is maximum is very important and very
close to T. for [0d1] phonons. For [ 0101 phdﬂons the
maximum of the aecay rate is reiafi?ely very small. These
aspects of temperafure dependeﬁce of the decay rate are
very important evidence for determining the sort of
phonon-polarization coupliﬁg aﬁd the caterory ofiﬁhé phase
tfansition."To do this we need.high spectrum contrast and
high fesolution. Cdnsequéntly, we have to change the
three pass sysfem to a five péss system. "Then the .
contrast will increase up to 10“—10‘2.‘.We have to éhanée
‘the control program to divide the ramp forlthe scan
voltage_of the ramp generator into more steps, say froﬁ'
1024 to 2048, and increase the number of accumulating
chanhéls frqm 256 to 1024. These changes will greatly
increase the resolution of the‘spectrgm and will alléw
more accurate iine width ﬁeasufement

(3) The Brillouin scattering.forrlongitudinal phonons
both along the polaﬁ axis and perpendicuiar to it has been‘

studied quite carefully, but transverse phonons have hot
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been studied very much.’

I@ will be very interesting to study the transverse
phonons énd compare with the,resglts for longitudihal
phonons. These studies may lead us to understand better
the category of thiS'phase transition.

First, the transverse phonons propagating along the
polar axis should'hdt have fhe depolarization effect. The
results for the anomalies of sound‘velocity and
attenuation should confirm our'small dépolarization model.

Second; thé'transverse phoﬁdné prqpagating
pérpendicular ﬁbnthe.polar axis but polarized élong thev
pélar axis are very interesting too. We should study the
phonon—polarizgtion coupling by the ﬁranéyerse modés.

(4) As we'mentidned before, the sound velocity of .
lohéiﬁudinél phonons propagating'along the boldr axis
[050] for bgckscattering is larger than.for right éngle
and smaii angle scattering. It seems that the difference
of the sound velocity among the different'scatteriﬁg
angles oﬁly pelates to the frequency. That is, the

effective complex elastic stiffness depends slightly on

frequencynofvthe phonons. He dq not have a model to'
explain it yet. It does not seem to be . caused by the
phonon—ﬁolarization coupling. To develop a model we must

first find out how the sound velocity relates to the

frequency. That the basic phonon~disbersion relation is
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not linear seems impossible because the disperéion cur?es
of acoustic branches,.as_determine& by neufron scattering,
invariably bend downward with increasing k which makes the
sound velocity decrease rather than increasé; In
particular, one generally does not see sﬁch a strong
nonlinearity so close to the Brillouin zone cénter. Some
effect 6f this type coula arise from coupling to another
relaxing degree of freedom; but what is it? And aiso, why
does it appear in tge [010f data between the 90 and‘180
l .

degree data, and does not appear in the [001] data? This
question requires'furtﬁer investigation. |
(5) Brillbuin scattering near the fricritical point

The paraelectric-ferréeleetric phase trénsition
temperature T. increases quite rapidly with applied
hydrostatib pressure, >’ but thevparaelectric-ferroelectrié
phase boundary is terminated at a.triple point at 5.03
kbar and 176.8 K by a first-order phase transitfon line
with even s£eeper slope which boun&s a third,
antiferroeleétﬁic phase6° shown in Fig. 36. Hindsch found
that the paraelectrichérroelectric transition becomes

first-order at a tricritical point riear thg triple

_.point. ¢!t

Because the sound velociﬁy anomalies are attributed to
the spontaneous-polarization induced piezoelectiric

coupling term g322Q06€36Q2, the characteristics of Qo will




























