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The influence of the mixing of molecular excitations due to local-field effects on the dielectric
and spectral properties of uniaxial liquid crystals is investigated. The general properties

of the spectrum of transverse optical excitations of the medium, viz., the sum rules for the
oscillator strengths, frequencies, and damping constants of the dielectric function resonances, are
established. The restricted applicability of the idea of a background polarizability (dielectric
function) in the analysis of the mixing of molecular excitations is demonstrated. Mixing is taken
into account in deriving new dispersion formulas for the imaginary and real parts of the
dielectric tensor, which differ significantly from those used in the literature. A range of
applicability has been established for the latter. Qualitative and quantitative interpretations

of controversial experimental data for an extensive list of objects are given. The occurrence of
mixing of dipole-active molecular vibrations, whose intensity has been found to be

strongest for polyphilic objects that form nonchiral ferroelectric phases, has been demonstrated
for molecular liquids and uniaxial liquid crystals from various chemical classes for the

first time. The mixing of molecular excitations is considered as a possible mechanism for
“polarization catastrophe” in liquid crystals having a soft mode in the spectrum of transverse
optical modes of vibration for the high-temperature phase. © 1995 American Institute of

Physics.

1. INTRODUCTION

The influence of local-field effects on the optical and
spectral properties of condensed media is well known and
has been reflected in monographs'~* and reviews.>"® The
spectral aspect of the problem, which is associated with the
intensity and shape of isolated host or impurity absorption
bands, has been studied most thoroughly. The manifestations
of local-field effects in a spectral region which includes a set
of host absorption bands have been elucidated to a far lesser
extent.>*~!! One such effect is the mixing of excited states of
the medium. The mixing of states has previously been con-
sidered using various approaches without consideration of
the damping in the regions of the electronic*'>"15 and
16-19 spectra of molecular crystals, as well as with
consideration of the damping in the region of the phonon
spectra of ionic crystals.'”"2! The importance of mixing of
molecular excitations has also been demonstrated in an
analysis of the optical properties of isolated molecular
aggregates.”>?® The degree of mixing due to local-field ef-
fects is greatly dependent on the structure of the medium,
which is fixed for the objects mentioned (and isotropic me-
dia). Therefore, the variation of the degree of mixing of mo-
lecular excitations upon variation of the thermodynamic pa-
rameters of these media can be manifested only in the region
of structural phase transitions.

The situation changes radically when we move over to
liquid crystals with large variations in the order parameters
over narrow temperature ranges where the individual phases
exist. This results in a strong dependence of the effects of the
mixing of molecular excitations on the thermodynamic pa-
rameters and in the back influence of the mixing effects on
the stability and thermodynamics of liquid crystal phases.
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However, numerous questions related to the mixing of mo-
lecular excitations in liquid crystals and its influence on the
optical, spectral, and dielectric properties of these objects
have not heretofore been raised.

At the same time, the significant alteration of the spec-
trum of electron excitations due to local-field effects even in
isotropic crystals'%!! calls for an analysis of these effects in
the low-frequency region of the vibrational spectra of aniso-
tropic liquid crystals. This is due to the recent discovery of
uniaxial nonchiral ferroelectric smectic-X phases (Refs. 24
and 25), for which the local-field corrections to the dichro-
ism of isolated IR absorption bands are anomalously large.
However, even their consideration within the known proce-
dure does not eliminate the nonphysical values of the orien-
tational order parameters for individual molecular
fragments.”> On the other hand, numerous nematics and
smectic-A phases with moderate or little anisotropy of the
local field® exhibit anomalous variation in the dichroism of
isolated IR bands assigned to different molecular vibrations
with identical polarization relative to the molecular axes.26%
Numerous subtle features of the manifestations of this effect
in various objects*’ have not yet been explained.

In this paper we investigate the mixing of molecular ex-
citations in a uniaxial liquid crystal, using the classical
multiple-oscillator model of molecules with and without con-
sideration of the damping. The coupling of the oscillators
through the local field acting on each molecule, which has
contributions from all the oscillators (through the dielectric
function of the medium), is regarded as the universal mecha-
nism for mixing. The general properties of the spectrum of
transverse optical excitations of the medium, viz., the sum
rules for the oscillator strengths, frequencies, and damping
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constants of the dielectric function resonances, are estab-
lished. The restricted applicability of various versions of the
idea of a background polarizability (dielectric function)>*~3
in the analysis of the mixing of molecular excitations'>!"!82!
is demonstrated. The influence of mixing on the static dielec-
tric function of liquid crystals and its temperature depen-
dence is investigated. The aforementioned questions associ-
ated with the polarization features of the absorption spectra
of liquid crystals are resolved.

2. DIELECTRIC FUNCTION OF A UNIAXIAL LIQUID
CRYSTAL IN A REGION OF ADJACENT MOLECULAR
RESONANCES

Let us consider a uniaxial liquid crystal of the nematic or
smectic-A type with a weak amplitude of the density wave of
the smectic layers. We shall regard the molecules as uniaxial
or biaxial with free rotation around their longitudinal axes I,
which are oriented predominantly along the director n. The
principal components & ;(w) of the dielectric tensor of a lig-
uid crystal for polarization of the light wave parallel (j=||)
and perpendicular (j=L1) to n are given by the expression®

gj(w)=1+4aNf(w)y/®), (1)

where N is the number of molecules per unit volume of the
liquid crystal. The components of the effective local-field
tensor

filw)=1+L[ejw)—1] (2)

can be expressed in terms of the components of the effective
Lorentz tensor L, which can be determined
experimentally.&28 The components of the molecular polariz-
ability y;(w), which are renormalized by the static intermo-
lecular interaction in the liquid crystal, differ from those for
an isolated molecule and have the form

2 r

w Fk'
(@)= v d P j .
V@)=Y, 4’7TNkZl wi—o’+ioly ®)

Here 7y, is the background value of the polarizability, which
is stipulated by all the molecular resonances lying outside of
the group of r adjacent resonances under consideration;

w,= \/477Ne2/m is the plasma frequency;
Fy=Fy(1+2888)/3, Fi =Fu(1-SSg)/3, (4)

F,; is the oscillator strength of the transition;
S=(3cos?4,—1)/2 is the orientational order parameter of
the molecules in the liquid crystal; Sg,=(3cos’8,—1)/2;
Bi is the angle between the direction of the dipole moment
of the kth molecular transition and the longitudinal axis I of
the molecule.

The modulation of £;(z) along a normal zjn to the
smectic layers can be neglected for typical uniaxial thermo-
tropic smectics with an absolute value of the smectic order
parameter || <1, and Egs. (1)—-(4) have the same form as
for nematics. The influence of the smectic ordering on

£j(S), LiS), and Fy;(S) is exhibited through the
dependence’
S=So+xClyl?, (5)
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where So=S5(|¢y|=0), C=const, and x is the longitudinal
susceptibility of the nematic phase.’® A basis for such an
approximation of L;(S) can be provided by its experimental
confirmation upon a nematic—smectic-A ; phase transition,”'
as well as by the agreement between the experimental values
of L;(S) in nematics and smectic-A; phases (Ref. 32) for
molecular aromatic ring systems and the terminal fragments
of aliphatic chains. However, expressions (1)—(4) must be
appropriately modified for objects with |¢]=1, such as
Langmuir films with strong modulation of €;(z) and f;(z)
(Ref. 33), which will not be discussed here.

The introduction of the background components € 1,; and
fv; into (1) and (2) makes it possible to express the compo-
nent yp; in terms of them in analogy to the component
7j(w). The substitution of these expressions into (3) gives

g(w) =&y,

(w;",—w2+in,,)
n#¥k

wpf fv'}k: Fy;

+

I;I (wz—wz-f—iwl"k)—aj; ijl;[k (w,zl—w2+in")

(6)

where a;= wlz,L ifvj- The lack of mutual coupling of the os-
cillators through the local field corresponds to L;=a;=0 and

Fy;
w;— o’ +iol,’

™

— 2
Soj((l))— Sbj+ wp;

Using (), &](w) and &4;(), &q;() to denote the real
and imaginary parts of €(w) and &g;(w), we obtain

el =el fed(Lif vjeo)? +[1—Lfoi(eg;— &)1} ",

®)
F,(0:-w?
_ 2 nj\%n

86,‘“%;"‘%2 (0 —w?) 2+ T2’

n n

2
w- ol F,:

o= 2 T T ©

" (Pn— 0?)?+ w2FZ )

Hence several general conclusions can be drawn regarding
the difference between &7 (w) and £4;(w). As in the case of
r=1 (Refs. 2-8), the presence of &,; # 1 and f,; # 1
alters the intensities of individual bands in the spectrum of
s}’(w). The presence of adjacent bands causes a difference
between &y, and &; and additional redistribution of the in-
tensities of the bands in the spectrum of sj-’(w) in compari-
son to the spectrum of &g;(w). For example, when
[1-L;fyj(eq;— €u)1>L;f vje0; and £4;> € ;, the inequal-
ity &7 (w)> f;8q;(@) holds. This is true as a whole for the
low-frequency vicinity of individual bands in the spectrum
of &g j(@) and the low-frequency bands in the entire spec-
trum of £g;(w). Under the condition &;<e,;, which is
characteristic as a whole of the high-frequency vicinity of
individual bands in the spectrum of sgj(w) and the high-
frequency bands in the entire spectrum of sgj(w), the in-
equality &”j(w)< fﬁjsg ;(@) holds. In addition, the inequal-
ity &"j(w)<eg;(w) is possible for the highest-frequency
bands. One consequence of this is a change in shape and
displacement of individual bands in the spectrum of s;’(w)
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toward lower frequencies relative to the corresponding bands
in the spectrum of € j(@), as well as an increase (decrease)
in the amplitude of the variation of 8}(w) at the low-
frequency (high-frequency) resonances. The inverse transfor-
mation formula

eg;=e{(L;e})*+[1+Lj(ej—1)]}}"! (10)

makes it possible to reconstruct the function egj(w) from
experimental dependences of €;(w) and £j(w) without any
information on &,;. However, when r> 1, relations (8) and
(10) do not make it possible to separate the effects caused by
the resonant interaction of identical oscillators on different
molecules from the effects of the mixing of molecular exci-
tations caused by the interaction of different oscillators. As
will be shown below, the effects of mixing can not only be
comparable to, but also far stronger than the effects of reso-
nant interactions. Therefore, when several adjacent bands are
present in the spectrum, regardless of their nature, relations
(8) and (10) are generally inapplicable to the analysis of the
causes of such effects as the splitting of the polarized absorp-
tion bands of liquid crystals or the excitonic absorption
bands of molecular crystals in the region of a series of adja-
cent vibronic bands, the mixing of adjacent absorption bands
upon phase transitions, and the variation of the relative in-
tensity and shape of bands.

3. MIXING OF MOLECULAR EXCITATIONS WITHOUT
CONSIDERATION OF THE DAMPING

When I',=0, the squares of the frequencies a‘)f ; of the
normal transverse optical excitations of a system of interact-
ing molecular oscillators are the roots of the equation

IT (wj-0?-a;2 Fyll (0}-w?=0 (11)
% k n#k
and, according to Viet’s theorem, satisfy the sum rule
2 d)zj:z wzj. (12)
X p
Here the deviation of the frequencies
w§j=w§—a,-Fk,~ (13)

from o} is caused by the resonant interaction of identical
oscillators in different molecules.!>*”8 Each of the a'),%j is
determined by the interaction of all r oscillators of all the
molecules in the liquid crystal. Equation (11) can be written
in the equivalent form

“-’ZJ':“’I%_aijj lfj)(“-’kj)/fbj, (149

where the background component ff,’;) for the kth resonance
can be expressed in the form (2) in terms of the function

F; F, |
(k) = 272 nj _ nj
Ep; (w)_ebj—*_wpfbj;k o — a2 1 aj'gk wi—wzl .
n n

(15)

whence follow the inequalities f(;‘j)(djk 7)>0 and w;> @, for
all k. Upon the transition from low-frequency resonances to
high-frequency resonances, the inequalities f(,fj)(d)k > fo)
and wy ;> @y; are reversed. On the other hand, if the w; and
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@;; are numbered in order of increasing value, then for
k = 2, the variation of the @; is restricted to the range
> @y;> wy—;, and is negligible in the case of a dense
spectrum of w; . The greatest decrease is experienced by one
of the @,;, and this collective effect of the mixing of mo-
lecular excitations intensifies with increasing numbers of
mixed states as a result of the increase in f(bj.)(a')l ;) in (14).

Writing the denominator of the rational function (6) at
I';=0 in the form of the product l'lk(cb,z‘j—wz), we expand
this function in simple fractions:

P, .
gj(w)=gy+ a)lz,fzbj-Ek‘, —_—-z—kj—z (16)

A comparison of this expansion with (6) gives the identity

2 oyll ()-0t)=2 F Il (0i-0?),  (17)
k n¥k p n#¥p
and setting w=a; in it, we find
-1
q)kaz ijH (- @) II (d)ij_(blz(j) . (18)
P n#p n#k
Since the frequencies @ are roots of Eq. (11), the numerator

in Eq. (18) can be represented in the form of the product
H,,(wﬁ—a")fj)/aj, and (18) can be brought into the form

(wi— d’lzcj) “’3_‘7’:2.1'
& =—=]1 | 1+5—]. (19)
aj; n#k @i~ B

Hence it follows that the inequalities ®;;>F; (P;<Fy;)
hold for the low-frequency (high-frequency) resonances of
&;(w), regardless of the polarization j, in a liquid crystal or
an isotropic liquid, and that the mixing of molecular excita-
tions can result in significant redistribution of the oscillator
strengths of the components &;;(w). This effect does not
depend on the nature of the dipole-active excitations of the
medium being mixed, and is realized, in particular, for mo-
lecular vibrations which are not directly related to mechani-
cal or electrooptic anharmonicity and are localized in differ-
ent molecular fragments.

A comparison of (13) and (14) shows that the transition
from w,; to @; is achieved by the formal replacement of one
background value f,; by another value f(b']‘.)(d)k ;7). This is not
so for oscillator strengths. Using the identities

2 _ 2
fbj _ aijj =1-a 2 F"j _ w"j—a)
jg)(w) wr—®? I w,,z—(x)2 n a),,i—w2 ’

and equating the first derivatives with respect to o? from
each part when w= @y;, with consideration of (19) we ob-
tain two identical representations:

-1
F .
2 nj
“i2 2_ 22

n (wn_wkj)

Eij[fg,;)(d)kj)]z[ .

(I)kj=

a;Fy;

Soj

S d(w?)

df‘b’;’(w)J }“‘

kj

(20)
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Hence it follows that the distinction between @, ;and F; is
due to both the absolute value and the dispersion of the back-
ground components ff,’l‘.)( w) at w=a@,;, the latter factor di-
minishing the value of ®,; for all k.

Equating the coefficients of the polynomials on the right-
and left-hand sides of (17) at >~ ", we obtain the sum rule
for the oscillator strengths

; <I>kj=§k) Fyj. (21)

Making the transition to the mean values
D= (Pyy+2P;,)/3 and @;=P;; (S=0) by summing the
expressions (21) with j=||, L, with consideration of (4) we
obtain

2 0= F=2 & (22)
T ; 7

Hence follows the nondependence of the total oscillator
strength of all the mixed molecular excitations on the phase
state of the liquid crystal.

As an example often encountered experimentally, let us
consider the case of r=2, setting w,>w,; and @,;>a,;.
The frequencies @ ,; are given by the expression

1
(23)

The degree of mixing of the molecular excitations is deter-
mined by the relationship between the terms in the square
brackets in (23). In the case of weak mixing

it follows from (23) that
®3= wi;+(—1)*alF jF o l(w5— 0]). (25)

When the mixing is strong and the reverse inequality holds
in (24), we obtain

w,q —(w11+w2})+(-1) a,\/FUsz

2 242
(ij_wlj)

X[ 14 —F—2L"|
8a}F1_,F2]

1+ (26)

Maximal mixing corresponds to the condition w;;=w,;,
which can be realized in the case of w,>w; when
Fy;>F ;.

Passing from w; to @;; in (18) using Egs. (12), (13), and
(23), we obtain

(D =F —'(—l)kz Fl)FZJ j(FZj—Flj)
kj 2 _ -2 _2 2 4 2 |
@~ & @~ @ “’21 @y

27)

Hence it is seen that in an isotropic phase and in a liquid
crystal with a fixed polarization j, the oscillator strengths of
the bands in the spectrum of &(w) undergo redistribution
with an increase (decrease) in the intensity of the low-
frequency (high-frequency) component, regardless of the
relative intensities of the components. This accounts for the
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numerous experimental data on the alteration of the relative
intensity of adjacent absorption bands of molecules upon a
gas (solution)-liquid (crystal) transition.29~'"13193% When
(24) holds and (13) is taken into account, the fractional term
in square brackets in (27), as well as the differences
a')%j— @2 ; and w3 j—wfj, can be neglected. As a result, we
have

Qyj=Fij—(—1)*2a;F | jFy; (w3~ 0}). (28)
A comparison of this expression with (25) gives

j
When (F“+(I>1])>(F2]+(I>2]) the inequalities
(@3; @1 J) 2 (w3— w?) hold, explaining the different rela-
tionships between the doublet spllttmgs of the v5(E,) and
v4(E,) bands in the spectra of & (@) and soj(w) for a
uniaxial crystal of calcium ﬂuorapaute 34 Formulas for the
®,; in the case of strong mixing can be obtained by substi-
tuting (26) into (27). When the mixing is maximal, we have
the expressions

1 2 1 2
sz (i | g (VP VP |
which yields

-2 _ 2 ,
wkj——wk—w 2ijd>kj'

When F2 >Fl , the inequalites &, >®,; and
(02— @? ])>(w2 w2 i), which are in close agreement with
the data in Ref. 34 for the doublet of v;(E,) bands, can hold.
Now the inequalities (@3;—®],)Z (w3~ w}) hold when

One significant manifestation of the mixing of molecular
excitations in liquid crystals is the dependence of the mean
values of @, in (22) on the order parameter S. In the case of
weak mixing, the dependence of ng— wfj on j can be ne-
glected. Setting (L—L,)/3=7,S (Ref. 8) and fy;=fy,
from (4), (13), and (28) we obtain

a;F
Q=P —(— l)kﬁll = (k8% + Kk, 8%).
Wy~ Wy

Here the coefficients have the form
K1=SBlSﬁ2+3Tm(Sﬂl+Sﬂ2)’

This dependence of ®;(S) is similar to the variation of @,
upon variation of the conformation of the molecules due to
their orientational ordering,’> but unlike the latter it is ob-
served only in pure liquid crystals and is not observed for
impurity molecules in liquid crystal matrices. Moreover, the
signs of «, and «, are determined by the values of the angles
B and B, and by the magnitude and sign of 7,,, which is
negative for calamitic liquid crystals (which consist of rod-
shaped molecules)® and positive for discotic liquid crystals.

K= 3TmSB1SB2.

4. MIXING OF MOLECULAR EXCITATIONS WITH
CONSIDERATION OF THE DAMPING

When the damping is weak and the inequalities
(w,— @,;)>I,/2 hold, the terms wZFf, in the denominators
of Egs. (9), as well as the weak variation of sgj(w) at
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w=@,;, may be neglected. Taking this into account, we ex-
pand the difference 8;(w) =g;(w)— &y, in (9) in the vicinity
of @; in a series:

8i(@)= 8)(@x)+ &) (@) (@’ — @f) + ... (29)
where 6]’-((1),( )=[ddj(w)/d(w?)] by Taking into account
that L_,fb_,éj((bkj)= 1, we find

0pf o @4k Ps;
(@4 @)+ (@4;Ty;)? ,
where the expression for ®;; coincides with the first of Egs.
(20). The I'4; have the form

Fn'Fn Fn -
ry=2 ’_2)2[2 12)2] : (30)

" (wrzl_wkj " (“’i—wk]

g/ (0=ay;)=

When I',=T, the equality I';;=I" holds. When the mixing
of molecular excitations is weak and the contribution of the
terms with n=k to the sum (30) is decisive, the expression
['yj=I holds. When the mixing is strong and all of the
terms in the denominator in (30) are of similar magnitude,
the condition I'y;==(ZI',)/r holds, i.e., the damping param-
eters of all the mixed excitations become equal.

When the condition (w,—@,;)>I,/2 is violated, the
analysis of the consequences of (9) is difficult, and in this
case the denominator in Eq (6) may be represented in the
form of the product Hk(ﬂ -w +1I‘,Uw) The parameters
Q,q and I[';; are determmed by a system of 2r nonlinear
algebraic equations, which is obtained by equating the coef-
ficients of identical powers of w. This gives two sum rules
for the coefficients accompanying w?"~! and w2~ :

zk‘, rk,.=; Ty, (31)

> i+, 2 I‘,,,.)=2 (m§j+rk§‘, I‘,,). (32)
k n>k k n>k

It follows from an analysis of the system of 2r equations just
mentioned, as well as from (30), that when I'y=T, the
equalities I'y;=T" and ;= @; hold, so that (32) is trans-
formed into (12) (compare with Ref. 23). The expansion of
(6) in simple fractions gives

e(0)=en+ wpf % (33)
where the following notation is used
[‘Pk,(Q )ij ‘P/q(ﬂk;)ﬂ ]/(‘Q'I:j_ QZ;‘),
’[‘ij(ﬂ )= ‘Pk,(ﬂk,)]/(ﬂk, k;
; F,,,.nl;[p [w2—QF+iz(T,~T4;)]
erj(2)= ’ (34)

sz+iZ(Fnj_ij)]

02—~
rgk[ "
0}, =(f,~ T} T2, Q="
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The quantities Ry; and I;; are real. When [';=T'=T';;, the
equalities ¢;;=R;;j=®;; and I;;=0 hold. Therefore, the
usually employed approximation formula like (33) with
I;;=0 and the fitting parameters R;;, {};;, and I';; is appli-
cable only in cases in which the differences between the I'
can be neglected.

A comparison of (6) and (33) gives the identity

2 (Rk,+,w1k,)]'[ Q- w*+iol,)

=2 Fyll (02— w?+iol',),
k n¥k

in which equating the coefficients of w?*"~! and w2V
gives
2 14=0, (35)
:
; Rkj+1kjn¢k F’U) =; ij. (36)

Substituting the expression =,.,I',;=2,',—I;;, which
follows from (31), into (36) and taking into account (35), we
find

; (Rkj—ijij):Ek: Fyj. (37)

The separation of & j(w) in (33) into real and imaginary parts
gives

, Rij(Qf;— 0?) + 0? I,ql‘,q
81'(“’)=8b.i+ wizjzbjg (sz_wz)z ,» (38)
2 2
weove 20 CLRGE K= 1i(Qy— 07)]
s,-(w)—w,;fb,-; (- o)+ 0T, (39)

The absorption coefficient aj(w) is related to the refractive
index nj(w) by the Kramers Kronig relation,® which for
0> (); has the form

c
njiw)=ny— — f aj(u)du,

where ny,;= (&y;)/? and the integration is carried out over the
entire absorption band region r. On the other hand, under the
same conditions it follows from (38) and (39) that

be.l 2 (Rk} ijrkj)

nj(w)=ny;—

A comparison of these expressions for n;(w) with consider-
ation of (37) gives

222
TWpfo)
a;= f a(wido= T3 Fy
i.e., mixing does not influence the total absorption coeffi-
cient. For an individual isolated absorption band
oy j(w)=we}(w)/nj(w)c, with consideration of (39) we
obtain the integrated value
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Ty fy;

Zanj

1
akf:;;f g(@wodo= Ry;. (40)

Here we have used the notation

”kJ':fnj(w)akj(w)dw/f aj(w)dw

for the mean value of the refractive index within the band
o;j(w), which differs from ny; (see Sec. 4.1 below). Thus,
the mixing of molecular excitations is manifested by the fact
that ny; # ny; and Ry; # Fy;, and I;; does not influence the
integrated value of ay;.

To analyze the influence of the I'y on the values of
Qyj, Tyj, Ryj, and Iy;, we consider the case of r=2. The
values desired ();; and I'y; are specified by the system of
equations

[y+T,;=I+T,,
01+ 03+ = 0]+ 0} + T4y,
Flrﬂgﬂ' szﬂfj: Flw%j+ sz%j ,
Q%jQ%j= w%ngj_ajz'FljFZj ,

whence we obtain

0’2‘1:%[w%i+w%j+F1F2—F1jF2j+(— 1)k

(41)
Since the difference I' ', —T";;I",; for the electronic and IR
vibrational spectra of molecules is vanishingly small com-

pared with the sum wf i+ w% ;» Eq. (41) reduces to (23), and
) j=@y;. When this is taken into account, the expression

= (= DT +T5) = (' 0}+ o)) / Q3

—Q%j)
takes the form
[y=Tx—(— DXT,—T)(1-4q)72, (42)

where q=(w§j— w%j)/(a')%j— a')%j). Hence it is seen that
I';;=2T,; when I',=T";, and the band broadens (narrows)
when there is mixing with a broader (narrower) adjacent
band. This accounts for the remaining unclear features of the
variation of the widths of adjacent bands in the IR spectra of
molecules upon the gas—liquid transition,>" a classical ex-
ample of which is the broadening (narrowing) of the band of
the fundamental v; tone (the v,+ v, combination tone) of
the Fermi doublet of CCly. When I';=0 for one of the
bands, mixing results in I’ K *O for that band. This corre-
sponds to the experimental data in Ref. 20, which were in-
terpreted using a mechanical model of two coupled oscilla-
tors. When the mixing is maximal, I');=T,;=(I'; +I',)/2,
which corresponds to the consequences of (30). From (42)
we find that the difference

1
[T lp=— Z(FZ—F,)Z(I—qZ)
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is negative and that consideration of the damping results in
slight displacement of the sum Q3 it Y; ; toward lower fre-
quencies relative to the sum w?;+ w3 ;.

Plugging (41) and (42) into (34) gives

le
=q)lj(1 —pql ;1 @)+ p*q[F\;j—Fj+q(F j+F,j)]2
1+(pq)*—pql'j/@y; ’
_ p[Flj_FZj_q(q)lj_q)Zj)]
1j

2@,,[1+(pq)*—pqlj/ @] ’

where p=(I',—T';)/2(®,;—®,;). Hence it is seen that
when I')=T", and the criterion for spectral resolvability of
the bands (I';+1I';)<2(@,;— @,;) is satisfied, we always
have p<1 and R,;=®,; both in the case of weak (¢=1)
and maximal (¢=0) mixing, the equality being exact in the
latter case. When F ;= F,;, the product /,;®,;=20 is small
in comparison with R ; for such values of p.

The role of I;;(w) in (38) and (39) becomes significant
for strongly overlapping bands with p=1. This must be
taken into account when complicated spectral profiles are
analyzed. In this case significant variation of the sum of the
partial spectral intensities of the overlapping bands in differ-
ent portions of the spectrum is possible, since the contribu-
tions of the terms ~I;;(Q;;— )" in (39) slowly decay in
the wings of &) j(w). For example, when g <1 for a narrow
low-frequency component in the background of a broad
high-frequency component with I',>I";, p=1, and
F,;>F,;, along with the variation of the I';; (42), the large
quantity ,;I,;<0 in (39) causes an increase (decrease) in
the intensity of the spectrum of e;;-(m) above the background
level at 0<Q},; (0>(},;), i.e., significant asymmetry of the
s'l'j(w) band in analogy to the Fano contour for a discrete
autoionization continuum resonance.>® In the opposite case
of a narrow high-frequency component in the background of
a broad low-frequency component with I'\>TI",, p=—1,
and F,;>F,;, the appearance of a large dip (increase) in the
intensity of &7 j(w) relative to the background level at
0<{,; (w>(),)) is possible.

Both these possibilities have been observed experimen-
tally in the IR absorption spectra of isotropic molecular lig-
uids and amorphous solids.*”® They are qualitatively similar
to the manifestations of a Fermi resonance between molecu-
lar vibrations which are close in frequency and have quan-
tum transition orders differing by unity.'>*%* A Fermi reso-
nance causes modification of the spectrum of £g;(w) and the
oscillator strengths F;. The mechanism of mixing of mo-
lecular excitations considered here does not depend on these
restrictions, is exhibited only in a pure liquid, a liquid crys-
tal, or a molecular crystal, and is absent in a dilute solution
or a gaseous phase of the molecules under investigation. The
spectral effects under discussion disappeared for some ob-
jects upon a crystal (liquid)—gas (solution) transition.

4.1. Background-polarizability approximation
To compare the results obtained above with the methods

previously used to take into account the mixing of molecular
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excitations,'>!”"'82! jn (3) for each molecular resonance we

introduce the background value of its polarizability

2
(!) F’U
ybj)(w) ybj 47TN§]¢ ;"_'2—(.0 ’ (43)

where the damping is not taken into account when
(w,— wp)>T",/2. Introducing s(b)(w) and ﬂb’}‘)(w) in anal-
ogy to (1) and (2) and substituting the value of y P (w) ex-
pressed in terms of these parameters into (43), we obtam the
expression (15). Then, from (3) with consideration of (43)
we can obtain the dependence of & ;(w) in the vicinity of an
individual resonance:

D[ fD(0)1PFy

, (k)

81(“’) €y, ( )+ ,%j(w)—wz-f-ink , (44)
where

ufj(w)=w,fj—- wf,L}ijAkj( ). (45)

and Aj(w)=e{d(w)—ep;. When w=w; in &l (w),
&p;=1, and I',=0, Eqs. (43)—(45) are transformed into the
equations previously used in Refs. 13, 17, and 18. However,
here the values of uy(w;) and ®;;=F;[fi)(w) /fb}]2 are
consistent with @; (25) and ®;;{(20) and (28)] only in the
weak-mixing limit (24).

The range of applicability of expressions (44) and (45)
can be expanded to the entire possible range of variation of
the mixing intensity by making the transition to the resonant
frequencnes wk j» which are the roots of the equation
ukj(wkj) wkj, the latter being equivalent to Eq. (11). For
this purpose we use an expansion of A;(w) similar to (29)
in (45). This gives

202
L[5 Pri

= N (k) - ,,fb, kj
ej(w=wkj)—e(b}(wkj)+ = 5o (46)
where we neglect the weak nonresonant variation of
sbj)(w) and ﬂb)(w) at w=@,; and the numerator employs
the notation

a;Fy;

=T 1+ 22X

When I';=0 representations (16) and (46) are equivalent,
but when I'; # 0, F,"j<I‘k for all bands. This contradicts
(30) and (31) and is due to the approximation I" ;=0 in (43).
The conclusion in Ref. 21 that mixing has no influence on
the I'y; corresponds to the neglect of the dispersion of
j(b)(w) at w=ay;. However, when there is strong mixing,
cons1derat10n of the second term in the curly brackets in (47)
becomes essential. For example, when r=2 and ;= w,;,
it follows from (15), (43), and (47) that I';;=T';/2, in agree-
ment with (30) and (42). Expression (46) is also distin-
guished from (33) by the absence of /;;. Therefore, when the
damping of molecular excitations and their mixing occur, the
region of applicability of the background-polarizability ap-
proximation to the analysis of the spectral components
&;;(0) and &;,(w) is restricted to the case of weak mixing
and similar values of the constants ['; . At the same time, for

(47)

dfP(w)] 17!
d(wz) ) )
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the total absorption coefficient in an isolated band, which
does not depend on the renormalization of I';; and the value
of I;, it follows from (46) that

_Th g, (48)

kj»
20" bj(wk])

where ny(@;)=[e b)(w,q)]”2 With consideration of the
results of the preceding section for the spectrally resolved
bands, a comparison of (40) and (48) gives ny;j=n ,;(@y;).

Expressions (15) and (46) correspond to the controver-
sial question of the choice of the background value
&pj(@;) (Ref. 21). Summation of the left- and right-hand
sides of Eq (45) over k at 0= ay; j with consideration of the
equality u,q(wkj) w,q and (12) gives

Hence it follows that the usual identity of a(k)(wk ;) in (46)
with the sum

[/ I
202 nj
eyt Opfo; 20 —5— 5
#k @, wi;
is incorrect in the general case, since according to (49) it
should have led to the relation

P

2 ij 2 _2 nj_2 =0,

k n¥k @ }_wkj

which rigorously holds only when ®;;=F;, i.e., in the ab-
sence of the mixing of molecular excitations.

5. EXPERIMENTAL CONSEQUENCES
5.1. Determination of the L,

The behavior of the oscillator strengths ®,(S) for the
adjacent spectral components ay; (48) in the presence of
mixing precludes the use of these components individually to
determine the L;, whlch is possible in the case of well iso-
lated absorptlon bands According to (22), the total values
a; for all r bands should be used for this purpose. The dich-

roic ratios
N,=ay/a,, Np=a,le (50)

are used to determine

S*=8> Fk,-sﬁ,‘/g Fy; (51)
k

from the following formulas

=(N,g,— 1)/(N,g,+2), SF=1-Nygy. (52

Here the correction factors have the form®

_ "o (fbl) p =Pi"b¢(&)2
i np \fy) h pryi \for) ’
where p and p; are the densities of the liquid crystal and the

isotropic liquid. In analogy to the case of one band,3*' when

the values of n,; and the density are known, the system of
equations S; =Sy and Tr(L) =1 gives the values of L , . At
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FIG. 1. Dependence of Q,, (53) on
B=p, for $=0.6 and B,=0 (curves /
and 1'), B,=90° (curves 2 and 2'), and
B1=pB, (curves 3 and 3') for polariza-
tion j=|| (curves /-3) and j=1 (curves
1'-3") in the case of isotropic (a) and
anisotropic (b) tensors L and fj,.

an arbitrary degree of mixing and fixed values of B;, the
temperature dependences of S* (51) and S coincide, but the
actual value of S can be determined only when the values of
Fy; and B; are known or in the special case of 8;=pf and
S*=5Sg4.

5.2. Dichroism induced by mixing

As is seen from (20), the proportionality ®;; x Fy;
holds only in the case of weak mixing, in which the second
term in the curly brackets in (20) can be neglected, and the
analogs of Egs. (50) and (52) with the replacement of «;,
ny;, and fp; by ay;, nyi(@;;), and f(,f}(d)kj) can be used to
determine  SF=SSg. The  difference  between
ng;=n;(@;) and ny; in Egs. (40) and (48) is small, and
mixing leads to a difference between the effective dichroic
ratios

df, =@y /Py, ,
and the true ratios

dip=Fy)/Fyy,

d;ckh=q>kl 1Dy

dip=Fp IFy.

In liquid crystals with little birefringence and anisotropy of
the tensor f;,, the relations g,,=1 (Refs. 8 and 28),
Nyp=dy;,, and Nyz=d}}; hold, and the influence of mixing
on the dichroism of the bands a;j(w) is manifested in pure
form.

To ascertain the dependence of the degree of mixing on
the polarization j, the angles B;, S, and the anisotropy of
the local field, we consider the case of weak mixing of two
molecular transitions. In addition, we take into account that
according to experiment,22>~%" the dependence of the differ-
ence w,;— w,; on the polarization j can be neglected for the
well-resolved components a;j(w). Then with consideration
of (4) and (13), p;=p, and the inequalities (w;— wy; ;)
<@y, j, condition (24) can be rewritten in the form
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3Lif v
Soi

(wzi_wn)2

(01— w))(wy— wy)

2
) C1;C2i=0120J),
(53)

where Cy=1+2SSg and C;; =1—SSg;. When the left-
hand side of inequality (53) is fixed, Q,= Q,, characterizes
the degree of mixing of the excitations. We consider the lim-
iting cases of isotropic (L;=1/3, fy,;=fy;) and anisotropic
local fields in a liquid crystal with §=0.6, L;=0.2,
L, =04, ny,=1.58, ny=1.69, and n,, =1.52. These pa-
rameters correspond to the experimental data for the nematic
phase of a SCB liquid crystal when T,—T=10°C and
A=0.8u (Refs. 31 and 40) and are typical as background
values for the IR region.®?5-%

The plots presented in Fig. la show that for a liquid
crystal with little birefringence and an isotropic tensor L, the
molecular transitions with 8,,=0 are mixed most strongly
when j=|| and the transitions with 8, ,=90° are mixed most
strongly when j=1. In the typical range of values
w;— wg;=1-10 cm™! for high-frequency bands in the IR
spectra of molecules with ;=10 cm™! (Refs. 3 and 41),
the condition of weak mixing is realized for bands with
(w3i— @1;)>15-150 cm™! and 8-80 cm™! when S,,=0
and j=|| and when B,,=90° and j=1, respectively. Con-
sideration of the anisotropy of the local field in Fig. 1b re-
sults in appreciable enhancement (weakening) of the mixing
of the transitions with 8,,=90° and j=1 (B8,,=0 and
j=||) mainly due to the anisotropy L, >Ly . We also note the
significant deviations of Q,, (B,,=0, j=|)) in Fig. 1a and
Qy; (B,2,=90°, j=L1) in Fig. 1b starting at Q,=4 for an
isotropic phase. Therefore, in liquid crystals with weak or
strong anisotropy of the tensor L, mixing has the strongest
influence on the parameters d;, (dj}) and the values of S},
(S, for transitions with B,,=0 (90°). Anomalies in the
values of 7, (Ref. 25) and S}, (Refs. 26 and 27) were pre-
viously observed for just such pairs of bands. In the case of

4|
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discotic  liquid  crystals, the anisotropy Ly>L,
enhances the inequality @y, (B8,2=0, j=[)>Qp (B,
=90°, j=1), which follows from Fig. la. Regardless of the
anisotropy of L, the transitions with 8,,=0 (90°) exhibit
the weakest mixing when j=_1 (j=||), and Q,,=0 for these
when S=1.

Moving on to an analysis of the influence of mixing on
dif/d,, with consideration of (53) we bring (28) into the
form

®,;=F[1-(—1)*B, 0V )], (54)

where n # k and B,,=(w,— w,;)/(w,;— w;;). Hence in the
linear approximation with respect to B, we obtain

df,=di{ 1= (= 1)*B,[OM2()— Qmi(L)]1},
df=du{1-(—1)*B,[QYX(1)-2]}. (55)

The values of djf/d; for one of the bands being mixed are
determined by its relative spectral position and the values of
B, and Q,,(j) assigned to the other band. With consider-
ation of the equality Q,,=Q, (B,=B2=8,), it follows
from (55) and the data in Fig. 1 that for a liquid crystal with
weak (strong) anisotropy of L, the inequalities df,=d,, are
satisfied when B,Z By =54.7° (B,=36°), and df,=d,,
when 8,2 B) (B,=243°). The inequalities for d¥, , are the
opposites of those just presented for d ?‘p, »» With the replace-
ment of 3, by B,. This accounts for the entire set of previ-
ously detected anomalies.?>%’

In fact, the occurrence of mixing of the phenyl-ring vi-
brations ¥,=1500 and v,=1600 cm~! with B12=0 with
one another and with adjacent lower-frequency vibrations
with B<B,, follows from the dispersion dependence of the
birefringence* for liquid crystals from different chemical
classes. This should lead to the inequalities d},>d5,>d5,,
where the frequency v;=2227 cm™! is assigned to the C
=N stretching vibration with 8;=0, or to the inequalities
St,>83,>S3,, which were observed experimentally in Ref.
27. Here the mixing of v; and v, , can be neglected, since
(v3—v,2)> (v,—v,). The appearance of the v, band of the
C=0 stretching vibration with 8,>8,, (Ref. 43) between
the v, and v; bands in CPE and CPEO liquid crystals?’
results in the mixing of v, with both of these bands, since the
change v4— v,;=20-30 cm™! (Ref. 41). This should result
in an increase in d;"p and a stronger decrease in d’l",2p , since
v3—v4=3(v4— v,). This accounts for the observation of the
inequality S;"p>S ik,lp for these objects?’ and its enhancement
upon the transition from the CPE molecule to the CPEO
molecule with decreases in v4 and the difference v,—v,,
due to enhancement of the r-electronic conjugation of the
—COO- acceptor fragment with the donor —OC, H,,,, ;.

For liquid crystal I (Ref. 25), which does not exhibit the
v3 vibration, the mixing of the v4 and v, bands (bands No. 3
and No. 4, respectively, according to the numbering in Ref.
25) in the smectic-X phase leads to the inequalities
d¥,>d,, and d,>d,,,, accounting for the sharp decrease in
S%, upon the smectic-A—smectic-X transition?> and the non-
physical values S%,(g,=1)<—0.5 in the smectic-X phase.
To quantitatively interpret the data in Ref. 25 in the example
of two pairs (Nos. 1 and 2 and Nos. 18 and 19 according to
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the numbering in Ref. 25) of intense bands of similar fre-
quency with identical values of 3, we represent (52) in the
form

l+au/au

Sk=1-Ns8s 1+ (56)
i

lay; *
The use of the values g,=0.8 and N;,(No. 19)=1.92 (Ref.
25), as well as the values ay;/a;;=1 and a,, /a;, =0.8,
which were found from Figs. 5b and 5d in Ref. 25 for the
smectic-X phase, gives Sy = —0.375 instead of the nonphysi-
cal value S§;,(No. 19)=—0.53, which does not take into
account the fractional coefficient in (56) and the mixing of
vibrations Nos. 18 and 19. Taking into account that
B12=90°, we obtain $=0.75 for the longitudinal axis of the
biphenyl ring system in the molecules of liquid crystal I from
(51). In the smectic-A phase the values g,=0.91 and
Np(No. 19)=1.6 (Ref. 25) and a similar procedure give
§=0.72, in agreement with the value S=0.71 for band No. 4
with B=0 (Ref. 25).

For the pair consisting of bands Nos. 1 and 2 with
B1,2,=90°, which are assigned to the C—H stretching vibra-
tions of the alkyl chains, the use of (56) also eliminates the
nonphysical values of S} (No. 2) in the smectic-X phase, and
from the data in Figs. 5b, 5d, and 11 in Ref. 25 we obtain
§=0.514 for band No. 1. The corresponding value for the
smectic-A phase is $=0.16. Thus, the smectic-A —smectic-X
transition in liquid crystal I (Ref. 25) is accompanied by a
slight increase in the ordering of the molecular ring systems
and a significant increase in the orientational ordering of the
hydrocarbon (and probably the perfluorinated) fragments of
the molecular alkyl chains. This correlates with the decrease
in the number of gauche conformers in partially fluorinated
derivatives of polyethylene** upon their transition from the
paraelectric phase to the ferroelectric phase. The enhance-
ment of the mixing of the vibrations with S3;=90° for
j=1 polarization upon the smectic-A —smectic-X transition
in liquid crystal I, which is fully consistent with the conse-
quences of (53) as S increases, should be noted.

The foregoing analysis of the data in Refs. 25-27 dem-
onstrates the occurrence of mixing of molecular excitations
in nematic and smectic liquid crystals from various chemical
classes. Moreover, the intensity of the mixing increases sig-
nificantly upon the transition to fluorinated compounds?
which form a nonchiral uniaxial ferroelectric smectic-X
phase. We next ascertain the conditions under which the mix-
ing of vibrational excitations of molecules can serve as a
mechanism for a loss of stability of a liquid crystal with
respect to its transition to the ferroelectric state.

5.3. “Polarization catastrophe” induced by the mixing of
molecular excitations

Equations (2) and (3) are applicable to nonpolar mol-
ecules over the entire range of w, as well as to polar mol-
ecules at w>1/7;,, where 7;p is the Debye dipolar relax-
ation time of the components & j(w). When the conformation
is fixed, a molecule can be nonpolar as a result of the lack of
dipole moments in its fragments or their cancellation. The
latter case is typical of multifragment mesogenic molecules,
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in which a conformational change can be accompanied by
the appearance of an uncompensated dipole moment. We
shall henceforth assume in our analysis of the components
€;(0) that the equilibrium conformation of the molecules in
isotropic and liquid-crystal phases is nonpolar due to the
mutual compensation of the dipole moments in their frag-
ments.

When @=0, we must include all dipole-active vibra-
tional and electronic excitations of the molecules in the sum-
mation over k in (6), and set &,;=f,;= 1. When this is taken
into account, we have

=1

Fy; Fy;
s,.(0)=1+w,2,; ;k; 1-wjL;2 Zfl . (57)

We introduce the parameter
Fyi Fy;
Sg= S
=2 o7 S / 27

=[7/(0)=7,(0)] /[71(0)+27,(0)],

which characterizes the relative anisotropy of the molecular
polarizability tensor y(0) and varies over the range
—0.5<Sg=<1. Then g|(0) can be represented in the form

oo p ., 30+255,) S
0=+ B+ cs? (58)

where we used the notation
A=3/[g;(0)—1], B=Sg+37,, C=-—12847,.

The parameters Sg and 7, =[(Lj—L,)/3]s~, have opposite
signs.® The values of § g for calamitic liquid crystals are posi-
tive, and the values for discotic liquid crystals are negative,
so that C>0. The transition to &, (0) is accompanied by the
replacement of S by — S/2. For ordinary nonpolar mesogenic
molecules with weak mixing, A=2, and the terms dependent
on S in the denominator in (58) are small in comparison with
A. This accounts for the known proportionality Ae(0)
o« S for such liquid crystals.*

For molecules with a sufficiently dense spectrum w; of
low-frequency vibrations, the value of A is small, and when
B>0, the denominator in (58) can vanish with the loss of
stability of the liquid crystal and its transition to the ferro-
electric state.>* In this case the denominator of & 1(0) in-
creases monotonically with increasing S. The instability tem-
perature T, corresponds to the lesser value S; of the two
positive roots

B k AC
1+(—-1) 1"'—52-,

Sk:E

whose values are bounded by the inequalities

Here the extreme limits correspond to the inequality
B?>AC and the dependence
3(1+2S5Sp)

8"(0,5): 1+ _Z-E(—SI——S) .

(59)

148 JETP 81 (1), July 1995

When S<S,;<1 and the variation of S(T) is nearly linear,
we have g)(0,7)~(T— T,)"!, in analogy to the Curie—
Weiss law for crystalline ferroelectrics.>* When B2=AC
and S$,=S,=A/B, we have

3(1+25Sp)
e (0.8)=1+ T —57 > (60)
o, if S8<§,<l, the nonclassical dependence

g)(0,7)~(T— Tl)”z. In the general case, if S<S$,<S, the
dependence is described by the law

3(1+285,)
C(S;—8)(5,—-S5)°

which is intermediate between (59) and (60).

When Sz=0.5 and 7,,= —0.05, the values §,=0.67 and
S,=1.67 correspond to the unrealistically high value
£;(0)=10. When B2>AC and B=0.5, the physical values
S,=(A/2B)<1 correspond to the realistic values &;(0)>4.
This can be realized for calamitic (discotic) liquid crystals
with small (large) values of the birefringence and the param-
eter 7, in the visible portion of the spectrum® and a principal
contribution to the anisotropy A<y(0) from the vibrational
transitions (cancellation of the contributions of the electronic
and vibrational transitions).

The synthetic possibilities are expanded upon the transi-
tion to liquid-crystalline polymers. Frequencies in the range
v<500 cm™! are characteristic of the vibrations of long
alkyl chains. Partial or complete fluorination of the latter is
accompanied by a significant increase in the number of in-
tense IR absorption bands in the 80-1200 cm™!
region.?**"®8 For the polyphilic molecules in liquid crystals I
and II and liquid crystals III and IV (Ref. 25) with
p=1 g/cm3, we have Vp=7890 and 6800 cm™ !, so that the
inequality (w,/w;)>>1 holds in (57) even for
1,=1200 cm~ £ At ¥=100cm™! the oscillator strengths
Fy can be comparatively small, but sufficient to ensure the
smallness of the denominator of £(0). At the same time, in
the smectic-A phase of liquid crystal I the approximate value
Tm=—0.09 (Ref. 25) is fairly large, but experimental values
of Lj, Sg, and €;(0) are still not known. In addition, the
equilibrium conformation of the polyphilic molecules® in
the smectic-A phase is characterized by a nonzero, but small
[~1 D (Ref. 49)] uncompensated dipole moment, which
causes the measured values of €(0) to differ from the values
given by Eq. (57).

The denominator of g)(0) in (57) is equal to 1/£(0),
and the approach to the instability point T, from above is
accompanied by a drastic increase in f)(0) and the local field
acting on the dipole moments of the molecular fragments.
This results in deformation of the molecules below T,
which increases the energy of the mesophase and competes
with the appearance of spontaneous polarization P||n, which
lowers the energy of the mesophase. The lowest-energy type
of deformation of molecules is alteration of their conforma-
tion due to the rotation of fragments about the single chemi-
cal bonds joining them. A hypothetical assessment of which
fragments participate in such structural changes can be de-
termined on the basis of the consequences of Eq. (53) and
Fig. 1. In fact, the response of a liquid crystal to the insta-

g)(0,5)=1+

(61)
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bility of the high-temperature phase due to the mixing of
molecular excitations should be a structural change which is
accompanied by lowering of the degree of this mixing in the
low-temperature phase. This is possible owing to the de-
crease in the product SSg; for molecular transitions with
Bx=0, which mix most strongly in the case of j=|| polariza-
tion, i.e., owing to increases in the angles ¢, between the
dipole moments of the longitudinal electronic or vibrational
excitations of the molecule and n. Then the mixing of the
vibrations with 3;=90° in j=L1 polarization can increase
(see the end of Sec. 5.2).

As a consequence of the relatively dense packing of the
molecules in a liquid crystal, a change in their conformation
below T, is possible only as a result of a cooperative process
in regions that contain enough molecules, but with a finite
correlation radius in the case of maintenance of the macro-
scopic uniaxial state of the low-temperature phase. Since the
probability of such local cooperative structural changes in-
creases when there is a correlation in the arrangement of the
centers of gravity of the molecules, the realization of a struc-
tural change in a liquid crystal below T, is most likely to
occur upon the transition from the high-temperature
smectic-A phase. In addition, according to (5) and the known
experimental data, the largest values of S and, accordingly,
the smallest values of the denominator of g)(0) in (58) are
provided by the combination of orientational and transla-
tional ordering of the molecules in smectic-A phases. The
role of the smectic ordering of the molecules is also included
in the present model of the loss of stability of a liquid crystal
at T=T, in these two respects.

The change in the conformation of the molecules below
T, can be accompanied by the appearance of additional un-
compensated dipole moments in them, which enhance or
weaken the spontaneous polarization. Therefore, the struc-
ture of the polar phase, as well as the presence or absence of
a transitional phase between the polar and nonpolar phases,
is determined by a delicate balance among the various inter-
molecular interactions.> It is still not clear to what extent the
model considered here has bearing on the smectic-A—
smectic-X(X') transitions in real polyphilic compounds,?
although the aforementioned heuristic structural conse-
quences of (57) for the polar phase below T, correspond to
observations for these objects.*!-2

Experimental verification of another consequence of
(57), which supplements (59)—(61) and does not depend on
the structural features of the polar phase below T, is also of
interest. A comparison of Egs. (33) at =0 with (57), (58),
and (61) gives

I (%)2—C(S _s)(5,—5) MO 1 ©62)

e\ ! 2 Ve (0)+27
and the vanishing of the denominator in (58) corresponds to
the vanishing of the product I1 kﬂﬁu . As was shown in Sec. 3,
when the spectrum of w; is dense, the cooperative mixing of
molecular excitations is manifested by a maximal decrease in
one frequency @, ; relative to w, . Therefore, the critical fre-
quency, which depends most strongly on S and the tempera-
ture of the liquid crystal, is ) .= =@ . It is noteworthy
that softening of the frequency w; of the critical transverse
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optical phonon, which is formally equivalent to w;; (13)
when L;=1/3 and S=0, due to the temperature-dependent
variation of w; caused by the anharmonicity, has been con-
sidered for cubic crystals within the single-oscillator® and
multiple-oscillator®® models. In the case under consideration
here w;=const, and the temperature-dependent variation of
4 in (33) and (62) is related to the dependence of L; and
F, kj on S.

When S<S,<1, dependence (60) corresponds to the re-
lation

Q. (8,—8)"2ec(T-T))"2, (63)

which is similar to the classical temperature-dependent be-
havior of the frequency of the critical transverse optical pho-
non in crystalline ferroelectrics.>*>> Here the frequency
Q,,>Q,; increases monotonically with S. In the other lim-
iting case (S;=S5,<1) the dependence ), x (T—T),) is
nonclassical, and in the general case (62) the temperature-
dependent behavior of Q.(T—T,) is not described by a
power function of the reduced temperature with a fixed ex-
ponent.

We emphasize that in the presence of mixing of molecu-
lar excitations (as demonstrated above), the dependences
(59)—(63) should hold in the liquid crystal phase, regardless
of whether the value of S, is physically achievable. The tran-
sition to S§;>1 is manifested only by a decrease in the am-
plitude of the variation of £(0,S) and {),(S) in a restricted
experimentally attainable range of variation of S. For liquid
crystals consisting of molecules with partially fluorinated
alkyl chains, the values of w.(AT) lie in the range
<80 cm™! and are accessible to observation by far-IR
spectroscopy. Note, however, that the positions of the
maxima of the IR absorption bands differ somewhat from
Qk j in (33).8

6. CONCLUSIONS

The foregoing material demonstrates the significant in-
fluence of the mixing of molecular excitations due to local-
field effects on the spectral, optical, and dielectric properties
of uniaxial liquid crystals. Mixing modifies the character of
the dispersion dependences of the absorption coefficients and
refractive indices of liquid crystals in a region of adjacent
electronic or vibrational resonances. This must be taken into
account in investigations of the polarization of molecular
transition utilizing the dichroism of absorption bands. The
damping of molecular resonances restricts the applicability
of the approaches for taking into account their mixing based
on the familiar idea of a background polarizability (dielectric
function) to the case of weak mixing or identical damping
constants.

Consideration of the mixing of vibrational excitations
for an extensive list of liquid crystals from various chemical
classes provides an explanation for the anomalous spectral
features of these objects and eliminates nonphysical conse-
quences from the spectral data. The enhancement of the mix-
ing of molecular vibrations in liquid crystals which form
uniaxial nonchiral ferroelectric phases indicates that the mix-
ing process may be related to a ‘“polarization catastrophe”
and the instability of liquid crystals against a transition to the
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polar phase. Unlike crystalline media with a fixed structure
and weak temperature-induced variation, in liquid crystals
the intensity of the mixing and the related renormalization of
the frequencies of transverse optical modes of vibration are
strongly dependent on the temperature, due to the variation
of the orientational order parameter of the molecules. When
a “polarization catastrophe’ occurs due to mixing in uniaxial
liquid crystals, the dielectric loss spectrum of the high-
temperature nonpolar phase is expected to display absorption
bands with critical temperature-dependent behavior of the
maximum similar to a soft mode in crystalline ferroelectrics.

We thank L. M. Blinov for a stimulating discussion of
the results in Ref. 25.
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