to the dipole vibrations of the film atoms polarized pa-
rallel to the substrate. The field of such a dipole pene-

trates into the metal and drags the conduction electrons.

A reduction in the conductivity of the metal substrate
enhances the transfer of energy from the dipole vibra-
tions of the insulator “ions” to the metal and it shifts
and broadens the low-frequency emission band.

Determination of the Raman spectra indicated that the
influence of the conduction electrons in the metal sub-
strate on the insulator polaritons in such sandwiches
decreases rapidly on increase of the polariton wave
vector. When this wave vector rises from 10° to 10°
cm™, the shift and broadening of the low-frequency
emission peak practically disappear.

The authors regard it as their pleasant duty to thank
N.I. Mel’nik for recording the Raman spectra, and to
Prof. V.M. Agranovich for his interest and discussion
of the results obtained.
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Study of orientational ordering of uniaxial liquid crystal by

Raman-scattering spectroscopy
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A new procedure is proposed for the study of the orientational molecular ordering in uniaxial liquid
crystals of A-smectic, nematic, and cholesteric type by laser Raman spectroscopy. Expressions are
obtained from which to determine the coefficients of the expansion of the orientational molecular
distribution function in powers of the experimental degrees of depolarization of the Raman scattering lines.
The orientational molecular order in the nematic phase of methoxyamyltolane is investigated
experimentally. It is shown that the anisotropy of the local field influences strongly the experimental

results.

PACS numbers: 61.30.Eb, 61.30.Gd, 78.30.Cp

1. INTRODUCTION

Combining the various types of orientational and
translational molecular orders in the mesophase re-
sults in a large assortment of possible liquid-crystal
structures.’ Those of them which are optically uniaxial
are the A-smectic, nematic, and cholesteric liquid
crystals. For a quantiative description of the orienta-
tional ordering of the molecules in each of the indicated
types of liquid crystals, we use the orientational distri-
bution function F(¢, 6, ), which yields the probability
of finding the orientation of the molecule in a small
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solid angle d2 near the corresponding Euler angles

@, 8, and y (Ref. 2). These angles define the orienta-
tion of the molecular coordinate system relative to the
laboratory frame. In nematic and A-smectic liquid
crystals, the z axis is chosen to coincide with the direc-
tor r, and the x and y axes are in a plane perpendicular
to it. In the quasinematic layer of the planar texture of
a cholesteric liquid crystal, the z axis coincides with
the director r, of the layer, the x axis lies in the plane
of the layer, and y is perpendicular to the layer. X-ray
structure data!**** show that the directions r and (-r) in
nematics and A-smectics are equivalent. The same
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holds for r, and (-r,) in quasinematic layers of choles-
terics.

Next, as follows from experiment, the types of liquid
crystals considered here are locally uniaxial, and the
projections of the long axes of the molecules on the xy
planes of the laboratory frames chosen above are ran-
domly distributed. Finally, most liquid-crystal mole-
cules are cylindrical in shape and the molecules in the
mesophase rotate around their long axes.?*

With the foregoing taken into account, the functional
dependence of F is determined only by the angle 6 be-
tween the long axis of the molecule and the direction of
r. In this approximation, F describes the orientational
distribution of the long molecular axes in the mesophase
and can be represented in the form of an expansion in
even Legendre polynomials P,(cosf) (Ref. 6):

F(8)="/t*/ o POPA[:(POPH . .., (1)
where

P,='/,(3cos?0—1),
2
P,="/4(35 cos* 0—30 cos* 6+3). )
The angle brackets denote thermal averaging.

The coefficients of the expansion of F(6) can be de-
termined from the experimental data. To find ( P,) in
nematics and A-smectics there are a number of suitable
physical methods.® For the determination of (P,) of
cholesteric liquid crystals it was proposed to use nu-
clear magnetic resonance,” refractometry,® and circular
dichroism.? The possibility of obtaining (P,) for A-
smectic and nematics was recently demonstrated!® by
using luminescence!® and Raman spectroscopy (RS).5:1:12
No attempts have been made so far to determine the
values of (P,) of cholesteric liquid crystals by some
physical method.

Raman spectroscopy makes it possible to find both
(P,) and (P,) for any valent bond in the molecule, in-
cluding the end groups. The last circumstance is par-
ticularly important when it comes to separate the role
of conformational molecular changes in the formation
of the mesophase. '®

The values of (P,) obtained from the degree of de-
polarization of the lines of spontaneous Raman scatter-
ing (SpRS) for certain objects do not agree with the theo-
retical data even in sign, especially near the point T,
of the phase transition into a isotropic liquid.®** It must
be emphasized that (P,) and (P,) are fundamental quan-
tities that serve as criteria for the correctness of some
theoretical model or another. The experimental data
were reduced in the cited papers without allowance for
two aspects of the problem of the local field: the aniso-
tropy of the local field of the light wave in the liquid
crystal, and the influence of the anisotropy of the inter-
molecular-interaction potential on the change of the
properties of the molecule in the liquid crystal com-
pared with the isotropic phase. The importance of the
anisotropy of the local field of the light wave in optical
experiments was demonstrated by us earlier.'s*®* The
need for taking into account the changes of the molecu-
lar properties in an anisotropic medium was pointed out
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in a number of papers.'0:7.18

In this paper we obtain expressions for the determina-
tion of the values of (P,) and (P,) from SpRS data on A-
smectic, nematic, and cholesteric liquid crystals, with
account taken of the anisotropy of the local field (2). We
describe the experimental setup and the procedures that
can be used to determine the degree of depolarization
(3), and present the results of a study of the orientation-
al order in the nematic liquid crystal methoxyamyltolane

(4).

2. ORIENTATIONAL ORDER IN UNIAXIAL LIQUID
CRYSTALS AND DEGREE OF DEPOLARIZATION OF
RAMAN SCATTERING LINES

We consider Raman scattering (RS) of light by an in-
tramolecular vibration of frequency v, in the liquid-
crystal laboratory frame defined above. Within the
framework of Placzek’s polarizability theory' with
allowance for the local field in the condensed medium,?®
the intensity of the Stokes component of light of polariza-
tion j scattered by one molecule into a solid angle dQ
and observed perpendicular to the j axis is?!

. 2a* (vo—vi) th(ai’) o AQ 3)
ng " pe'vil1—exp(=hv/kT)]

dly=1i;

Here v, is the frequency of the exciting light, polarized
along the i axis; f;; are the components of the light-wave
local-field tensor, which is diagonal in the frame under
consideration®*' and connects the macroscopic field
with the field that acts on the molecule, EJ=f,E,;; n,,
nj are the refractive indices of the incident and scat-
tered rays, respectively; K is the reduced mass of the
oscillator; c, k, k, and T are the speed of light,
Planck’s constant, Boltzmann’s constant, and the ab-
solute temperature; a;, is the derivative of the molecu-
lar-polarizability tensor components with respect to the
normal coordinate; J,; is the intensity of the exciting
light.

When the scattered radiation is observed at an angle
& to the direction of the j axis, expression (3) must be
multiplied from the right by sin’®$. In the studies made
to data of spontaneous Raman scattering in liquid crys-
tals, they used for the intensity a formula obtained
from (3) by putting n, =n,° and f=(* +2)/3, i.e., by ne-
glecting the optical anisotropy of the medium and the
anisotropy of the local-field tensor. At low intensities
of the incident light the scattering of different molecules
is not coherent. The total intensity in a given direction
is then

; .

dl i= V" dl =Nl ", (4)
where dJ_f‘}) is given by expression (3), N is the number
of molecules that take part in the scattering, and the
angle brackets denote averaging over the orientations of
the different molecules.

For cholesteric liquid crystals, the averaging in (4) is
within the limits of the quasinematic layer. It is clear
from (4) that the distribution of the intensity over the
components in the scattering tensor of the liquid crystal
depends on the character of the averaging, i.e., it re-
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flects the properties of the long-range orientational or-
der in the liquid crystal. In the intrinsic coordinate
system, the tensor of the derivative of the molecular
polarizability is diagonal. When account is taken of the
singularities, noted in Sec. 1, of the orientational order
in the A-smectic, nematic, and cholesteric liquid crys-
tals, the result is that the RS lines have in the macro-

scopic intensity tensor only four independent components.

In the case of cylindrical symmetry of the normal vibra-
tion, e.g., for the C =C bond, we can obtain?!

()= (1s5') [R*+R(1—R) (s +/ (1—R) (s ],
(=)D = (Yss") [ 1=2(1—R) s+ (1—R) Xs® ]. 5)
(o) D= (¥ss") - /s (1—R)¥s".
(o) D= (V:)*- /2 (1—=R)* [ —<sD ]
Here vy, is the component of the molecular-system
polarizability-tensor derivative in the coordinate system
along the symmetry axis of the bond,

R=v,//1ss. {s*>={(sin*0), {s*>=<sin* 6.

In the present paper, the experimental procedure pro-
posed for nematics and A-smectics differs from those
used previously®+'!+!* (see Fig. 1 below). We measure
in the experiment the degree of depolarization p=dJy;/
Jxx of the RS lines at two orientations of the sample
optical axis relative to the scattering plane YZ. In the
first case (a) the optical axis of the crystal lies in the
scattering plane and makes an angle € with the Z axis. In
the second case (b) the optical axis of the crystal is
parallel to the X axis of the coordinate system of the
instrument at the same arrangement of the cell as in
case (a). The intensity vector of the exciting beam is
parallel in both cases to X. The optimal angle of inclin-
ation of the cell with plane-parallel faces is 11°, and 5°
for a cell with a hemisphere.

When account is taken of the effects of reflection and
refraction of the scattered radiation by the boundary be-
tween the liquid crystal and the glass,?! the expressions
for the experimentally observed degrees of depolariza-
tion take the form

_ JIxz(a) [t (nytR)t[ACsDY B ] )
T Tax(@) | fo(netn)[C<sO+DGHTE]
//’ ™\ s 7 s g
{ —3-{p-{}—- L
\ ] T
\ /
NYde_/
A z
.
3 a/2 y
X
Z 7

FIG. 1. Experimental setup for the measurement of the de-
grees of depolarization of Raman lines of liquid crystals. The
lower part shows in detail a diagram of the cell in the dashed
circle of the upper part.
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_Jxb) RS (ReAR)?[(5D—(SD] @
BT T (metr) 2 —FsHHG]

In (6) and (7)
A="/y(1—5 cos* &’), B="'/, cos’ &/, C="/4,

D=R/(1—R), E=D? F=4/(1—R), G=2/(1—R)?,

@)

¢’ is the angle of incidence of the extraordinary ray on
the boundary between the liquid crystal and the glass;
n, and n, are the extraordinary and ordinary refractive
indices of the liquid crystal at the given temperature,
and n is the refractive index of the cell material.

In the case of an isotropic phase, when n, =n,, fix =fe>
(s?) =% and (s*) =4, formulas (6) and (7) take the well
known form??

_ (1-R)* 9
O SR 4R3

Using now the reduced degrees of depolarization

, fet(notn)?

T fA(ntn)? pr=-A0s

[ (10)

Pz"=A—’pz‘

we readily obtain from (2) and (6), and (7) the following
expressions for (P,) and (P,):

(P =1—3/,(s%. (11)

’/g[p(,E (1+29:,) +pz,G (A_pl,c) ]

(Py=1— , 11
) (A—p,’C) (1+p.'F)+ (172p,") (B—p,'D) (11a)
(PY=%/y(s>—5(sD+1, (12)
5/.
PY=1— , — . .
(A'—px C) (1+pz F)_T‘(1J_2p2 ) (B—pt D)

x{pE[1+p.’ (16—TF) ]+p,’G[84-+7TB—p,’ (8C+7D) 1}. (12a)

Formulas (11a) and (12a) enable us to obtain (P,) and
(P, in nematic and A-smectic liquid crystals from the
Raman scattering data.

It is difficult to use this method for cholesteric liquid
crystals because it is necessary to take into account the
effect of the helical character of the structure along the
optical axis on the polarization properties of the exciting
light. In addition, there is no exact solution of Max-
well’s equations for oblique light incidence on the opti-
cal axis.® It is proposed therefore to use a 180° pro-
cedure for cholesteric liquid crystals with “fingerprint”
texture. In such a texture the quasinematic layers are
perpendicular to the cell walls and the optical axis of the
sample is parallel to the walls.

To obtain 180° scattering, we use a cell with rotating
prism (10 in Fig. 1 below), with an edge on the order of
1 mm. The optical axis of the sample is parallel to the
Z axis of the instrument, and the incident and scattered
light rays are perpendicular to the XZ plane of the cell
walls. Using (3), where the subscripts ij pertain now to
the coordinate system of the instrument, as well as
formulas (5) for the coordinate system of the director
7, in the layer, we obtain

Jox fx12(n-'+”)z[a<sc)+b<sg>]

B T T i () e+ re] | (13)

(14)

_ J:xz ._ fzzz(no+ﬂ):la<sz)+b<s")]
P T Fert (mn) (A FmisH+g)

where
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a=4, b=—3, c=6, d=16R/(1—R), e=16R*/ (1—R)*,
k=", m=2(R+3)/(R—1), g=2(3R*+2R+3).

In the case of an isotropic phase formulas (13) and (14)
go over into (9). Inthe derivation of (13) and (14) it was
assumed that the cholesteric is locally uniaxial? and the
diameter of the laser beam exceeds the pitch of the
helix, and ((a:,)z) in (3) was further averaged over the
pitch of the helix.

From (11)-(14) we have
*/2lps’e(p./k+b)+p,’g(b—ps'c) ]

Pr=t— (ps"c—b) (p./m—a)+ (a—p,'d) (p./k—b) ’ (15)
Po=1- (ps'c—b) (p"M—a).'/*:(a—p-’d) (p/k=b)
Xios'e[p. (Tm+8k) — (7a+8b) 1+, gl (Ta+8b) —p,’ (7d+8c)1},  (16)
where

Thus, to determine the quantities (P,) and (P,) in the
liquid crystals of the type considered above it is nec-
essary to measure quantitatively the degrees of depolar-
ization of the Raman scattering lines.

3. EXPERIMENTAL PROCEDURE

A diagram of the experimental setup is shown in Fig.
1. To excite the Raman spectrum we used an L.G-38
helium-neon laser (A, =633 nm) operating in the one-
mode regime and having a system for automatic control
of the power (35 mW, 1 in Fig. 1). To verify the in-
fluence of the wavelength of the exciting radiation on the
degree of depolarization p, the measurements were
made also with an argon laser (A, =454 and 515 nm)
whose power was constantly monitored. At an exciting
beam power higher than 60-70 mW, local heating of the
nematic liquid crystal becomes noticeable. A half-wave
plate 3 was placed past the turning prism 2 to rotate the
plane of polarization of the laser beam. Part of the
laser signal was next diverted by plate 4 to the attach-
ment 5 that monitored the power. The scattered light
was resolved into components by analyzer 7. To equal-
ize the losses of the differently polarized Raman com-
ponents in the instrument, the plane-polarized beam
was transformed, after passing through wedge 8, into a
circularly polarized one. The height and width of the
exit slit 9 of the DFS-24 monochromator was set at
their optimal values.

The liquid crystal was oriented by the procedure of
Ref. 23. The quality of the sample was monitored with
an MIN-8 polarization microscope. The sample thick=
ness was varied in the range from 6 to 150 ym. Two
types of cells, shown in Fig. 1 were used. The cell
with the plane-parallel plates is more compact and
easier to construct. The second construction is con-
venient for use with a low-power laser, since it lowers
substantially the reflection losses of the exciting beam.
The cell with the liquid crystal was placed in a thermo-
statically controlled cuvette in which the temperature
was maintained constant within 0.1°. To determine p we
used the integrated intensities of the Raman lines.
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4. ORIENTATIONAL MOLECULAR ORDER IN
METHOXYAMYLTOLANE

To find (P,) and (P,) we must know the characteristic
R of the normal intramolecular vibration. In the iso-
tropic phase, R can be determined from formula (9),
but its value can change on going to the mesophase.
This is attested to by the results of a number of
studies.!®*"+*® As is clear from (8), the most suitable
for our present problem are oscillations with R« 1.
Then a change of even several dozen per cent in R fol-
lowing the transition into the mesophase will not affect
the result noticeably. This condition is satisfied by the
vibrations of the triple C=N and C =C bonds. The
choice of the C =C bond is preferable because of its low
sensitivity to the intermolecular interactions. We have
therefore chosen methoxyamyltolane (MOAT) as the
object of the investigation:

Hacsﬂﬂ ,

which has a nematic phase in the interval 44-57°C.
The vibrations of the C =Cbond has a frequency 2219
cm™ and conforms with the long axis of the molecule.

The instrumental distortions apart, the degree of de-
polarization depends on at least three additional factors:
the scattering due to rays multiply reflected from the
inner walls of the cell, the multiple scattering due to
reradiation of the light by the molecules in the interior
of the liquid-crystal layer, and the thermal local fluc-
tuations of the director. The first of these effects plays
a noticeable degree in 180° scattering and can be de-
creased by the procedure described here. In addition,

FIG. 2. Dependences of p,
(a) and p, (b) of the liquid
crystal MOAT in the ne-
matic phase on the tem-
perature (°C) at various
sample thicknesses d: 1)
150, 2) 100, 3) 60, and 4)
35 um. Ty is the tempera-
ture of the transition to
the isotropic phase. The
dashed line corresponds to
the values of p; at d=0.
The data were obtained
with a helium-neon laser.

P2

a3

aQzr-

L L
a1 5

QL

aT=(1-1)°

Shabanov et al. 973



the liquid-crystal section from which the scattered ra<
diation is gathered is longer in this case. The influence
of multiple scattering is eliminated in part by extrapola-
ting to zero sample thickness, d =0, the experimentally
obtained p,(d) as a function of the sample thickness.
Figures 2(a) and 2(b) show the experimental changes of
p, and p, of the MOAT liquid crystal at various sample
thicknesses, obtained in helium-neon laser illumina-
tion.

The use of an argon laser made it possible to measure
p, and p, at different exciting-beam wavelengths. The
values of p; obtained with different lasers are equal for
equal sample thicknesses. The values of p; at d =6 um
obtained with an argon laser agree within the limits of
experimental accuracy with those obtained by extrapo-
lation to zero thickness (Fig. 2) with a helium-neon la-
ser. This is due to the relatively large distance to the
lowest electronic transition, whose band edge in MOAT
lies in the 340 nm region. The agreement between the
plots of p,; in Figs. 2 and 3 points to a small influence
of the boundary conditions at the cuvette walls on the
bulk properties of the sample at d=6um and to a weak
dependence of the multiple scattering on A,. Consequen-
tly, in future experiments it is advisable to use samples
5-10 um thick in any of the cells shown in Fig. 1.

The values of (P,) and (P,) were calculated from
formulas (8) and (10)-(12a). The refractive indices of
MOAT were taken from the paper of Labrune and
Bresse.?* The value of R was obtained from (9) using
the spectra of the isotropic phase, and is equal to
0.045+0.015. The components of the tensor f;; were ob-
tained by the method used by us previously.!* The cal-
culation details are given elsewhere.?! The temperature
dependences of the parameters (P,) and (P,) are shown
in Fig. 4. A smooth decrease of the degree of orienta-
tional order is observed in the nematic phase when the
point of phase transition into the isotropic liquid is
approached. The values of (P,) and (P,) increase when
account is taken of the anisotropy of the tensor f of the
local light-wave field. The relative changes are par-
ticularly substantial for (P,) and amount to 100-150%
near the transition. When R is varied, the values of

PPz
29F

as+-

a7+

a6

o201 "}

g5t

210 L

@}

0
AT=(T,-T)

FIG. 3. Temperature dependences of p, and p, at exciting-
light wavelengths A ,=515 nm () and 454 nm(A) for a cell with
plane-parallel faces and A y=515 nm (x) for a cell with hemi-
sphere; d=6 pum,
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FIG. 4. Temperature dependences of the parameters (P,) and
(Py in MOAT under various experimental conditions: O)A,
=633nm, d=0; O)A(=515nm, A) 454nm, cell with plane-par-
allel faces; XA (=515nm, cell with hemisphere. The dashed
lines correspond to isotropy of the local-field tensor f.

(P,) and (P, remain practically unchanged within the
limits of experimental accuracy.

Thus, in the case of objects similar to the one con-
sidered here, allowance for the anisotropy of the tensor
f is more important than the variation of R on going
from the isotropic to the nematic phase. This conclu-
sion cannot be extended, however, to cases in which
the condition R < 1 is violated. In particular, such a
situation is possible for end groups. As seen from Fig.
4, the values of ( P,) are not small compared with (P,),
so that the additional terms of the expansion of (1) are
needed for a more exact simulation of the function F(9).
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Disordered Ising model at low temperatures
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An Ising model with randomly distributed ferro- and anti-ferromagnetic bonds is treated. A procedure is
derived for systematic expansion of the thermodynamic potential at low temperatures, in an arbitrary
magnetic field, as a power series in the concentration of antiferro- or ferromagnetic bonds. It is shown
that the susceptibility diverges as 1/T at T—0. The ground-state energy, the magnetic moment, and the

residual entropy are calculated as power series in the concentration.

PACS numbers: 75.10.Hk

1. INTRODUCTION

This paper treats the low-temperature behavior of
an Ising model with randomly distributed ferro- and
antiferromagnetic bonds, equal in absolute value. The
treatment is carried out in the case of a square lattice.
The method of calculation for a cubic lattice is com-
pletely equivalent, and the physical behavior is the
same as in the two-dimensional case. The calculation
procedure suggested enables on to obtain, in a syste-
matic manner, an expansion of the thermodynamic
potential as a power series in, for example, the con-
centration ¢ of antiferromagnetic bonds in a ferro-
magnetic matrix: ’

O, T, h, ¢) =0+, (J, T, h)c+®,(J, T, k) c*+ . .. 1)

Here J is the absolute value of the interaction con-
stant, T is the temperature, and & is the magnetic
field. The functions $,, ®,, etc. are calculated to with-
in terms of order e’/ 7,i.e., for the case of low temp-
eratures.

In order to obtain the result, one first performs a
dual transformation of the partition function in an
arbitrary magnetic field. Then, by a procedure that
reduces to the enumeration of a certain number of
graphs, one calculates successively the functions
®,, &,, etc. This enables one to calculate the energy
of the ground state, the entropy, the magnetic moment,
and the susceptibility.
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2. DUAL TRANSFORMATION

The Hamiltonian of the model under consideration,
for a square lattice, has the form

.H=— Z {Ju'/,_;af,jau.i.j+1-,1¢‘/.0i i0i i+x+h0x‘v}) . (2)

i)

Here the indices 7 and j enumerate the sites of the
square lattice along the horizontal and vertical direc-
tions respectively; o, ,is the spin variable (04,;=+ 1);
and J,,,/,,, is the interaction constant. It is assigned
on the edges of the lattice cells and is numbered
according to the coordinates of their centers. If c is,
for example, the concentration of antiferromagnetic
bonds in a ferromagnetic matrix, then the interaction
constant has the value +J with probability 1-c and the
value —-J with probability c.

The partition fﬁnction corresponding to (2) can be

represented in the following form (N is the number of
lattice sites):

Z=ch® (J/T)ch™ (h/T) 2 H A+ th (Fipn /T) 01 jGrrs)

o=kl G

X(A+th (T 530/ T) 64,04 511) (1F+th (R/T) 0s). @)

After summation over all values of o, there will re-
main on the right side of (3) a sum over all possible
products of factors tanh(J,,, s,,,/7) and tanh(z/7T). It
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