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Brillouin Scattering Study
on o-Terphenyl Single Crystal

SHINGO KONDO', KENJI TAMURA and MOTOSUKE NAOK!

Bioscience Department, Faculty of Engineering, Gunma University, Kiryu,
Gunma 376-8515, Japan

(Received May 05, 1999)

Elastic waves in the o-terphenyl single crystal belonging to the orthorhombic system were measured
by the Brillouin light-scattering spectroscopy. Wave vectors of elastic waves were obtained from
three principal values of dielectric tensor determined by a new simple method. All nine elastic con-
stants representing elastic contribution to the free energy have been determined, which show interme-
diate anisotropy between benzene and linear polyphenyls. The anisotropy can reasonably be
explained from the arrangement of the phenyl bonds and the inter-molecular interactions caused from
the packing of molecules in the crystalline lattice. It has been found that pure transverse elastic waves
would not be observed in this system by the Brillouin scattering.

Keywords: o-Terpheny! single crystal; Brillouin scattering; elastic modulus tensor; dielectric tensor;
total polarization

1. INTRODUCTION

o-Terphenyl supercools and vitrifies near the room temperature, and has exten-
sively been investigated as one of typical molecular liquids“"”. Further, since
o-terphenyl crystallizes slowly[5’6], its large single crystals can be prepared.

The pressure-volume-temperature (P-V-T) relations of the liquid, the super-
cooled liguid, the crystal, and the glass were previously presented, and the bulk
modulus and the internal pressure (the bulk intermolecular force) of each state
were determined!’]. The excess entropies of the liquid and the glass were ana-
lyzed and the communal entropy of molecular liquids was revealed!®]. Since the
bulk quantities obtained above, however, correspond to those averaged over

* Correspondence Author.
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space, effects of anisotropy of individual molecules on intermolecular interac-
tions and configurations and on molecular motions are left unknown.

The collective motions, which reflect the intermolecular interactions in con-
densed matters, can be observed by light scattering. The Brillouin light scattering
offers information on the propagation of the thermally excited acoustic modes of
motions, i.e., the elastic waves. The frequency € is available from the Brillouin
shift and the wave vector K from the scattering vector q[9'10]:

Q= |ws ~ wif, (1)
K=q=ki -k, 2)

where o and k are the angular frequency and the wave vector, respectively, and
subscripts i and s denote the incident light and the scattered light, respectively. If
the anharmonicity can be neglected, the harmonic term of the elastic potential
energy is available from a set of frequencies and wave vectors.

In this work, we have determined the elastic term of the free energy and all
components of the elastic modulus tensor for the o-terphenyl single crystal and
have discussed the inter- and intra-molecular interactions. A simple method to
obtain the principal values of the dielectric tensor, which is required for the eval-
vation of the scattering vector in anisotropic media, has also been developed for
bodies with nervous surfaces.

2. ANALYSIS

The elastic properties of crystals are represented by the elastic terms of the free
energy, F. In the harmonic approximation, F of the orthorhombic system is
expressed by[”]

1 1 1
F :aAzzzzuiz + ’iAyyyyuzy + 'éAzzzzUzz

+ Azmyyuzzuyy + Ayyzzuyyuzz + AzzzelzzUas
2 2 2
+ 2Amywyuzy + 2Ayzyzuyz + 2Azwzxuzq;7 (3)

where Aj,, is the elastic modulus tensor, which has nine nonzero components for
the orthorhombic system, and uj is the strain tensor relating to the j- and k-th
components of the displacement vector u and the coordinates x; and x by

_ 1 au]‘ Buk
Ujk = 5 (6_7*; + 8mj) , (4)
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Determination of elastic modulus tensor

In the medium with the density p, there are thermal molecular motions obeying
the equation of motions!!1]
Pum

L 5
Thlm 6zk6zl ( )
which represents the elastic waves. In the case of the monochromatic plane
wave, i.e., u= uoe’(K"‘Q’), u, £, and K satisfy the following equations:

(P28 5m = Ajrim KeKi)um =0, (6)

pﬁj:)\

1028 jm — Ajrim KrKi| = 0, (7

where Sj,,, is Kronecker’s delta. For some special wave vectors, egs. (6) and (7)
take simple form. For examples, these follow for K(X,, 0, 0)

pQZ = /\mmma:sz Uy # 0, Uy = U, = 0, (8)
P = Apyoy K25 4y #0, up =u, =0, (9)
P = A2 K25 u, #0, Uy = Uy = 0, (10)
and for K(K,K,, 0)
PQz = )\zmsz:; ’\yzyzK;; Uz :/é O,Uy =uz; =0, (11)

1
(pnz)i = 5[()\mzz + Azuw)K: + (’\zymu + Auuuu)KE

+ \/{(’\zwm "’\zywy)Kg + ()‘wywy- ’\yyyy)K:}z +4{(/\wwyy+’\wwy)Kwa}2]§

U,
= = 1/{2(’\2*ywy +’\zmyy)KmeH(_’\mm +’\zymy)K§ + (_)‘zywy + ’\ym/u)K:
Uy +

+ \/{(/\zuz - Azyzy)Kf + ()‘zwy")‘yyyy)Kyg }2 +4{()‘zzyy+/\xwy)Kwa}2]a
u, =0. (12)

Similar expressions can be obtained for K(0, K, 0), K(0, 0, K)), K(X,, 0, K)),
and K(0, X, K)). In the elastic waves ruled by the equations such as egs.
(8)-(11), the displacements are parallel or perpendicular to K. We call these
states as “pure-longitudinal” or “pure-transverse” denoted by 1, or t,. On the
other hand, in the elastic waves ruled by the equations such as eq. (12), the dis-
placements are neither parallel nor perpendicular to K, i.e., K-u # 0 and Kxu = 0.
These waves are called as “pseudo-longitudinal” or “pseudo-transverse” wave
denoted by 1,,;, or ti..

The elastic modulus tensor can be determined from the frequencies of the elas-
tic waves with adequate independent wave vectors. Since the wave vectors of the
elastic waves are obtained from those of the light in the sample (see eq. (2)), the
refractive index in the propagation direction of the light, i.e., the dielectric tensor,
is necessary.
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Determinations of refractive index and dielectric tensor

The o-terphenyl crystal belongs to the biaxial crystal, in which the propagation
of the electromagnetic waves is usually complicate, except some certain direc-
tions and polarizations[g'm. The wave vector k, the electric field E, and the
energy flux vector (Poynting vector) S of the electromagnetic wave in the biaxial
crystal can be obtained from the following equations.

k = wo/con, (13)

S =[E x H] = ¢gcg{nE?> — E(E -n)}, (14)
(n*8;r — njng — 1) B = 0, (15)
[n?8;% — njng — e5x| = 0, (16)

where @y is the frequency of light, ¢ is the velocity of light in vacuum, and g
and g are the vacuum permittivity and the dielectric tensor, respectively. The
magnitude of n gives the refractive index along its direction.

Here and what follows, we use the coordinates coincident with the principal
dielectric axes. In the case that the light propagates in the xy-plane, i.e., n,= 0,
the following expressions can be obtained,

n?=¢?; E,#0, E,=E,=0, (17)
2 2 (v
o My g B €Yy _
clw elz) =1 Ey - 5(m)nm’ B =0, (18)

where £, £, and £ are the principal values of the dielectric tensor.

When the light is polarized perpendicular to the coordinate xy-plane, i.e., paral-
lel to z axis, egs. (13), (14), and (17) lead that the refractive index »n, is independ-
ent of the direction and that the direction of S coincides with that of k. Therefore,
the ordinal law of the refraction holds on a boundary plane (a crystal face) paral-
lel to z axis:

in 6,
LB ) = Ve, (19)

. 3
Ng sin 4,

where 0; and 0, are the angle of incidence and refraction, respectively, and n, is
the refractive index of the surrounding medium. The light polarized perpendicu-
lar to the incident plane is called as “in the s-state” and that polarized parallel to
the incident plane is called as “in the p-state”.

When the light is polarized parallel to the coordinate xy-plane, egs. (14) and
(18) lead to
E(y)ny

S’!/
3= o (20)
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Egs. (18) and (20) indicate that the direction of k differs generally from that of S
and that the refractive index n, depends on the direction of k, i.e., n. For the light
incident upon a boundary plane (a crystal face) parallel to z axis in the p-state, its
directional angle of the wave vector from x axis becomes o + 1 — 0,, in the crys-
tal and

Z—y =tan(a+ 7 —0,), (21)
’I‘I,“ sin 90

i L 22

ne sinf,’ (22)

n”z = ’I’li + ’I’LZ, (23)

where o is the angle of the outer normal of the crystal face from x axis, 0y is the
incident angle being positive in a clockwise direction, and 6,, is the angle of
refraction. From eqs. (18) and (21) — (23), n; for the p-state is expressed in terms
of B as

()
(n}—e®)y={(1- £ (cosay/n? — n2sin? g + ng sinfpsina)?.  (24)
i g(y) Il

One way of the estimation of £, €0, and €@ is to measure the angle of the
total polarization 6,. The energy flux of the light polarized parallel to the inci-
dent plane (the p-state) is not reflected at the incident angle of ep on a boundary
plane having the incident plane coincident with the coordinate plane. Relations
among 6, the angle of refraction 6,, the refractive index n,,, and the angle of
refraction 9 for the energy flux vector S can be written (see Appendix) as

1
sin #, cos B, (t

+ tan93> =1, (25)
and,

sinf, _ny _ N, (26)

sinf, 1,
ew)
tan(a — 63) = —(-;)' ta.n(a - Gn) (27)
€

Eliminating 0,, and 6, from egs. (25) ~ (27), we have the equation for the

refractive index n, as

PX’-QX+R=0, (28)
P = cos fp(ytan® a + 1),
Q =2(y—1)sinf,cosftana + ytan® a + 1,
R = sin 6,{sin B, cos B, (tan® o + ) + (v — 1) tan a},
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where

X = /n2 —sin®8,, (29)

e
Since £ is expressed from egs. (18), (21), (23), (26), (29), and (30) as
nZn2{(X +sinb, tana)® + y(X tana — sin6,,)?}
(tan? o + 1)(X?2 + sin” 6),)
values of €™ and €®” can be obtained by adjusting v so as to have the same val-
ues of €2 for Op measured on (more than two) independent crystal faces that are
perpendicular to the xy plane. £€® can be obtained from 8, measured in the

another coordinate planes.
1f €% = €0, egs. (25) ~ (27) reduce to

tan 8, = ny, (32)

eW = . (31)

np=1. (33)

The former is the Brewster’s law and the latter represent that the refractive
indexes of both media are the same.

3. EXPERIMENTAL

Material

o-Terphenyl sample purchased from Tokyo Chemical Ind. Co. was purified by
repeated recrystallizations from methanol solution. Three transparent single crys-
tals with sufficient dimensions (ca. 7 x 7 X 30 mm) for optical measurements
were prepared for the Brillouin light scaftering. The form of the o-terphenyl sin-
gle crystals is essentially the same as that in literature'), Relations among the
crystallographic axes, the Cartesian coordinates, and the principal dielectric axes
used in the present work are illustrated in Figure 1. The crystallographic and
thermodynamic data are listed in Table 17131,

Brillouin light scattering

A schematic diagram of the Brillouin light-scattering spectrometer is shown in
Figure 2. The monochromatic light with the wave length of 488 nm generated by
an Ar-ion laser equipped with an air-space etalon was focalized in the sample
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y.Ny,C

X, Ny, G
c
302237 2(57.67°)
(b)
1(38.53°)

9(321.63")

7(237.76") 8(302.2¢9")

FIGURE 1 a) The form of o-tephenyl single crystals. (x, , z): elasticity, (ny, ny, n,): optics, and (g, b,
¢): crystallography. b) Crystal faces, their normal vector, and facial angles measured from a axis

through a lens with the focus length of 0.6 m after adjusting its polarization with
a half wave plate and a Glan-Thomson prism. The light scattered in the angle 0 +
1° with a polarization aimed at was collimated through a lens with the focus
length of 0. 1 m and was analyzed with a Burleigh RC-110 five-pass Fabry-Perot
interferometer operated at an optimum free spectral range. The output of the
interferometer was transmitted into a photon-counting system assembled with a
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Hamamatsu R464 photomultiplier tube and a NAIG E multichannel scalar sys-
tem. The Brillouin spectrum was accumulated over 2000 sweeps of the interfer-
ometer and was traced with a Hewlett Packard 7004B X-Y recorder over two
free spectral ranges. The instrumental finess estimated from the line width of
unshifted component (the Rayleigh line) was about 60. The temperature of the
sample was controlled to 25 + 0.5 °C.

TABLE I Characteristics of the o-terphenyl crystal at 25 °C

Crystal system® orthorhombic (P2,2,2,)
Axial lengths?, a/nm 1.86

b/nm 0.605

c/nm 1.18
Number of molecules in unit ceil 4
Density®, plkgm™ 1165.22 + 0.30
Thermal expansion coefficient?, ax10*/K! 2.470 + 0.0017
Heat capacity at constant P°, Cp/TK 'mol™ 276.6
Heat capacity at constant V°, Cy/TK  mol™! 261.9
Isothermal bulk modulus®, ¥r/ GPa 4,078 + 0.005
Adiabatic bulk modulus®, ®g/ GPa 4.308 = 0.005

a. Clews and Lonsdale (Ref. [5]).
b. Naoki and Koeda (Ref. [7]).
c. Chang and Bestul (Ref [13]).

According to the wave vectors required (Figure 3), three types of the setting of
the crystal were used. The peak frequency vg, the line width at half height Ag,
and the integrated intensity Ip of each shifted doublet (the Brillouin lines) were
measured together with the line width A, of the central component (the Rayleigh
line). Assuming A, to be equal to the instrumental width, the true Brillouin line
width A was obtained from Ag by subtraction of A,..

Principal values of the dielectric tensor

The principal axes are sought as those when the field of a cross-Nicol became
dark. 8, for the blue light was measured for each crystal faces in both clockwise
and counter clockwise directions. €™ and €9}, were so determined as to mini-
mize the deviation of €™ calculated from (-) with egs. (30) and (31). £ was esti-
mated from €* and 0, measured for a crystal face having the incident plane
coincide with the zx- plane (Figure 1).
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APA, Ly FP L, PM

N NANA
Ar SC VAN Tigi B (|
Phy TP, Ph; CCi JCC2 Phy
CT
L1IS RG
SA GTP,
M 2 Rc MCA P

Os -

FIGURE 2 A scheme of the Rayleigh-Briliouin light scattering spectrometer. Ar: Ar-ion laser, SA:
spectrum analyzer, M: mirror, A/2: half wave plate, GTP: Glan-Thomson prism, L: lens, IS: iris stop,
Ph: pinhole, CT: circular table, SC: sample cell, Ap: apeture, CC:corner cube, F-P: Fabry-Perot inter-
ferometer, PM: photomuitiplier tube, RG: ramp generator, Os: oscilloscope, MCA: multichannel ana-
lyzer, and Rc: recorder

4. RESULTS

The o-terphenyl single crystal showed one distinct zone axis, which corre-
sponded with one of the principal dielectric axes. Another principal dielectric
axis was found to be perpendicular to a pair of parallel crystal faces. These axes
have been found to be coincide with the crystallographic axes. Any face perpen-
dicular to the other principal dielectric axis was not found. As a matter of con-
venience, we will take Cartesian coordinated in which x, y, and z axes correspond
to a, ¢, and b crystallographic axes, respectively (Figure la). The facial angles
measured from x axis are shown in Figure 1b. The principal values of the dielec-
tric tensor estimated from 6, are listed in Table II. The experimental errors in
eWand € are about 0.7 % and the errors in €@ may be somewhat larger than
those. The fairly large uncertainty g™ may come from the difficulty in determi-
nation of 8, and from a lack of the flatness of the crystal faces.

TABLE II The principal values of the dielectric tensor for blue light (488 nm)

= @, 2972 £ 0.021
W)= £ 2.627 £ 0.019
D)= ) 2.879
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(a)

(b)

(c)

FIGURE 3 Three types of the scattering geometry. a) K(X.. K,, 0), b) K(X}, 0, K), and ¢} K(X}, K,
K)
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One or two Brillouin doublets were observed in all VV spectra and in some
HH spectra, but no Brillouin spectrum could be detected in the VH and HV spec-
tra, except the wave vectors of K(X}, K, K;). Two examples of the spectra are
shown in Figure 4. Frequencies and wave vectors of the Brillouin lines are listed
in Table III. Deviations in the Brillouin frequency are within £1 % among three
o-terphenyl single-crystal samples and among different pairs of crystal faces that
offer the same wave vectors. Deviations in the attenuation coefficient oA
(= mA/vp) per one wave length are considerably large (0.04 — 0.07) among the
samples and the pairs of the crystal faces.

TABLE III The wave vectors and frequencies of the observed elastic waves together with the
frequencies calculated from the elastic constants and directional angles of the wave vectors and
displacement vectors from x axis

Wave vector in 107 m™! Frequency in GHz Angle in degre
Kx Ky Kz observed  calculated K u
2.34 0 0 12.46 12.46 0 0 1, 13.09 GPa
3.35 1.83 0 19.61 19.66 29 23 Lnix
9.65 9.54 113 Lnix
0.55 0.49 0 3.62 3.62 42 34 1 nix
1.77 1.79 124 tmix
1.02 1.83 0 9.53 9.63 61 51 Lnix
5.20 5.19 141 tnix
0 3.70 0 1547 15.47 90 90 1, 8.07 GPa
3.85 0 1.12 20.76 21.06 16 1 1nix
2.09 0 2.09 13.85 13.96 45 32 1ix
6.64 6.69 122 tnix
039 0 121 513 5.06 72 59 L nix
3.13 3.03 149 tmix
0 0 1.82 6.76 6.76 90 90 1, 6.34 GPa
0 222 222 13.55 13.68 45 41 1 iy, from y axis
1.16 1.85 222 14.02 13.91
7.63 7.69

As the directions of the dielectric principal axes of o-terphenyl coincide with
those of the crystailographic axes, we have assumed the principal axes of the
stress and strain tensors also coincide with the crystallographic axes. Then values
of three components of the elastic tensor can be estimated as 13.09 GPa from
K(X,, 0, 0), 8.07 GPa from K(0, K|, 0), and 6.34 GPa from K(G, 0, K,), which
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K (Ky.0.0)
_Jm K(O Ky O)A
| 1

-20 "10 0 10 20
Yg/GHz

FIGURE 4 Examples of the Brillouin spectra (VV polarization). The crystal faces used for the inci-
dence and observanon are respectively No. 7 and No. 3 for K= 2.34 X 10’ m~' and No. 8 and No. 7
for K,=3.70 x 10" m™!, which are shown in FIGURE 1b

are listed in Table III. The differences between the elastic modulus estimated
from the VV spectra and those from the HH spectra are at most 6 %.

Since the longitudinal elastic waves can generally be observed in the VV and
HH spectral®), we have assumed that Ay, = 13.09 GPa, Ayyyy = 8.07 GPa, and
A,z = 6.34 GPa. The another six components of the elastic modulus have been
obtained by fitting procedures, i.e., 7» » and 7& xy from eq (12) and sz with
K(X, 0), 2 and A, from a equatlon s1mxlar to eq (12) and sz with
K(K, o KA iz - and xyzyz from eq (7) and pQ* with K(K,, K, K,). Values of
the elastic moduli are listed in Table IV in crystallographic notations. The devia-
tion in the frequency of the elastic wave from that calculated with the elastic
modulus tensor is at most + 3% as shown in Table III.

It has been found that all of the observed Brillouin spectra correspond to the
pure or pseudo longitudinal elastic waves or the pseudo transverse elastic waves.
The pure longitudinal waves are designated by 1, in Table IIL It is notable matter
that no pure transverse elastic waves ruled by eq. (11) type equations could be

observed by the Brillouin scattering.
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TABLE IV Elastic constants of polyphenyls in GPa

o-terphenyl benzene® biphenyl (D m)b p-terphenylb
o 13.09 6.14 7.58 8.18
Iy 6.34 6.56 9.01 9.75
c33 8.07 5.83 18.06 26.42
¢y 4.23 3.52 ~5 ~5.5
C)3 1.39 3.90 7.75 ~8.1
Cas 4.63 1.97 2.13 3.36
Cs5 3.08 3.78 2.20 2.70
Cet 2.94 1.53 4.59 5.13

Heseltine, Elliott, and Wilson (Ref. [14]).
Ecolivet and Sanquer (Ref. [15]). Components of ¢)s, ¢35, ¢35, and c4¢ are omitted.

o

5. DISCUSSION

The elastic moduli of o-terphenyl show larger anisotropy than benzene! 4], but
smaller than biphenyl and p-terphenyl“s], which are compared in Table IV. Eco-
livet and Sanquer showed that the elastic modulus of linear polyphenyls along
the alignment direction of molecules is settled mainly by the force constant for
the intra- and inter-molecular bondings of phenyl groups“S]. As the molecular
structure of o-terphenyl is more complex and bulky, however, the molecular
packing and configuration as well as the alignment of phenyl groups may give
significant roll on the elastic anisotropy.

The crystal structure of o-terphenyl was analyzed from X-ray diffraction by
Clews and Lonsdale®). The crystallographic data are listed in Table 1. The two
phenyl groups have their planes turned in the same direction about 45 ~ 50° out
of the plane of the parent nucleus. The molecular direction bisecting the angle
between the two phenyl bonds lies nearly, but not exactly, along the crystal direc-
tion a. The molecule, as a whole, is rotated about this direction in such a way that
the planes of substituted phenyl groups are more or less normal to ¢ axisPl As
shown in Table I, the axial length of b is smaller than the size of the substituted
phenyl groups (ca. 0.781 nm), and those groups overlap with those of the neigh-
boring cells. Moreover, the substituted phenyl groups of the second molecule
moved through symmetry operator (2, axis) at a=1/4 and b=1/2 overlap with
those of the first molecule. That is, the substituted phenyl groups are piled up in
the direction of ¢ and the contributions of the van-der-Waals” force of the direc-
tion of ¢ are expected to be stronger than the other directions.
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The forces are more efficiently transferred through intra-molecular phenyt
bonds. The inclinations of the two phenyl bonds relative to a axis are about 30°,
but those to b or ¢ axis are about 67 ~ 71°. As the force constant of stretching is
much larger than that of bending and torsion, the efficiency of stretching may be
the first to determine the force constant of each direction. Considering the incli-
nations of the two pheny! bonds, the efficiency of stretching along a axis is 2.3 ~
2.7 times larger than that along b or ¢ axis, which may give arise to large c;;
rather than c;; or c33. The difference between ¢, and c33 may be due to the dif-
ference in their inter-molecular forces (the van-der-Waals forces) along b and c.

The weak ¢,, of o-terphenyl, which mainly comes from the weak side-to-side
van-der-Waals” interaction of phenyl groups, is close to ¢y, ¢p;, and ¢33 of ben-
zene. The c33 of o-terphenyl, which mainly comes from the face-to-face
van-der-Waals” interation of phenyl groups, is close to those of cjy and ¢y of
biphenyl and p-terphenyl. The small ¢ of o-terphenyl rather than ¢35 of biphenyl
and p-terphenyl may be due to the inclination of the phenyl bond relative to a axis.

The relation of ¢35 > ¢5 > 53 of o-terphenyl may approximately reflect the rela-
tion of ¢y > c33> €. The small ¢,3 of o-terphenyl compared to ¢y, or cy3 of biphe-
nyl and p-terphenyl may be caused from that the substituted pheny! groups are
nearly normal to ¢ axis and that the deformations such as bending and torsion of
the phenyl bonds along b (c) axis cannot effectively be transferred to ¢ (b) axis.

For c44, c55, and cgg, we have to consider effects of shear force that brings
about rotations of molecules as a whole. The prime factor affecting rotations of
molecules is the anisotropy in the inter-molecular interactions of each molecule,
which is affected by the anisotropy of the polarizability of each molecule. The
value of polarizability tensor of an o-terphenyl molecule can be calculated from
that of benzene!!%! and hydrogen!!”! by assuming additivity and by neglecting
volume as

318 0 0
a=| 0 3.06 3.1 | (4weox 1073m?, (34)
0 31 227

where the components of the polarizability correspond to the crystallographic
coordinates @, b, and ¢, and g is the permittivity of vacuum. When the molecule
is rotated about g, b, and ¢ axes by infinitesimal angles of 88, 80, and 36,
respectively, changes in the polarizability tensor become, to the first order of 80, as

0 0 0 0 31 -9.1
Aa=<{60,|0 —-62 79]+66{ 31 0 0
0 79 6.2 -91 0 0
0 1.2 -3.1
+80.1 1.2 0 0 (4meg x 10730)m3, (35)

-31 0 0
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This equation shows that the change in the polarizability tensor is the smallest
in the rotation about ¢ axis. That is, the rotation about ¢ axis rather than about a
or b axis is easy, which agrees with the experimental result of cgg < c44. ¢55. The
small cs55 rather than ¢y may be due to packing of the molecule in the crystal
cell. The parent phenyl group has some free space along ¢ axis, which may be a
cause of the easy rotation about b axis rather than about g axis.

Any pure transverse elastic waves, of which displacements are perpendicular
to the scattering plane, have not been observed. In an isotropic medial®, the
transverse elastic waves with displacement vectors parallel to the scattering
plane do not scatter the light, and those with displacement vectors perpendicular
to the scattering plane scatter the light in VH and HV polarizations. The present
case is quite inverse to this. In o-terphenyl, the molecules align in screw symme-
try to three crystal axes. When an o-terphenyl molecule rotates by 86; about i
axis, one neighboring molecule rotates by -80; about the same axis. In the propa-
gation of pure transverse elastic waves bring about only rotations of molecules,
therefore, the resultant change in the polarizability tensor becomes zero in the
first order of 86; as indicated by eq. (35). Since the situation is the same for the
dielectric tensor, the scattering of light may be too weak to detect.

As displacement and wave vectors do not meet at right angle in the propagation
of pseudo transverse elastic waves, the dilation of the medium takes place
together with rotations. Accordingly, the pseudo transverse elastic waves accom-
pany the fluctuation of the polarizability and may scatter the light. Pseudo trans-
verse elastic waves propagating in the plane showing little anisotropy, therefore,
would behave similarly to the pure transverse elastic waves and would scatter the
light weakly. In the present experiments, the pseudo transverse elastic waves
with vector of K(0, K, K) could not been observed.

In the Brillouin spectra from two pairs of parallel crystal faces giving the wave
vector of K(X, 0, 0) and K(0, Ky, 0), two Brillouin doublets were observed at 15
and 12 GHz, respectively, as shown in Figure 4. The integrated intensity ratio of
the weak doublet to the strong doublet is 0.38 in K(K, 0, 0) and 0.11 in K(0, K|,
0). The elastic moduli evaluated from the frequencies of the weak doublets were
20 GPa for K(K), 0, 0) and 5.3 GPa for K(0, K,, 0), but their values were found
not to fit to the spectra with the another wave vectors at all. Therefore, we have
concluded the weak Brillouin doublets to be the stray spectra. The normal inci-
dent reflection factor calculated from the index of refraction at a crystal face is at
most 7 %, which is fairly small in comparison with the above intensity ratio of
the Brillouin doublets. The stray spectra, therefore, may not be brought from
scattering of the light internally reflected at crystal faces. The wave and the ray
vectors of the light are known to be indeterminate respectively in the directions
of the optical (binormals) and the optical ray (biradials) axes!®), which are lying
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in the xy plane at the angles of +60.3° and of +58.7° to x axis in the o-terphenyl
crystal, respectively. The normals of the crystal faces used to observe the
Brillouin spectra for the wave vectors of K(K,, 0, 0) and K(0, Ky, 0) lie in the xy
plane at the angles of £57.7° to x axis, which is close to the optical and the opti-
cal ray axes. The stray spectra may be caused from this fact.

The attenuation coefficient, ol (= TA/vp), roughly increases with decreasing
the elastic modulus. The anharmonic term of the potential energy“s’w] and the
structural disorder®-2?] also, however, are known to contribute to the attenua-
tion of the elastic waves in solids, which are now being studied.

6. SUMMARY

All of nine elastic constants that represent the elastic term of the free energy of
the orthorhombic system of the o-terphenyl single crystal have been determined
from the elastic waves observed by the Brillouin light scattering in the following
manner: (i) the determination of wave vectors from the dielectric tensor obtained
by using a new simple optical method according to the scattering geometry; (ii)
the determination of three values of the ¢lastic constants from three pure longitu-
dinal elastic waves by assuming the elastic principal axes to agree with the opti-
cal ones; and (iii) the determination of remainder six elastic constants by fitting
procedures so as to satisfy the characteristic equation of the wave motion.

The elastic constants of o-terphenyl show intermediate anisotropy between
benzene and linear polyphenyls. The anisotropy can reasonably be explained
from the arrangement of the phenyl bonds and the inter-molecular interactions
caused from the packing of molecules in the crystalline lattice. The polarizability
tensor suggests the rotation of the molecule about ¢ axis rather than b or a axis to
be easy. In the present crystal system of P22,2;, any pure transverse elastic
waves will not scatter the light.
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Appendix A:
Condition for Total Polarization

Let us consider the electromagnetic wave of n, =0 and E, = 0 incident upon a
plane boundary with the outer normal vector of (ej, 3, 0). When we take Carte-
sian coordinates x’, y’, and 7/, in which y” axis is along the inner normal of the
boundary, x’7 plane is on the boundary plane, and 7" axis is antiparallel to z axis,
a plane wave expressed by

A = Ageiwimkn) (A1)
satisfies following boundary conditions (A = E, H):

koot = ki = Kagr, (A2)

Koz = k1 = Koy, (A3)

By = E1pr = Eayr, (A4)

Hyy = Hypr = Hazr, (A3)

where subscripts 0, 1, and 2 denote the incident, reflected, and refracted waves,
respectively, and H is the magnetic field given by

H = [k x E]/pgow = (0,0, k. E, — kyE.)/ pow. (A6)

From eqs. (A2) and (A3), we obtain following relations:
8o = 61, (A7)
sinfy/ sin By = nyfng = n, (A8)

kay =/ k% — k2, = koy\/n? —sin® 6, (A9)

where 8j, 0;, and 0, are the angles of incidence, reflection, and refraction,
respectively. Then the vectors k;, E;, and H; can be expressed by

ko = (k‘g sin 90, ko COS 90, 0),

k1 = (k?o sin 00, —ko Ccos 90, 0),

ks = (ko sin 8g, koy/n? — sin? 65,0), (A10)

Eo = (EO COS 00, —E() sin 90,0),
E| = (—E; cosby, —F sin by, 0),
Ez = (Eg,,l s Eer, 0) = (E2 COS 93, '—Ez sin 03, 0), (All)
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H, = (0,0, —Fo)eoco,
Hl = (Oa Oa _E1)50007

H, = (0, 0, —Es(cosfsy/n? — sin? @y + sin p sin 05)) go0co, (A12)

where 0 is the directional angle of the vector S, from y’ axis. Accordingly, egs.
(A4) and (AS5) become

Eycosby — Ey cosfy = Ey cost,, (A13)

Ey + By = E3(cosfy\/n? — sin? Ay + sin @, sin A, ), (A14)

and yield
B = —cos B/ cos By + cos B, v/n? — sin? 6y + sin 6 sin 8, ’ (A15)
cos s/ cos by + cos B/ n? — sin? 8y + sin g sin B,
By = (A16)

cosG / cos By + cosB,1/n? — sin® By + sin 6y sin 6, ’

Averaging the real part of the Poynting vector over one cycle, we can obtain
the reflected energy flux S as

Sl = E%(Sinao,—C0800,0)5060/2. (Al?)
Since the electromagnetic wave does not reflect on the boundary,
(S1y7)6,=0, = 0. (A18)

This follows Eq = 0 and the condition for the total polarization is expressed by

cos B4/ nf, — sin? 6, + sin B, sin B, = cos @,/ cos b, (A19)

sin 0y,

sin 0, = e (26)

or in a reduced form
sin B, cos O,(1/ tan B, + tanf,) = 1. (A20)
When o denotes the directional angle of the outer normal vector (e}, e;, 0)
from x axis, the directional angle of k, and S, at the total polarization become
(o+m— Bp) and (o + 7 — 6,) in the xyz coordinates, respectively, where Gp and 0,

are defined to take positive sign in the clockwise direction. Then the relation
between the directions of k and S, i.e., eq. (20), is reduced to

g(y)
tan{a — 6,) = tan(a 0. 27)





