This article was downloaded by: [Tomsk State University of Control Systems and Radio]

On: 19 February 2013, At: 11:44

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals Incorporating
Nonlinear Optics

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl17

Order Electricity and the Nematic, Smectic a, Smectic

C Phase Transitions

G. Barbero 2 ° & G. Durand ?

# Laboratoire de Physique des Solides, Université de Paris-Sud, Bat. 510, 91405, ORSAY
CEDEX, France

== b Dipartimento di Fisica, Politecnico, C.so Duca degli Abruzzi, 24-10129, TORINO, ITALY

¢ Ministere de 1’Education Nationale, de | a Recherche e des Sports de, France
Version of record first published: 20 Apr 2011.

To cite this article: G. Barbero & G. Durand (1990): Order Electricity and the Nematic, Smectic a, Smectic C Phase
Transitions, Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics, 179:1, 57-69

To link to this article: http://dx.doi.org/10.1080/00268949008055356

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268949008055356
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 11:44 19 February 2013

Mol. Cryst. Lig. Cryst.. 1990, Vol. 179, pp. 57-69
Reprints available directly from the publisher
Photocopying permitted by license only

© 1990 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

ORDER ELECTRICITY AND THE NEMATIC, SMECTIC A, SMECTIC C
PHASE TRANSITIONS

G. BARBEROZ®, G. DURAND
Laboratoire de Physique des Solides
Université de Paris-Sud, B3t.510
91405 ORSAY CEDEX (France)

Abstract Smectic 1liquid crystal are quadrupolar
oriented systems, with a spatial modulation across
layers. This modulation creates an order electric
antiferroelectric polarization. The associated
dielectric depolarization energy, originating from Tong
range forces, creates a new non analytic term, which
must be added to the usual Landau-de Gennes expansion.
This new term can physically explain the molecular tilt
indide the layers and the smectic A-Nematic reentrance.
The tilt appears as an intrinsic property of well
ordered quadrupolar layered systems.

Smectic liquid crystals are layered systems,
constituted of one dimensional piling of two dimensional

liquids(1). In each layer, the rod 1like molecules are

aligned normal to the layers (smectic A or A), or tilted
(smectic C or C). The transition between A and C can be

2)

continuous( , although direct first order transitions from

the ordered 1iquid (nematic or N) to the C phase are also

(3).

observed . The tilting (A -C) transition is also observed

in  most lamellar system, Tike 1lyotrope soaps and

(4,5)

membranes so that it was a challenge to explain its

physical origin. Of course, phenomenological Landau model

have been build to describe the tilting transition(G-g).

57
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But, as wusual 1in this approach, the free energy
expansion in term of tilt and smectic order parameter was
constructed with "ad hoc" terms which could hardly explain
the physics of the transition. More physical molecular
models have been proposed, based on electric dipolar,

(10_14). Reviews and

quadrupolar or steric interactions
criticism of these models are given in ref. 15,16. Some
models seem unphysical, assuming for instance frozen
(10). Other models
seem to predict results inconsistent with the assumed
hypotheses(]Z), or lack essential features 1like packing
(13)_ (17) of the A »C

transition based on quadrupolar interactions seems also to

rotations around the long molecular axis

entropy Finally a very recent model
have problems, predicting that the tilt is identically zero
for a perfectly ordered A phase. Recently, order electricity
(i.e. the electric polarization connected with a gradient of
the orientational N order parameter) was introduced .

The dielectric energy associated with this polarization,
originating from electric macroscopic long range forces,
(19) which must be added to the
usual Landau-de Gennes free energy. This procedure is

gives a non-analytic term

standard, when dealing with electric forces 1in elastic

(20). This new non-analytic term can force a

problems
molecular tilt at a N-isotropic (I) interface. In this
letter, we generalize this idea to layered systems, by
considering the layers as a piling of interfaces, with
internal orientational gradient of order. The tilting
transition appears then as a general property of quadrupolar
layered systems.

Let us assume the existence of a nematic material of
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2 . 1), inside which external forces impose a

director A (f
macroscopic modulation of order in form of a layered
texture, of wave number k. The size of the "layers" is
assumed much larger than a molecular size m, i.e. km<1. The
amplitude of the layer modulation can be defined by a
normalized parameter ¥ (0 <Iyi< 1), i.e. 1is assumed

proportional to exp(i k r).
T=-e5S(3/2) (An-T1/3) . (1)

$(3/2) (A A - 1/3) is the usual orientational N order
parameter for our non-polar (<fi > = 0) oriented system, of
modulus S(0< S< 1). e, of the order of qu/mB = q/m (q
electric charge) is the usual flexo-electric coefficient of
nematics. In the presence of the layered ordering the
density?)’is modulated across the layers. As a result, there
appears in the layers a gradient of the quadrupolar
moment giving rise to an electric polarization:

-

P=-74q . (2)

P is the order electric polarization associated with the
layer ordering. Each layer must present an antiferroelectric
ordering. In an arbitrary layered system, the quadrupolar
density 6(2) across the layers is

L ad

Q(z) =3

L d

+ 6Q(z) (3)

0

where z (z.z = 1) is the coordinate normal to the layers. 60
is the uniform part. &8Q(z) is a periodic function of z,
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related to the layer ordering %, and proportional to 6;,
as:

50(2)= w exp(i k z)=-e S (3/2)(A & -T/3)wexp(i k z)  (4)

which is the first Fourier component of the gquadrupole
modulation at k. Using (2), the modulated polarization
writes as:

P=es(3/2) ik [(2.8)fa-(1/3) 2] Wwexp (ikz) , (5)

where we assume n uniform. Using DZ =0 = SzzEz + 4JFPZ (g,

B electric and displacement fields), the new dielectric

energy associated with P writes as(]3):

2 g2 2 (cos? 8 -1/3)8 , (6)

2 _
27P;/ £, * (1/2) r K

where rz = (3ke/2)2 (2m/ &__)

270 &5 is the zz ‘component of
the dielectric tensor, and 8 = (A, z) the tilt angle.
2

Note that this non-analytic P, term cannot be
reduced to the corresponding Landau term P2. Eq.6 shows that
i will tend to orient at the "magic" angle, cos2 8 =1/3 (6
> 54°) to suppress this dielectric contribution.

To apply these considerations to a real smectic phase,
for which km~2, we must be careful.
We can empirically define now the electric monopoles,
dipoles, and quadrupoles on a bond scale a, rather them a
molecular scale m. As in the microscopic model of Priest

(]4), we restrict to the special case of purely quadrupolar
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systems, whithout dipoles.

Practically, this means that the systems contains only
isotropic electric quadrupoles (most of the electron clouds
around C or H atoms) or anisotropic quadrupoles along f,
from say double bonds. We also assume steric forces to have
a shorter range than m, as practially most thermotropic
smectics molecules present flexible end chains. We call now
"macroscopic” any observable on the whole system, which
can be measumed on a size much larger than a, then on the
layer m, since m > a. Of course, the use of Tlocalized
quantities P(z), 6Q(z) is not correct, in this macroscopic
description. Only the Fourier components of these quantities
are observables, corresponding to thermodynamical averages
over the whole sistem.

Following de Gennes procedure, we consider now as the
Fourier component of the smectic modulation of electron
density p(z)(1’2]) i.e. the smectic order parameter. There
exist now modulations of P(k) and Sakk) whith Fourier
componenEE proporEipnaT to p(k)/(ik) and Q(k)/kz. As o(k)
itself, P(k) and 6Q(k) are proportional to ¥ . Eq. 6 remains
valid in term of Fourier components.

This energy term is similar to one already

introduced(zz)

to explain reentrance phenomena, with a new
angu]ath)dependence. The physical origin of the p(k), and
then &Q(k), modulation can be naively related to the
rod-1ike structure of molecules constituent of smectic
phases. They possess generally a central rigid core, with
high electron density and flexible alkylchains with low

electron density.
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[t is now a simple matter to describe the N =C and

(1)

A -=C transitions, combining a classical Landau model for
smectic ordering with our order electric source of tilt. The
smectic free energy density F, compared to the N phase,

developped for small | Y|, is

F= (1/2)a(T-T,) Lw12 +(1/8)blw 1% -(1/2)c! ¥I2S(cosle -1/3)

2 2 2

+(1/2) v? | |% $% (cos?0-1/3)2 . (7)
T 1is the temperature, TC the assumed N =C <transition
temperature in absence of order electricity, b > 0,c>0.

The third term in W’IZS, written as in ref.21, is the
usual stabilizing term coming from the smectic-nematic
coupling, which forces the molecules to align normal to the
2 (”. Here we
(23)

interaction at an interface, which Jjustifies the cosZB

layers. Usually it is written as (1/2)B 6
understand it as the equivalent of the Rapini-Papoular

angular dependence. The important parameter is the ratio
S(T)rz/c = S(T) B of the destabilizing order electric energy
compared to the stabilizing one. Whatever may be the initial
value of the molecular parameter B , the increase of nematic
ordering S(T), when cooling down, will change the balance
between these two terms and will induce the C phase.

1s

We call t = (1-T/Tm) the reduced temperature. Ty,

the N»I transition temperature. We also note y =c/a. By
minimizing F compared to ¥ and 8 , we have ca]cu]ated(24)
the MAC phase diagram in the (t, B8) plane (Fig.1), assuming
for S(t) a classical law S(t)=SOt. The Tine aa' represents

the stability domain of the A phase, in the absence of tilt
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(aZF/d wls p b2 uJ2>O for 6=0) a' would give the transition
temperature of a reentrant N phase if © were blocked to
zero. The reentrant phenomenon is due to the built up of the
order electric energy, which eventually suppresses the A
ordering. The line bb' is the 1ine along which a tilt 6 , if

it has any meaning, decreases F
(0% /aw?) (0%F/08%) - (3%F/3wd8)2>0  for 8 =0 .

The T1ine cc' defines the stability domain of the C

phase (3%F/0w? = 2b w2 >0 for the optimal tilt Byps given

by coszeop =(1/3)+{1/2 8 S(t)). These three lines intersect
at the gathering point G. The phase sequence is now easy to
describe.

Assume a material with a small molecular quadrupole
modulation (B<1). It undergoes, when cooling down a second
order N -~A transition across a, at TS > TC’ then a
continuous A -=C transition across b. For a larger B
parameter, the system undergoes a direct N --C transition

across c¢. Along the ¢ line, 8__ goes continuously from zero

op

(at G) up to the magic angle for infinite B , at t = t

(T = TS)' Along C, despite the finite value of eop’ the
N -=C transition remains continuous in our simple model,
since lu2 goes continuously to zero. One can give a gradual
first order character across c, starting from G, by adding
higher order terms in F, for instance the one describing
that the smectic wave number k minimizes F around k_. Its
shape is s2(k? - kS)Z wh. In the rotation 8 insic(i)e the
layers, with rigid rod molecules, k would change, resulting

2 4 . 4 (24)

in a S© @ tg'8 term. These details are irrelevant for
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FIG. 1
Phase diagram of the N A C equilibrium, from the order
electric mechanism, t, reduced temperature; B , reduced order
electric parameter, y = 500. t = 0 corresponds to the N-I
transition.
The N-C and A-C transitions are induced by the increase

in nematic ordering when cooling down.
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our present purpose.

To understand what happens across the b' line, we write
the thermal fluctuations <| @ |2>-th with the equipartition
theorem, as:

<lwl?s,, = (kgl/aV) [T-T, -(1/4)(y/B)+

By s2(T) (cos? @ -cos? @ p(T))Z] _], (8)

0
kBT/V being the Boltzmann free energy density. 8 is the
assumed f tilt inside the fluctuating layer w, at fixed
(k| = ko. On the high temperature side of the b' Tline,
because cos2 80p>>1, the largest fluctuations correspond to
8=0, i.e. represent smectic A fluctuations. When crossing
b', the largest < | w 12 >4y, Corresponds to the real tilt
Gop, i.e. represents smectic C fluctuations. These biaxial
fluctuations, far from an eventual uniaxial — biaxial
nematic transition, cannot induce long range biaxial order.

The phase remains N. b' is a disorder 1ine(25).

The line ¢
has no physical meaning. G, at the intersection of a, b and
c, is the tricritical point of the N,A,C equilibrium. Note
that the N -=A and the N =C lines are tangent in G, and
that the disorder line b' is just the extrapolation of the A
-=~C transition line. Note finally that G tends toward the

maximum of the aa' line for large y, i.e. G. tends toward
(26)

the reentrant N - A - N point, as recently suggested

Another way, other than tilt or A-N reentrance to
escape the order electric depolarizing energy, would be for
polar molecules to readjust the layer spacing to partially
overlap to decrease 56, as 1in the A2—+Ad transition for
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instance. Infact, this point has already been discussed in
ref. 21. An extension of this model to molecules possessing
dipoles will be presented 1ater(24).

We can make a rapid check of our theory of the NAC
transition. It is well known first that molecules with a
large quadrupole modulation give rise to a strong first
order N =C transition, with 8=50° as shown for instance by

the alkoxybenzoicacid series(27)

. The h—=-n symmetry of the
-
molecule in the layers tends to decrease 6Q(k), except when
the quadrupole distribution is localized at the centre or at
(15)
that

non-polar dialkylazobenzenes have N and A phases only, when

the ends of the molecule. Indeed, it is known

the same alkoxy compounds, with an outboard dipole moment
and then a larger quadrupole modulation, show a tendency to
the C phase. Note that in this case, contrary to ref. 10,
the dipoles are used only to build quadrupoles, allowing for
free molecular rotations.

To conclude, nematic liquid crystals are uniform
quadrupolar oriented systems. Cholesterics are a first
example of a spatially modulated quadrupolar system, with
constant modulus of the quadrupoles, but a modulated
orientation. Smectic liquid crystals could be considered as
nematics with a fixed orientation, and a spatial modulation
of the quadrupolar modulus. The Fourier amplitude ga(k) of
this modulation can be considered a thermodynamical
variabte, as the density modulation itself, since it is
obtained by an average on the whole system. This modulation
of 6’creates a modulated order electric polarization, and a
new dielectric depolarizing energy, which must be added to
the usual Landau-de Gennes expansion. It 1is a geometrical
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property of quadrupoles that a tilt at the magic angle
suppresses this dielectric energy, by aligning the dipoles
normal to the order gradient.We have shown that this order
electric effect can explain the physics of the N-C or A-C
tilt transition, and 1if the tilt 1is frozen the N-A
reentrance. This mechanism could also explain the tilt of
any quadrupolar oriented lamellar system, like the one of
the L

course, other quasi-macroscopic models can also predict the

B and PB , phases of lyotropic liquid crystals . Of

tilting transition, using steric quadrupoles, as recently,

demonstrated(28’29’30).

It will be important in the future
to correlate the observed tilt transition in smectics with
their molecular structure, to understand which mechanism is
dominant.
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