This article was downloaded by: [University of California, San Diego]

On: 21 August 2012, At: 11:57

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
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals

—— Publication details, including instructions for authors and subscription
information:
http://www.tandfonline.com/loi/gmcl19

Smectic C Twist Grain Boundary Phase
(TGB.) Under External Electric Field

P. Barois * , M. Nobili * & M. Petit ?

& Centre de Recherche Paul-Pascal, Avenue A. Schweitzer, F-33600,
Pessac, FRANCE

Version of record first published: 04 Oct 2006

To cite this article: P. Barois, M. Nobili & M. Petit (1997): Smectic C Twist Grain Boundary Phase (TGB,)
Under External Electric Field, Molecular Crystals and Liquid Crystals Science and Technology. Section A.
Molecular Crystals and Liquid Crystals, 302:1, 215-221

To link to this article: http://dx.doi.org/10.1080/10587259708041831

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/gmcl19
http://dx.doi.org/10.1080/10587259708041831
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 11:57 21 August 2012

Mol. Cryst. Lig. Cryst., 1997, Vol. 302, pp. 215-221 © 1997 OPA (Overseas Publishers Association)
Reprints available directly from the publisher Amsterdam B.V. Published in The Netherlands
Photocopying permitted by license only under license by Gordon and Breach Science Publishers

Printed in India

SMECTIC C TWIST GRAIN BOUNDARY PHASE (TGB¢)
UNDER EXTERNAL ELECTRIC FIELD

P. BAROIS, M. NOBILI and M. PETIT
Centre de Recherche Paul-Pascal, Avenue A. Schweitzer, F-33600 Pessac,
FRANCE

Abstract We modelize the behavior of a TGB¢g under an external electric field
applied perpendicular to the pitch direction. A comparaison with x-ray diffraction
measurements is presented.

INTRODUCTION

Pointed out by de Gennes in 19721, the analogy between the nematic (N) to smectic-
A (SmA) transition in liquid crystals and the normal to superconductor transition
in metals? has been beautifully illustrated by the discovery of a helical smectic-A
phase in chiral liguid crystals®. The highly dislocated structure of this new phase
called twist grain boundary phase (TGB,) has been proposed in 1988 by Renn
and Lubensky (RL)% slabs of smectic-A material (i.e. superconducting phase in
the analogy) of thickness £, are regularly stacked in a helical fashion along an axis
parallel to the smectic layers. Adjacent slabs are continuously connected via a
grain boundary constituted of a grid of parallel equispaced screw dislocation lines
analogous to magnetic vortices. The nematic director n, and hence the smectic
layer normal N, is rotated across each grain boundary by an angle A® given by:

A® = 2arcsin(d/(26)) ~ d/La, (1)

where d is the smectic period and {; the distance between parallel dislocation lines.

In agreement with RL expectations, a second TGB phase was identified
namely TGB¢ in which the smectic slabs are SmC i.e. n-N = cosf # 156, The
TGB¢ phase however turns out to be more complex than first expected. First of
all, commensurate x-ray diffraction patterns are commonly observed on well aligned
TGB( samples, i.e. the grain boundary angle AO is a rational fraction of 2767
The origin of this commensurability is so far unexplained®. Moreover, the TGB¢
structure has a priori one more degree of freedom than TGB,, namely, the orien-
tation of the vector n x N parallel to the spontaneous electric polarization P, of
each slab®. RL described the TGB( structure with the assumption that the smec-
tic layer normal N remains perpendicular to the pitch direction!®1! % just like in
the TGB, phase. This in turn implies that the director n is also perpendicular
to X and the spontaneous electric polarization P, of each smectic slab lies along
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%: the RL TGB( structure is thus ferroelectric. X-ray diffraction experiments on
well aligned TGB¢ sample showed that this assumption is not valid: the layer nor-
mal N is tilted instead by an angle w; relative to the plane (y,z) perpendicular
to the pitch direction x!2. It is suggested in reference 12 that the director field n
of the TGB( phase still lies in the (y,2) plane like in the cholesteric phase. This
assumption which minimizes the bend term (1/2)K33(n x V x n)* of the Frank
energy is possible since the angle wy, equals the SmC tilt angle within experimental
accuracy. It implies that the spontaneous electric polarization P, of each SmC slab
is orthogonal to the pitch axis and precedes in a helical fashion about it. We call
this helical arrangement of local polarizations helielectric. The space distribution
of the local polarizations can in principle be tested through electric properties of
the phase.

In this paper, we report a first model of the TGB¢ behavior under an external
electric field. A transverse electric field (i.e. perpendicular to the TGB( helical
axis) couples with the spontaneous polarization of each TGB¢ block; as a result,
the thickness of blocks with polarization parallel to the field increases. At the same
time, the thickness of block with polarization anti-parallel to the field decreases.
In low electric field, the polarization reoriention along the field direction can be
considered negligible as we will show. A comparison with experimental results will
be presented.

TGBc UNDER A TRANSVERSE ELECTRIC FIELD

Let us consider a TGB(, slab sandwiched between two parallel surfaces. The
TGBg helical axis x coincides with the normals to the surfaces. We assume the
nematic director n uniform in each block. n and the spontaneous polarization
P, || (N xn) of each block precess in helical fashion in the plane (y, z) (see Figure 1).
The director is anchored at the surfaces along the axis z. The TGB( is homogeneous
in planes parallel to the surfaces. An electric field E is applied along the y-axis.
The angle between n and the normal to the smectic plane N and, as consequence
|P,|, is assumed to be independent on the electric field amplitude. The *h-block
energy per unit surface area f; in the electric field E writes as:

f,' = _fblock P, -Edz = —P,Es; cos b;, (2)

where s; and §; are the thickness and the angle between n and y-axis for the it
block, respectively. To minimize f; (2) there are two possibilities; the first one is to
increase the thickness s, of the blocks with polarization parallel to E (6; =~ 0) and to
decrease, at the same time, the block thickness which polarization anti-parallel to
E (8; = 7). The second one is to keep &; constant and to reorient the polarization
of each block along the electric field. In general both mechanisms act at the same
time.



Downloaded by [University of California, San Diego] at 11:57 21 August 2012

TGBc PHASE UNDER EXTERNAL ELECTRIC FIELD [1205)/217

FIGURE 1 TGB helielectric model: local spontaneous polarizations P, are
perpendicular to X at angle 0, relative to the field direction §. In absence of field, the
slab thickness s; and the twist angles 6,,; — 8; are equal to £, and AO, respectively.

TGB FREE ELASTIC ENERGY

Gains in the electric energy (2) are balanced by costs in the elastic energy
due to the deviations of 5; and Af; = §;,; — §; from the equilibrium values 4, and
A, respectively. For s; # {;, and/or Af; # AO, the pitch P is different from the
equilibrium one Py = (27)/(A©){; and a twist energy is accumulated in the system.
Moreover, the density of screw dislocations in the grain boundary changes following
the Equation (1). Dislocation lines condensate and/or annihilate and, consequently,
a condensation or annihilation energy is paid. In the following, we consider the
distance between the smectic plane d and the angle § between the director n and
the normal to the smectic plane N in each block as constant (no electroclinical
effect). This assumption is valid as long as the electric field amplitudes are not
very large since d and § are microscopic parameters. Experimental fields satisfy
this condition. The total free energy per unit surface area in a transverse electric
field is given by:

B B
Fr= %, [“2‘1‘(3:' —4) + 72(9H1 - 6; — A®)*+ (3)
+ B(9i+1 - 9.‘ - A@)(s,—.H + 8 — 2lb) — P,Es,' COos 0.‘] .
In Fr (3), we have considered only the lowest order terms in the deviation from

the equilibrium values & and A®. The first and second term in (3) represent the
elastic energy cost to change the block thickness (s; # £,) and the angle between
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blocks (Af; # AO), respectively. The third term in (3) couples the angle and the
thickness deviations of the i* block to the neighbours of rank (i+1)%. In (3) we
have omitted the anchoring energy since for the chosen configuration the electric
field stabilizes the anchoring energy. Such a discrete model turns out to be very
complex: for realistic experimental situations, the number of variables is of the
order 25 x 18 x 2 = 900. Let us discuss two limit cases.

1. By > B,

If B, > B,, the TGB¢ will relax the electric energy by keeping fixed the
block thickness s; = £, and by varying the angle between blocks. By putting in (3)
s; = £, for each block, we obtain a density energy Frx given by:

-FFK = E,- [%(9,‘4.1 - 9.‘ — A@)2 - P,Elb cos 9,‘] . (4)

Frk is analogous to the energy of a periodic chain of atoms in a periodic poten-
tial. It was originally introduced by Frenkel and Kontorova (FK) to explain the
absorption of atoms on crystal substrates!3. It also represents the energy of a se-
ries of coupled harmonic oscillators in a periodic potential. Solutions of the FK
model were extensively studied by Aubry!® as a function of the control parameter
A = (P,E4)/B;. Ground states for thermodynamical systems include periodic (i.e.
commensurate) or guasi-periodic (i.e. incommensurate) solutions, but not chaotic
state. We observed indeed that the contrast of the x-ray scattering modulation
was strongly affected by the field. Such variations are consistent with periodic-
quasi-periodic sequences. Note at last that unlike previously described systems, the
TGB( case allows an easy acces to the control parameter A through the external
field E.

2. B, > B
In this other limit, B, > B,, the angle between blocks remains nearly fixed

and the block thickness varies under the effect of the external field. In this limit
Fr (3) has expression:

Fr=1% [—B;—l(s.' - L) - P,Es;cos(A@i)} . (5)
The stationary solution which minimize Fr (5) is given by:

8; = & + acos(AO7), (6)
where @ = P,E/B,. As predicted, the blocks with polarization nearly parallel

to the electric field and, hence, with angles ~7/2 < A@i < x/2, increase their
size. The opposite is true, for polarization anti-parallel to the electric field (7/2 <
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A®@i < 37/2). By increasing the field amplitude, the block size changes linearly
with the electric field. A saturation term is needed in the energy (5) to prevent the
block thickness to diverge in high field. The next higher order term we can add, is:
(D/4)(s; — £)*. We can now minimize the new free density energy:

Fr =% [—';—l(s.' - 4) + %)-(s.- — &)~ P,Es; cos(A@i)] . ()

To compare the model to the x-ray diffraction measurements, we simulate
the x-scan for the stationary configuration obtained. We calculate the intensity
diffracted by the i-block as having a gaussian x-profile centered at the block angle
A©i, with amplitude proportional to the block thickness s; and width 12° (FWHM).
The total diffracted intensity is given by the superposition of the intensity profiles
of each block.

In figures 2a-c are reported three simulated x-ray profiles of a TGB¢ with 18
blocks per pitch, for affy = 0, a/ly = 0.3 and a/f, = 3, respectively. In figures
2d-f are shown the experimental diffracted x-scans for voltages V = 0, V = 100V
and V = 250V, respectively!s. Under the field (figs. 2b-c and figs. 2e-f), parallel
polarizations (defining x = 0°) are reinforced whereas antiparallel polarizations
(x = 180°) are depressed.

For V = 100V (fig. 2e), the number of peaks is increased but they become
very irregular in shape and position. Their contrast is dramatically reduced. At the
same time, a regular almost sinusoidal modulation of their amplitude shows up with
a period of 360°. The maximum of this modulation sits along the direction x = 0
where the local polarizations are parallel to the external field. The sinusoidal mod-
ulation of the scattered intensity is qualitatively reproduced in the simulated scan
(see fig.2(b)) whereas the contrast is about two times larger than in the experimental
one. The reduction of the contrast can be explained by a small change in the angle
between blocks so that the commensurability condition (6,1, — 8;) = A® = 2x/N,
with N integer, is no longer satisfied. The immediate effect is that the series of N
equispaced peaks is disorganised: the x-scan is now the projection of a distorted
sequence of angles and is no longer regular.

At higher field (V = 250V'), the amplitude of the modulation has increased.
The envelope is rather square than sinusoidal, suggesting a strongly non linear
behavior of the distortion. The trade offis clearly at 90°. Two distinct zones emerge:
the range —90° < x < 90° corresponds to a positive projection of local polarizations
on the field and thus a negative electric energy (7) whereas the projections are
negative in the other range 90° < x < 270°. A series of peaks can be distinguished
in the two regions, but still quite irregular. Their apparent periodicity, if any, is
however not so much different from the zero field sequence. The region of neg;.tive
projection exhibits no diffraction at all, which means that the corresponding slabs
have disappeared, either because they have been rotated towards the "positive”
region or because they have shrunk to zero thickness when grain boundaries have
merged together. By changing the angle between two blocks from A®, at constant
block thickness, we increase the twist energy of the TGB but we change also the
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density of the network of dislocations in the grain boundaries. Thus, new dislocation
lines must nucleates and/or annihilates and a large corresponding energy must be
paid. In the opposite, if the blocks thickness varies at fixed angle, the cost in energy
is essentially due to an increase of the twist energy. As a result the coeflicient B,
in (3) is expected much smaller than the corresponding B;.
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FIGURE 2 Simulated (a-c) and experimental (d-f) x-ray diffraction x-scans
of a TGB( under transverse DC electric field.

Because the apparent periodicity of the remaining peaks is not very much changed,
we think that the motion of grain boundaries is dominant. As a matter of fact, the
simulated scan (fig.2f) reproduces quite good the experimental results.

In conclusion, in low electric field, the TGB¢ relaxes the electric energy by
increasing the size of block with polarization parallel to the electric field and by
reducing, at the same time, the size of the antiparallel ones. The polarization of
each block only weakly reorients along the electric field direction, by leaving, in this
way almost unchanged the dislocations density in the grain boundaries.
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