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A molecular theory of chiral smectic C liquid crystals is formulated. On the basis of
molecular field theories of smectic A and cholesteric liquid crystals, Landau free energy
associated with tilt and twist deformations of director is obtained from a microscopic
point of view. Then the temperature dependences of the tilt angle and the helical pitch
in chiral smectic C and cholesteric phases are numerically calculated. One finds the
qualitative agreement between the present theoretical result and the experimental
findings for the critical exponent of the tilt angle but not for that of the helical pitch.
In addition it is also pointed out that the temperature dependence of orientational
order is significant to drive chiral smectic C-smectic A phase transitions, rather than
that of translational order.

1. INTRODUCTION

As is well known, chiral smectic C (SmC*) liquid crystals possess the
layer and helical structures like as smectic A (SmA) and cholesteric
(N*) ones, respectively. In addition, the long molecular axes in SmC*
phase incline with a certain angle with respect to the layer normal as
seen in smectic C (SmC) phase. SmC* molecule has a permanent
dipole along the short molecular axis. Therefore, as an unique prop-
erty of SmC* phase, it possesses spontaneous polarization parallel to
n X k, where n is the local director with unit length and k is the
wave vector of the one-dimensional density wave. (See Figure 1) The
existence of such a ferroelectric mesophase was first predicted by
Meyer! and it was realized by him and coworkers.? Michelson er al.*
pointed out, in a phenomenological theory, that the dipole-dipole,
dipole-quadrupole, and quadrupole-quadrupole interactions are suf-
ficient to explain the ferroelectric ordering, which results from the
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FIGURE 1 The SmC* structure. Here n and k are the local director and the wave
vector normal to the smectic layers, P and O are the helical pitch and the tilt angle,
respectively.

piezo- and flexoelectric effects.! The former is closely related to the
coupling effects between the tilted director alignment and the or-
dering of permanent dipoles. On the other hand, the latter appears
as a result of the uniform bend deformation of director which results
from the tilted and twisted molecular alignment. On account of the
direct interaction between the spontaneous polarization and an elec-
tric field, SmC* molecules respond rapidly to the applied electric
field, compared with the case of the nematic liquid crystals which
have usually no spontaneous polarization. From the view-point of
application, a high-speed electric switching may be achieved by uti-
lizing such ferroelectric behavior of SmC* liquid crystals.*

To investigate the elastic and thermal properties of SmC* liquid
crystals, Pikin and Indenbom® formulated a phenomenological Lan-
dau-de Gennes theory on the basis of symmetry considerations. This
theory was successfully applied to a variety of problems, e.g. elastic
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deformation under electric fields,®’ temperature dependence of the
helical pitch,® SmC*-SmA (or SmC) phase transitions.”'* However,
as is accepted nowadays,!' Landau-de Gennes theory has several
shortcomings as well as advantages in comparison with mean field
treatment. That is, within the framework of phenomenological ap-
proach, there is no favorable way to relate directly the coefficients
of the Landau expansion of the free energy to the intermolecular
interactions between SmC* molecules in a molecular statistical man-
ner. In addition the temperature dependences of them are to be
appropriately assumed with an ambiguity. Therefore, from the the-
oretical point of view, it is of interest and worthwhile to derive the
Landau-theory constants, which depend on the intermolecular inter-
actions and vary with temperature, from a microscopic theory.

In the present work, we shall focus our interest on the thermally
induced phase transitions of SmC* liquid crystals at a constant volume
and formulate a molecular theory of them on the basis of the mo-
lecular field theories of SmA liquid crystals, developed by Senbetu
and Woo,'? and of N* liquid crystals, formulated by Lin-Liu et al.'?
Our approach is as follows. Firstly the free energy associated with
the SmA structure is derived and minimized to determine the trans-
lational and orientational order parameters of molecules for a given
temperature. Subsequently, making use of these order parameters,
Landau expansion of the free energy produced by the spatial variation
of director in SmC* or N* phase is obtained as a perturbation. Here
the expansion coefficients are derived at a molecular level and directly
related to the intermolecular interactions between SmC* molecules.
Finally minimizing the Landau free energy, we can determine the tilt
angle and the helical pitch at the temperature. In the present frame-
work, as was pointed out by Meyer er al.,'? it is assumed that the
effects of the permanent dipoles of SmC* molecules may be neglected
because SmC*-SmA phase transition is driven by the intermolecular
forces producing the molecular tiit, and but not by the ferroelectric
coupling related with the permanent dipoles. Therefore, as a first
approximation, the ordering of SmC* molecules about their long axes
is assumed to be uniaxial in the present approach. In addition, within
the mean field approximation, we shall completely neglect the steric
effects arising from the intermolecular repulsions and all of the cor-
relations between molecules. The general theory and the Landau
expansion of the free energy are presented in Section 2. The nu-
merically calculated results are given together with several discussions
on them in Section 3. Finally, Section 4 is devoted to provide several
conclusions and discussions on the present approach.
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2. THEORY

2.1 Intermolecular potential

We shall put the intermolecular potential &, (Q,,0,) between the
molecule 1 and 2 as follows,

¢, (01,05 = 5, (01,0;) + O} (01,02)
+ OL (01, Q)), (1)

where Q, = (r,,£};), r, and ; = (9;,0;) are the position and the
orientation of ith molecule, respectively; here 8; and &, are the polar
and azimuthal angles of the molecular orientation with respect to the
laboratory frame, respectively. The three components of the inter-
molecular interaction in the rhs of Eq. (1) are given by

@5, (01, 02) = A (1) + Ay (1) P (@, - )

+ Ay () Py (2, - ), ()

cI)isnl?(Qqu) = Azo(”xz) : Pz(f'lz'ﬂ1) + Aoz(rlz) P, (f'lz‘ﬂz)

+ Ago(rn) Palfrn ) + Ags (rn) Pa(f12:€2),  (3)

DG, (01,Q5) = B (1) (R, x @) - 1, (, - D), 4)

where ri, = r, — 1, r, = | ra|, Fia = rip/ 1z, ;s the unit vector
pointing the direction €};, P, (x) is the Legendre polynomial of ¢th
order, and we assumed that the molecules are non-polar and uniaxial
about their long axes. Here &%, (Q,,0,) is the spherical part with
respect to £, of the intermolecular potential and contributes to the
parallel alignment of molecules along the local director and also to
the stability of layer structure in SmC* or SmA phase.'* Next ®5B
(Q,,0Q-) is the symmetry-breaking component which reflects the an-
isotropy of the molecular shape and was first employed by Senbetu
and Woo.!2 Recently, it was studied in more detail in the previous
work on SmA liquid crystals.!* It should be noted here that the effect
of the symmetry-breaking component appears only in the layer struc-
ture and completely vanishes in the spatially disordered phases.!>-14
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As will be shown later, this type of interaction is significant to produce
the tilted alignment of molecules, as appearing in SmC* or SmC
phase, and to drive SmC*-SmA phase transition. Finally, ®%, (Q,,0Q,)
gives rise to the helical structure. This type of potential has been
employed to study the temperature dependence of the helical pitch
in N* phase.'?:'31¢ If B < 0, then the helix is right-handed. On the
other hand, if B > 0, the helix is left-handed. Apparently, the model
potential expressed by Eq. (1) has the following symmetry,

D, (01,07 = &, (rlzsﬂhﬂz)

®,,, (12, —QI)QZ)
=, (rizsﬂn - ﬂz)
= &, (rpp, — Q]- - O-2)

= &, (r21~QZrﬂl)' ()

2.2 Helmholtz free energy

Let us consider the N body system in thermal equilibrium with tem-
perature T and volume V. Here we shall consider thermally induced
phase transitions at constant volume but not at constant pressure.
Neglecting the excluded-volume effects, within mean field approxi-
mation, the Helmholtz free energy Fy is given by'?!4

Fy = £[40,00, 10) f10:) @, (01,02

+ oxT[d0, Q) log 1)), ©)
where p = N/V is the average number density, k is the Boltzmann

constant, f(Q,) is the one-body distribution function of ith molecule
and must satisfy the following condition,

Jaor @) = v. 7)

Under the above constraint, minimizing the free energy Fy with re-
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spect to f(Q), one may obtain the following integral equation for

RQ),

kT log{Z, f(Q)} + p fszf(Qz) ¢ (01,Q:) =0, (8)

where Z, is a Lagrange multiplier which must be determined by Eq.
(7). Here, in Eq. (8), putting f(Q,) into the following Boltzmann’s
form,

fQ) = exp( @, (Q)) / kT) /Z,, 9)
one obtains the following expressions,
Q) = b [ 40, (02) P (10, (10)
Z = leQ exp(—&, (@) / kT) an
1 V 1 1 1 .

Here @, is the one-body pseudo-potential and Z, corresponds to the
one-body partition function. Now the minimized Helmholtz free en-
ergy can be written as

Fy = - %‘f dQldQZf(Ql)f(QZ) D, (01,0)

- NkTlog Z,. (12)

To study the phase transitions of SmC* liquid crystals, we shall in-
troduce the order parameters specifying the microscopic state of the
system as well as two macroscopic variables, tilt angle and helical
pitch into Egs. (9)-(12), in next subsection.

2.3 Internal energy

In this subsection, we shall introduce the order parameters of SmC*
molecules and calculate the internal energy for the intermolecular
potential given by Eq. (1). The total internal energy U, consists of
the three parts corresponding to those of Eq. (1). That is,

Uy = Uy + U + US, (13)
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where

Ut = £ [d0, 0, £ (0 £ (0 9%, (@00, (19
2
vt = £ a0, d0.£ (0 1 (20 4 @) ()

Uy = %derszf(Ql)f(Qz) P (Q1 Q1) (16)

To introduce the order parameters specifying the molecular align-
ment, we shall expand the one-body distribution function as follows,
taking the layer normal as z axis,

2 2¢ + 1
ﬂ®—§1+% e

(coskzP,)

x coskz; P (- m (2)). (17)

where the expansion coefficients,
1 A
(coskzP)) = + f dQf(Q) coskzP (£); - m (z))), (18)

are the order parameters. Here & is the wave number and takes the
values, 2w/d x (0 or integer), where d is the layer spacing. We
assumed here that the helical axis coincides with z axis. Moreover,
as was previously noted, we assumed the uniaxial ordering of SmC*
molecules about the local director n, which can be now represented
in terms of Cartesian components for the reference system,

n(M) = (ncos ® (z), msin P (z;). §), (19)
and
m=sin®.§=cos®, P(z) = qz,q9 = 2n/P. (20)

Here © and P are the tilt angle of director and the helical pitch in
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SmC* structure. (See Figure 1) Thus the macroscopic variables 7 (or
0) and g (or P) in SmC* structure have been related to the micro-
scopic order parameters {coskzP,) in similar to the case of the mo-
lecular theories of N* liquid crystals,'*'>!¢ in which m = 1. Now let
us set down Ug, URP, and U§ below. Substituting Eq. (17) into Eqgs.
(14), (15), and (16), with the aid of the addition theorem of spherical
harmonics, one obtains, after some straightforward calculations, the
following results,

N
Us = 5 > A (k; m.q) (coskzP)?, (21)
'Y
Au("?'ﬂ"]) = 1+ 8 fdrIZCOSkZIZPl(l + m?(cosqz,, — 1))
X A (ri2)s (22)

URP = > 2 {A,, (km) + A, (ksm)} (coskz)

x (coskz P,), (23)

Aca(ki'ﬂ) = 1+ 5 Py (cosB) A, (r12)

X P (§), (24)
Aol(k;ﬂ) 1 + Sk fdrIZ coskzy, P, (cosB) A,(ry2)
N 2
E ; kim q) (coskzP,)?, (26)
B(k;m.q) = 55 P fdr,z coskz,, cosP singz,,
ko

X B (r2) m* {1 + m* (cosqz,, — 1)}; (27)
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here 8,,,, is the Kronecker’s 8-function, cosp = #,, - £, where £ is the
unit vector along z axis. It should be noted here that A, (0;n) =
Ay (0;m) = 0. That is, as was previously mentioned, the symmetry-
breaking components are efficient only in SmC* or SmA phase with
positional order. Now the total internal energy Uy can be written as
follows,

UN=

0| =

k; {Alllz (k,"'l»CI) + B (kvn’q) 8llZ 8(22}

X {(coskzP,,) - (coskzP,). (28)

Then the Helmholtz free energy Fn may be written, instead of Eq.
(12), as follows,

N - -
Fv= =7 3 {Au: (king) + B (kmn.q) 8,8}

2 k€162
X {coskzP,) - (coskzP,,) (29)

— NkT logz,,

and

211, d +1
Z, = 7 f dz [_ld (cos8) exp(— P, (z,0)/kT), (30)

®,(z,0) = k; {Am(k:n,q) + B(kQTI"I) 8(’128622}

X {coskzP,,)coskz P, (cos8), (31)
cost = 0 -0 (2).

In principle, minimizing Fy expressed by Eq. (29) with respect to
(coskzP,), m, and g, one could determine them as functions of tem-
perature. However, it is too difficult and troublesome to determine
simultaneously these variables at a given temperature. Therefore, in
similar to the case of N* liquid crystals,'? in the present work we
shall introduce a perturbation method as shown in next subsection.
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2.4. Perturbation method

To introduce a perturbation method, we shall firstly separate the free
energy Fy into two parts as follows.

Fy (n,q,{coskzP,)) = F}, ((coskz))

+ F}‘l (TI»CI» <COSkZP(>)» (32)
where

FY ({(coskzP)) = Fy (0,9, (coskzP))), (33)

F} (n.q, {coskzP)) = Fy (m.,q, (coskzP,))
— Fy (0,0, {coskzP,)). (34)

Next, the internal energy may be also separated into two parts,

Uy = U% + U}, (35)
and
N .
Uk = 5 2, Al (k) (coskzPy) {coskzPy,), (36)
ket
A 21 -
vz = 2 & {Ale (km.g) + B (kim.q) 32 8o}

X (coskzP, ) (coskzP,,), (37)

where, in similar to Eqs. (33) and (34), A%, and A}, are defined
by
A(Nz (valv‘I) = A?xlz (k) + A}l('l (kiﬂ,‘I), (38)

A?llz (k) = A(llz (k’ 0’0)’ (39)

Allllz (k;'fl:CI) = Ah(: (kﬂlaQ) - A(l(’z (k; 090) (40)
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Making use of Egs. (22), (24), and (25), AV, A}, A, = A, and
Aly, = A}, may be derived as

A(()( (k) = 1+ Sko fdl'lz coskzy Ay (ry2), (41)
Alll (ksm.g) = 1+ 5/,0 fdr1° coskz,y Ay (r12)
X (Pi(1 +m*(cosqgz, — 1) - 1), (42
AY (k) = fdrp coskzy, A, (r12) P (cosB)
1+ B,m
= Al (k), (43)

A, (km.g) =

1+ 5, p J dry, coskz,; A, (r12)

X P (cosB) (P(§) — 1)
= A(l)l (k,Tl»CI) (44)

From Eq. (42), we must note that A}, (k;n.g) = 0 because of P, (x)
= 1. Similarly, the one-body pseudo-potential may be separated as

d, (2,0) = ¥ (2,6) + D] (2,0), (45)

Y (2,0) = > AV, (k) (coskzP,) coskzP,, (cos),  (46)
k&

] (z,0) = 2 L (ks mag) + B (ksm.q) 8> B}

ki
X {coskzP,,) coskzP,, (cos8). 47)
Now Fy may be given by
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d +1
Z, = —2215]'0 dz j_l d (cos8) exp{— (P} + ®}) /xT}. (49)

Here comparing Egs. (32) and (48), one finds

Fy = —U% — NkTlog Z?, (50)
FY, = —UL — NkTlog (Z,/ZY), (51)
where
27
Zy = =)o dz d(cos(-)) exp (=99 (z,0) / kT). (52)

Provided that we regard the free energy F}, associated with the tilted
and twisted structure as a perturbation in comparison with F%,, from
Eq. (51) F} reduces to U} as follows,

FL = U\ (53)
Now we can determine the microscopic order parameters {coskzP,)

and the macroscopic variables, m and g, in terms of the following
relations,

o F%
<a (coskzPl,))p_T =0 (54)
i.e.
(coskzP) = —f dzf d(cos8) exp(—P9/xT)
X coskzP, (cos8)/Z9, (59)
and
1 1
(i) _ (i) o (56)
a'f] q. (coskzP¢) 0 q m. (coskzP¢)

respectively. Since F, does not involve the macroscopic variables, n
and g, our approach may be separated into the following two steps.
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Firstly we determine the translational and orientational order param-
eters at a given temperature from Egs. (50) and (55). Next, making
use of these order parameters, we can determine the corresponding
values of m and g from Eq. (56). In next subsection, we shall expand
the free energy FJ, as a power series of ) and ¢, i.e. obtain the Landau
expansion of the free energy and compare it with that formulated by
Pikin and Indenbom.?

2.5. Landau expansion of the free energy

To calculate the coefficients, AY,,, A},.,, and B defined by Eqs. (41)
— (44), and (27), in practice, we take simply Gaussian'?'7 and put

Ape, (1) = —ag, exp (—ri/ 13),
(€1, €, = 0,2,4), (57)
B(r;) = —bexp (—ri /1r3), (58)

where r, is the effective range of the attractive interactions which is
the order of the molecular length Substituting Eq. (57) into Eqgs.
(41) and (43), the coefficients A%, and A%, = AY, can be immediately
calculated. Here we must note that inreal systems 0 = n =sin® =
1 and P > r,. Therefore we may expand F) as a series of the mac-
roscopic variables, 7 and Q = g - r, < 1. After some straightforward
algebra, one finds the Landau free energy fi,

F,i
fi =7N = g{azz M°Q% + 04 m*Q* + agym*Q*
+2050M + 2agm* + B0

+ Bu’Q? + B '@ + Bysm*Q%, (59)

where we retained the terms Q" such that m + n = 8, and the
coefficients, ., and By, were defined as

ap = 2 i a3} (k) (coskzP,)?, (60)

k (=0

=2 i 2 (k) (coskzP,)?, 61)

t=0
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4
ay = D, D, alt (k) (coskzP)?,
k =0

S 3, @ 00 + aif (0) (oska)

=

X {(coskzP,),

; (a3 (k) + aiq (k) (coskz)

B —

X {(coskzP,),

Bn = O, b2 (k) (coskzP,)?,

k

Bas = 2 b* (k) (coskzP,)?,

k

By = 2, b¥ (k) (coskzP,)?,
k

Bys = 2, b (k) (coskzP,)>.
k

(62)

(63)

(64)

(65)

(66)

(67)

(68)

Here the coefficients aflf, and b™ are formulated in Appendix. Now
we shall consider symmetry of the free energy density f; expressed
by Eq. (59). One can easily see

fi(m,0) = fi (—n,0),

Q) #fi(n, - Q).

(69)

(70)

That is, SmC* liquid crystals show the bistability with respect to the
molecular tilt and have not mirror plane in similar to N* ones but
the inherent chirality.
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At this stage, we shall compare the above obtained free energy
density with that formulated by Pikin and Indenbom,> which may be
simply written as follows,

f=0a0+ B®4+§®2q2

+ \@%gq, (71)
and

a=a"(TIT, - 1), B >0, (72)

where a” is a positive constant, T, is the Curie temperature, and we
completely neglected the terms related to the ferroelectric coupling.
Comparing Eqgs. (59) and (71), and putting n = sin ® ~ ©, one finds
the following correspondences.

p oy — a, (73)
p oy — B, (74)
p oy, — Kir2, (75)
p By —— 2 \/r,. (76)

From the above correspondences, the following must be noted. Firstly,
it should be born in mind that the tilted molecular alignment is sup-
ported by the symmetry-breaking components o, and ay,, or A,
(=Ap) and Ay, (=Ag,) in Eq. (3), as was previously noted. Next
one finds that the SmC*-SmA phase transitions may be driven by the
temperature dependence of oy, corresponding to « in Eq. (71). The
temperature dependence of a,, will be shown in Section 4. In addi-
tion, as can be easily seen from Egs. (63) and (64), the thermal
fluctuation of the orientations of molecules is essential to give rise to
SmC*-SmA phase transitions rather than that of the translational
order. In fact, in a perfectly aligned system without thermal fluctua-
tion of the orientations of molecules, SmC*-SmA phase transition
will not occur because of the similar temperature dependences of o,
and ay, as can be readily seen from Eqs. (63) and (64) together with
afr (0) = agy (0) = 0. In other words, the difference between the
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temperature dependences of (coskzP,) and (coskzP,) is significant to
drive SmC*-SmA phase transitions. The coefficient a,, corresponds
to the elastic constant of the twist and bend deformations, K. Finally,
a,, corresponds to the constant A, which is the modulus of the Lifschitz
invariant.’ Thus we have derived the Landau-theory constants at a
molecular level. In next section, we shall investigate the effects of
each intermolecular interaction on SmC*-SmA-N*-I phase transitions
and show the temperature dependences of the microscopic order
parameters (coskzP,), and the macroscopic variables, n and Q.

3. RESULTS

We shall provide the numerically calculated results in this section.
For mathematical tractability, we shall retain only the order param-
eters corresponding to (k, €) = (0, 2), (0, 4), &, 0), (, 2), and
(k, 4), where k = 2 = / d is the fundamental wave number of the
one-dimensional density wave. Therefore there are five order param-
eters, (coskz), (coskzP,), {(coskzP,), (P,), and (P,), specifying the
translational and orientational orders of the molecules. These values
must be self-consistently determined in terms of Eq. (55) for a given
temperature, comparing the free energies computed by Eq. (50) for
the following three cases,

M (coskz) + 0, {coskzP,) # 0, (coskzP,) # 0,
(Py) # 0,(P,) # 0.  (Smectic State)

(1) (coskz) = 0, (coskzP,) = 0, (coskzP,) = 0,
(P, # 0, (P, # 0. (Nematic State)

(IlI)  (coskz) = 0, (coskzP,) = 0, (coskzP,) = 0,
(P) = 0,(P,) = 0. (Isotropic State)

These order parameters are substituted into Eqgs. (60)-(68) to de-
termine the corresponding values of v and Q from Egs. (56) and
(59).

Before showing the effects of the potential coefficients, a,, and
b, on the molecular ordering of the system, let us consider the role
of them. The coefficient a,, represents the spherical component of
the intermolecular interactions and contributes to the thermal stability
of the layer structure in smectic phase.!*!7-18 The coefficient a,, which
supports parallel alignment of molecules must be the most dominant
one of the interactions because such nematic order exists over wide
mesomorphic temperature range, i.e. in SmC*, SmA, and N* phases.
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The coefficient a, becomes large with increasing octapole-octapole
interaction as the molecular length increases. The symmetry-breaking
components, d,, (=dy,) and a,, (=a,,), must be negative in the case
of the rod-like molecules.!?!4-? As was previously noted, b > 0 for
the right-handed helix and b < 0 for the left-handed one. For the
sake of convenience, we shall introduce the normalized quantities as
follows,

O = Q! (P*A22)s Brin = Buun/ (P*a22),
agy = Aoo! 22,055 = A4q/ A,

ag, = A/ as, a5 = ay/ dy,

agy = Apy/ Az, A% = Agy/ a3,

b* =blax,p* =p-ry, T* =xT/(p*a),

du*U
CT/=< N) LURY = UR/(Np*ay,),
px

ar*
d*=d/r,,
K* = ay,/(p*ay).(ax»>0) ()

where Cy and K* are the normalized specific heat at constant volume
and the normalized elastic constant, respectively.

Now we shall show the numerically calculated results for the mi-
croscopic order parameters (coskzP,) and the macroscopic variables,
m and Q, and the effects of each coefficient of the intermolecular
potential on the phase transitions.

First of all we shall show the effects of the symmetry-breaking
component, al, (=a3,). The results for Nos. 1-6 in Table I are given
in Figures 2 (a)—(f). With increasing |a&;|, one finds that the smectic-
nematic transition temperature tends to be decreased, whereas the
nematic-isotropic transition one remains to be constant because
Ay, (= AY,) vanishes in nematic state. In addition the increase of
|ag,| diminishes not only the translational order but also the orien-
tational one along layer normal. Consequently, the temperature range
of the nematic state increases with increasing |ag,|. For Nos. 1, 2, and
5, SmA phase appears and the SmC*-SmA phase transitions seem to
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TABLE 1

The model parameters.

No d* as 32 ag, ak, b*
1 3.0 0.1 -0.1 -0.23 0.1 0.1
2 3.0 0.1 -0.1 -0.25 0.1 0.1
3 3.0 0.1 -0.1 -0.3 0.1 0.1
4 3.0 0.1 -0.1 -0.5 0.1 0.1
5 5.0 0.1 -0.1 -0.65 0.1 0.1
6 5.0 0.1 -0.1 -1.0 0.1 0.1
7 3.0 0.1 -0.09 -0.25 0.1 0.1
8 3.0 0.1 -0.11 -0.25 0.1 0.1
9 3.0 0.09 -0.1 -0.25 0.1 0.1
10 3.0 0.11 -0.1 -0.25 0.1 0.1
11 2.8 0.1 -0.1 -0.25 0.2 0.1
12 3.0 0.1 -0.1 -0.25 0.2 0.1
13 2.95 0.1 -0.1 -0.1 0.1 0.1
14 3.05 0.1 -0.1 -0.1 0.1 0.1
15 3.0 0.1 -0.1 -0.1 0.1 0.08
16 3.0 0.1 -0.1 -0.1 0.1 0.12

be almost second-order ones with n going continuously to 0. On the
other hand, for Nos. 3, 4, and 6, SmA phase disappears and the first-
order SmC*-N* (or I) transitions occur. With increasing temperature,
Q slightly decreases and increases in SmC* and N* phases, respec-
tively.

Next we shall show the effects of another symmetry-breaking com-
ponent ag,, which contributes to the parallel alignment of molecules

10

o
N
g ngsg’z}\
o 0skz
= )
g 05 *%
% \«:OSEE)\ (
o Sm \E)\i |

0 . " i

110 115 120 125

TI

FIGURE 2(a)]l The order parameters for No. 1.
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FIGURE 2(b)!l The order parameters for No. 2.

Z

T

along the layer normal, in Figures 2 (g) and (h). These results are
for Nos. 7 and 8 in Table 1. With the increase of |a,|, the smectic
phase becomes to be stabilized.'?!* At the same time, the molecular
tilt angle tends to be decreased with the increase of |ag,|. Therefore
the symmetry-breaking components a3, and ag, result in the opposite
effects for the thermal stability of smectic phase and the molecular
ordering along the layer normal, and support the tilted alignment.
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FIGURE 2(c)1 The order parameters for No. 3.

Next we shall show the effect of the coefficient a,, for Nos. 9 and
10 in Table I, in Figures 2(i) and (j). With increasing ag,, the smectic
phase tends to be stabilized,*!”-# and both the SmC*-SmA and SmA-
N* phase transition temperatures are increased. Since, of course,
(coskz) vanishes in N* phase, the N*-1 phase transition temperature
is not affected by ag,.
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FIGURE 2(d)l The order parameters for No. 4.

Let us now present the effect of the layer spacing in Figures 2(k)-
(n). According to McMillan,!” the increase of the layer spacing d*
corresponds to the increase of the molecular length. With the increase
of d*, N* phase disappears because of the stabilization of smectic
phase as shown in Figure 2 (1), whereas it still appears in Figure 2(n).
In addition, comparing Figures 2(b) and (1), one finds that with in-
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FIGURE 2(e)] The order parameters for No. 5.

creasing aj, the smectic phase tends to be more stabilized than nematic
phase.

Finally we shall show the effects of the chiral coefficient b* in
Figures 2 (o) and (p). From this result, as can be expected in terms
of Eq. (59), one finds the relation Q « b* in SmC* and N* phases.

In the above obtained results, as a whole, with increasing temper-
ature Q slightly decreases and increases in SmC* and N* phases,
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FIGURE 2(f)1 The order parameters for No. 6.

respectively. In addition, SmC*-SmA phase transitions seem to be
almost second-order, whereas SmC* (or SmA)-N* (or I) phase tran-
sitions are apparently first-order. Through the above computations,
it was numerically found that F$ is always larger than F}, by about
order of 2. Therefore the perturbation method presently used may
be justified. To investigate further the effects of these interaction
parameters on the phase transitions, we must study the correspond-
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FIGURE 2(g)1 The order parameters for No. 7.

ence between the molecular shapes or the molecular structures and
the potential coefficients in detail. However, this problem is beyond
the scope of the present work and will not be mentioned any more
in this paper.

Finally we shall show the temperature dependences of the elastic
constant and the specific heat for Nos. 2,5, and 11 in Figures 3(a)-
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(c). The elastic constant K* decreases with increasing temperature,
showing discontinuities at Sm-N, N-I, and Sm-I transition points. It
should be noted that the apparent value of the elastic constant n?K*
must more rapidly change by the factor n? in SmC* phase than that
in N* phase where n = 1.
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FIGURE 2(g)2 The macroscopic variables for No. 7.
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FIGURE 2(h)1 The order parameters for No. 8.
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4. DISCUSSIONS AND CONCLUSIONS

We have shown a molecular theory of SmC* liquid crystals and in-
vestigated the effects of the potential coefficients on the phase tran-
sitions of them. From the numerically calculated results, one finds
that SmC*-SmA phase transitions are almost second-order, where
the tilt angle ® vanishes continuously to 0 as temperature increases,
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whereas SmC* (or SmA)-N* (or I) phase transitions are apparently
first-order. In addition it is also found that the helical pitch slightly
increases and decreases in SmC* and N* phases, respectively, in
qualitative agreement with the experimental findings.?! ~%°

Now we shall compare the critical exponents of  and Q obtained
in the present approach with those in experiments. Let us denote
SmC*-SmA transition temperature as T,. In Figure 4 we shall show
the experimental result for DOBAMBC by Ostrovskii er al.>* From
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130

this, one finds that n and Q do not simply change according to n,(1 -
T/T,)* and Qy(1 ~ T/T_)® over SmC* temperature range, respectively.
Here o and B are critical exponents, and m, and Q, are constants.
For reference the values of o and B may be estimated as 0.32 and
0.28 at T/T,=0.99, respectively. On the other hand, for Nos. 2 and
5 in Table I, we shall show the corresponding temperature depend-
ences in Figures 5(a) and (b). The critical exponents a and B are
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equal to 0.40 and 0.024 for No. 2 and to 0.57 and 0.004 for No. 5,
respectively. The qualitative agreement could be found for o but not
for B. This discrepancy for B is considered as a result of disregard of
the higher order interaction which must be involved in Eq. (3). In
fact, Lin-Liu et al.!? pointed out theoretically the significance of the
higher order component to explain the abrupt change with temper-
ature of helical pitch in N* phase.
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Finally we shall present the temperature dependences of the coef-
ficients oy, aly, and B3, in Figures 6(a)—(c) for Nos. 2, 5, and 11.
From these results one finds that o, and B3, also critically depend
on temperature as well as a3,. Therefore the temperature depend-
ences of aj, and B3, which are neglected in the phenomenological
theory by Pikin and Indenbom,’ seem to be important to study the
phase transitions of SmC* liquid crystals. Here, in similar to o in
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Eq. (71), a3, approximately varies with temperature according to
a’(TIT, — 1) near the SmC*-SmA transition points.

In the present treatment we assumed Q<1, so that we can not
study the abrupt decrease of the helical pitch in SmC* phase prior
to SmC*-SmA phase transition as was experimentally observed by
Kondo er al.?! and explained by Yamashita and Kimura® making use
of the phenomenological theory. To treat this problem, we must
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minimize the free energy by Eq. (29) with respect to <coskzP,>,
M, and Q without making use of the Landau expansion of the free
energy, whose validity is ensured only in the case Q<1. These prob-
lems will be studied and reported in the future, together with the
effects of the ferroelectric coupling.
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APPENDIX

For convenience we shall define the following functional of / (z,,.B).
which is a function of z,, and B.

x 1
I{h}E 411")[0 r%z drlzL d (COSB) Coskzlze—(n:/rn):

1+ 38

X h(z.B). (A.1)
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Making use of this functional, we may set down the coefficients,
alt, and b, below.

a2 (k) = %1 {(%2)2} s, (A.2)
a2 (k) = - é/{(% 4} s, (A.3)
aft (k) = — 21{<% 4} s, (A.4)

a2 (k) =51 {(r—i)} ay, (A.5)

a3 (k) = - 15—21{<Zr—> }a (A.6)
afi (k) = — %51 {(j—) }a (A7)
3
a§8 (k) = 51 {P, (cosB)} az,
= aiy (k) (A.8)
ai) (k) = 51{P, (cosB)} ay,
= aly (k) (A9)
() = - 2 1{P (cosp)} au,

= ags (k) (A.10)
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b2 (k) = —1 {cosB x %} b, (A.11)
0
23 1 Z12 ’
b3 (k) = =I4ycosp x | —= b, (A.12)
6 ro
1 Zp ?
b¥ (k) = = 14cosp x | — b, (A.13)
2 ry
b5 = —— 1 1cosp x (22 5 b (A.18)
120 7o ' '
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