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The transformation of a chiral antiferroelectric liquid crystal in an electric field was calculated. Minimization
of the free energy was performed with respect to both the phase and the modulus of the two-component order
parameter. Competition between the electric field, which favors a planar structure, and chirality and the
anticlinic ordering leads to frustration and sequential formation of a distorted helix, a soliton state, transition to
an unwound distorted antiferroelectric, and finally the planar synclinic state. In the soliton and distorted
antiferroelectric states an anomalous electroclinic effect �the decrease of the tilt angle and layer polarization�
was found. The antiferroelectric soliton can be removed by a large electric field only via the transition to the
synclinic state.
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I. INTRODUCTION

The electric-field-induced transitions from antiferroelec-
tric to ferroelectric structure in liquid crystals are of substan-
tial interest for use in a new generation of display devices
and from the viewpoint of fundamental physics. In these ma-
terials the molecules are arranged into smectic layers with
their long molecular axes tilted with respect to the layer nor-
mal �Fig. 1�. In the antiferroelectric smectic-CA

� �SmCA
��

phase, the long molecular axes tilt in nearly opposite direc-
tions in adjacent layers, and these anticlinic molecular pairs
form a twisted structure in which the tilt plane rotates from
layer to layer. Field-induced helix unwinding in simpler
structures, namely, cholesteric �N�� and ferroelectric �SmC��
phases, is a well-known phenomenon. It was studied earlier
by many experimental and theoretical research groups �1–10�
starting from the classic works of de Gennes �1� and Meyer
�2�. In theoretical studies, a continuous theory could be used
since the orientation of molecules changes only slightly
along the helix both in N� �twisted nematic� and in SmC�

�synclinic ordering�.
Field-induced phenomena in antiferroelectric liquid crys-

tals are more complicated and essentially different from
those of N� and SmC�, due to the overlapping of several
processes, particularly the unwinding of the long-pitch helix
and the transition from anticlinic to synclinic ordering. In
antiferroelectric structures, frustration arises from the com-
petition of the electric field, which favors a planar structure,
with both chirality, which favors a twist, and anticlinic or-
dering. Pioneering theoretical studies by Taylor et al. were
made for the anticlinic structure without the helix and for a
fixed value of the molecular tilt angle �11–13�. Even in such
nontwisted structures, complex behavior in an electric field
was found �12,13�. The first calculations of twisted antifer-
roelectric showed drastic changes of the antiferroelectric he-
lix in an electric field �14�. Moreover, the antiferroelectric-
ferroelectric transition occurs at a larger electric field than
the unwinding field of the ferroelectric helix. It is thus nec-
essary to consider the change of the tilt angle of molecules,
�, in an electric field. In our paper, the antiferroelectric-
ferroelectric transition is studied using a discrete phenom-
enological model based on the Landau theory of phase tran-

sitions �15–26�. The discrete model was first proposed by
Sun, Orihara, and Ishibashi �15�. They assumed that the
phase transition into the tilted smectic phase �SmC� should
take place in noninteracting smectic layers. The nonchiral
and chiral interactions between layers led to formation of
polar phases. The discrete model �15� also explained the re-
versing of the helical sense at the SmCA

�-SmC� phase transi-
tion. Čepič and Žekš �16� extended this model for descrip-
tion of the short-pitch incommensurate SmC�

� phase. Later,
the discrete model was used to describe the structure and the
sequence of the fundamental and intermediate phases
�17–26�. In this simulation, we used the discrete model to
calculate different antiferroelectric states in an electric field,
accounting for the chirality and the change of the tilt angle of
molecules, � �electroclinic effect�.

II. MODEL

The polar smectic structure is modeled as a stack of layers
with a two-component �2D� vector order parameter �i, where

FIG. 1. Schematic representation of the model geometry. Orien-
tation of molecules �a� and layer structure �b� in the antiferroelectric
phase. �i and �i are the polar and azimuthal angles. The two-
component vector �i is the order parameter. Each molecular layer
bears the electric polarization Pi perpendicular to �i. The helical
axis is along the z direction. The electric field E is applied along the
x axis.
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i stands for the ith layer �Fig. 1�. The modulus of �i is the
projection of the long molecular axis onto the layer plane
and characterizes the polar tilt angle �i �Fig. 1�. The phase of
the order parameter, �i, characterizes the azimuthal orienta-
tion of the tilt plane in the ith layer. The system is uniform in
the xy plane. The free energy can be written as an expansion
over the structural ��� and polar �P� order parameters. Mini-
mization of the free energy with respect to the polarization
gives a relation between � and P �20,21�. The final energy
depends only on � with renormalized coefficients of expan-
sion. The base expansion of the free energy density for
coupled smectic layers reads

F = �
i
�1

2
��T − T���i

2 +
1

4
b�i

4 +
1

2
a1�i�i+1� . �1�

The first two terms are the Landau expansion describing the
transition to the untilted smectic-A �SmA� phase �27�. The
last term describes the interactions between adjacent layers.
The parameter a1 corresponds to both van der Waals interac-
tion and the interaction between the polarizations in adjacent
layers, the piroelectric and flexoelectric coupling �20,21�. A
positive coefficient a1 favors anticlinic ordering, while a
negative a1 promotes synclinic ordering. Our model of the
antiferroelectric structure in the electric field includes also
three additional terms. First, the chiral interaction leading to
formation of a helix is presented in the free energy by the
Lifshits term, which is taken in the form

Fch = �
i

f��i � �i+1�z. �2�

Next, to get the first-order antiferroelectric-ferroelectric tran-
sition, one has to introduce a term representing an energetic
barrier between synclinic and anticlinic structures. The sim-
plest barrier term can be written as

Fb = �
i

a2��i � �i+1�2. �3�

The energy barrier between the synclinic and anticlinic states
�fourth-order term� was introduced already in the continuous
model of the antiferroelectric phase by Orihara and Ishibashi
�28�. They obtained several types of phase sequence depend-
ing on the coefficient of the fourth-order term. Fb describes
the quadrupolar interaction between nearest layers �19�. The
barrier plays an important role in the discrete model. In par-
ticular, the existence of the energy barrier explains reentrant
ferroelectricity �19� and distorted clock structures �20�. A
strong quadrupolar interaction at low temperature leads to a
first-order transition to the ferroelectric state in the electric
field �13,29�. Finally, the external electric field E, which is
applied along the x-axis direction, couples with the trans-
verse polarization of smectic layers and hence with the order
parameter. The electric polarization Pi within a layer is per-
pendicular to �i �Fig. 1�. The corresponding term may be
written in the form

Fe = �
i

Ec��i�sin �i, �4�

where the value of the layer polarization is Pi=c��i�. In zero
electric field, the model with a1�0, f �0 leads to nearly
anticlinic ordering of adjacent layers and a helix along the z
axis. Equilibrium structures were calculated by numerical
minimization of the free energy over both the phase �i and
the modulus �i of the order parameter �i for each i. In the
simulations we used model parameters leading to unper-
turbed pitch P0 from 13 to 40 layer spacings d. The thickness
of the sample was from 250d to 500d. For such thicknesses
the boundary distortion does not affect the bulk behavior
inside the system. The method of numerical minimization of
the free energy was described earlier �23�. Further, for the
sake of simplicity we set b=1 and measure � in units of 1/K.
The value of � in the calculations was chosen so that the
order parameter modulus � was about 20° at TC−T=10 K,
where TC is the temperature of the transition to the untilted
SmA state. This value corresponds to the typical observed tilt
angle. The azimuthal orientation of the tilt plane �i is taken
in the range from −� to �. The electric field is given in
nondimensional units Ec /a1.

III. FIELD-INDUCED STRUCTURES AND TRANSITIONS
IN THE ELECTRIC FIELD

First we describe the behavior of the helical antiferroelec-
tric structure in an electric field qualitatively. The orienta-
tions of the vectors �i in different structures are shown in Fig.
2. In zero field a uniform antiferroelectric helix exists �Fig.
2�a��. The anticlinic helix can be conceived as follows �Fig.
2�a��: a pair of molecules �or �i in our model� in adjacent
layers with nearly anticlinic ordering rotates by a relatively
small angle 	�=2�d / P0 and translates along z over two
layer spacings d. In electric field the helix becomes distorted
�Figs. 2�b� and 2�f�� and the period of the structure increases.
Unlike ferroelectric SmC�, where in an electric field there is
only one transition to an unwound ferroelectric, in antiferro-
electrics there are several regimes of structural transforma-
tions and two lines of transitions. The first one is the
winding-unwinding transition at the critical threshold Eh
�Figs. 2�b� and 2�c��. Above the unwinding field �Fig. 2�c��
the system becomes spatially uniform. In this structure �i
orient only in two planes �Fig. 2�c��. The angle between the
corresponding tilt planes 	�=�1−�2 decreases with increas-
ing field �Fig. 2�d��, and at a second critical field Es this leads
finally to the transition to a homogeneous synclinic state in
which all �i orient in the same direction perpendicular to the
electric field �Fig. 2�e��.

A. Distorted winding antiferroelectric phase

Let us now focus on a comprehensive description of the
winding-unwinding transition at which the pitch diverges.
We will show how the system responds to frustration in the
antiferroelectric material. For the description of structural
transformations we will use the following parameters: the
winding angle �i

W= ��i−�i+2� /2, which characterizes the he-
licity, and the distortion angle �i

D= ��i−�i+1�, which charac-

P. V. DOLGANOV AND V. M. ZHILIN PHYSICAL REVIEW E 77, 031703 �2008�

031703-2



terizes the similarity of the structure to either synclinic ��i
D

=0� or anticlinic ���i
D�=�� ordering. In zero field a uniform

antiferroelectric helix with �i
D=const and �i

W=const is
formed �Figs. 2�a� and 3�a��. In the electric field �i

W and �i
D

change along the structure and the helix becomes distorted.
The structure can be divided into two types of region. I
n a simple way it can be described by domains with
small winding angle �i

W separated by domain walls with �i
W

larger than in zero field �Fig. 3�b��. Formation of the walls
occurs as follows. The electrostatic energy of anticlinic
pairs Fei=−�Pi+Pi+1�E. In small field Fei=2Ec��i�sin��i

+�i+1� /2 cos �i
D /2 changes sign from layer to layer because

of the sin��i+�i+1� /2 factor. In Fig. 3 on the left side of the
wall Fei
0 for i even. On the right side of the wall Fei
0
for i odd. We will discuss in detail the left side of the wall. In
order to decrease the electrostatic energy, the �i rotate so that
�i

D decreases for i even and increases for i odd. This change

is more pronounced in the region where the �i are nearly
parallel or antiparallel to E �anticlinic pairs are nearly sym-
metric with respect to the axis perpendicular to E�. When the
modulus of the distortion angle ��i

D� with i odd reaches a
value larger than �, Fei also become negative for i odd. As
E increases, the number of such pairs increases. From the
region where the initial orientations of �i are nearly parallel
or antiparallel to E, a “switching wave” �changing the sign of
cos �i

D /2 with i odd� moves in two opposite directions in-
creasing the pitch and forming walls. Between walls the �i
are grouped near two angles �Fig. 2�b��. In relatively high
fields �E	Eh� an antiferroelectric soliton is formed �Fig.
3�c��.

B. Soliton state

We describe now the special features of the antiferroelec-
tric soliton. In the soliton regime the structure consists of
nearly uniform regions and a single wall �soliton�. The total
change of the winding angle �i

W in the soliton is �. In the
soliton the center angles �i

W are larger for layers with Fei
�0, i.e., for i even in Fig. 2�b�. Outside the soliton �i

W is
nearly zero �Fig. 3�c��. The structural peculiarities of the an-
tiferroelectric soliton and the coupling of the modulus and
the phase of the order parameter are demonstrated by the
“phase portrait” of the soliton, i.e., the relation between �i
and �i �Fig. 4�. The points represent the values of the 2D
order parameter. The numbers of layers in this figure are
counted from the layer in the central part of the soliton �i
=0, Fig. 4�. Lines link points in adjacent layers. The circles
describe �i on the left side of the soliton. The squares stand

FIG. 2. Antiferroelectric material in electric field. Long solid
and dotted arrows show the orientation of the vector order param-
eter �i in odd and even layers. Short arrows show the layer polar-
ization Pi �see �c��. Calculations were made using Eqs. �1�, �2�, and
�4�. Numbers indicate the smectic layer. �a� Initial winding state
with a regular helix �E=0�. �b� Distorted winding state �E�Eh�.
The �i between walls group near two tilt planes. �c� Distorted anti-
ferroelectric �E�Eh� with a spatially uniform structure. The �i ori-
ent in two tilt planes. �d� Distorted antiferroelectric for larger field
�E
0.7Es�. �e� Ferroelectric synclinic state �E�Es�. All �i orient
perpendicular to the electric field E. Model parameters are �
=0.01, f /a1=8.5�10−2, and a1=5�10−2. The helical pitch without
the electric field is about 18.7 layers. �f� Distorted winding state
�E�Eh�. Model parameters are �=0.01, f /a1=4.2�10−2, a1=5
�10−2, and TC−T=5 K. The helical pitch in absence of the electric
field is about 37.5 layers.

FIG. 3. Transformation of the winding angle �i
W= ��i−�i+2� /2

in electric field. �i
W characterizes the helicity in the system. �a�

Antiferroelectric state, E=0, �i
W=const. The dotted lines show the

value of the undistorted pitch. �b� A domain wall in an electric field
�Ec /a1=2.8�10−2�. �c� Antiferroelectric soliton in high field E
close to but smaller than Eh �Ec /a1=4.1�10−2�. The insets show
schematically the orientation of �i in odd and even layers on the two
sides of the soliton. Far from the soliton, the �i orient nearly parallel
or antiparallel to the electric field E. �d� Planar synclinic state,
�i

W=0 �Ec /a1=0.54�. Model parameters are �=0.01, f /a1=4.2
�10−2, a1=5�10−2, and TC−T=5 K.
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for �i on the right of the soliton center. In the soliton the tilt
angle �i alternately increases and decreases from layer to
layer. This effect is most pronounced in the soliton center,
where the vectors Pi are nearly parallel or antiparallel to the
electric field. The tilt angle is larger in layers in which Pi and
E are directed nearly parallel and smaller in neighboring
layers with opposite directions of Pi and E �the top and bot-
tom parts of the phase portrait, respectively�.

The points located near A and B in Fig. 4 correspond to
layers far from the soliton. These regions are characterized
by a nearly fixed modulus of the order parameter �nearly
horizontal lines in the figure�. Its value is somewhat smaller
than that in the zero-field state. The orientation of �i on two
sides of the soliton is shown by the insets in Fig. 3. The
modulus of the distortion angle ��i

D� is nearly constant but
the orientations of �i are correspondingly reversed for i odd
and i even on the two sides of the soliton. The latter means in
particular that domains on the left and right sides of the
soliton cannot be connected other than by a switching wave,
which flips the orientations of �i on one side of the soliton.
By contrast, in the ferroelectric soliton these domains can
adjoin each other without formation of a defect. The antifer-
roelectric soliton cannot be removed in a simple way. The
soliton can exist as a metastable state at E�Eh. However,
even in the metastable soliton state, heating of a part of the
sample with a soliton to the SmA phase �setting �i=0� and
subsequent cooling lead the system back to the soliton state.
Similar manipulations with a ferroelectric soliton lead to its
disappearance and formation of the planar synclinic state.
The antiferroelectric soliton can be removed in a large elec-
tric field only via the transition to the synclinic state. In the
ferroelectric soliton state, most molecules outside the soliton
orient so that layer polarizations are nearly parallel to the

electric field. By contrast, in the antiferroelectric soliton state
most molecules orient so that layer polarizations are nearly
perpendicular to the electric field. This orientation is con-
served after the transition to the unwound state �see below�.

C. Untwisted distorted antiferroelectric

The unwinding regime is ended at the critical threshold Eh
by the transition to the untwisted ��i

W=0� distorted antifer-
roelectric state without solitons �Fig. 2�c��. At this transition
the modulus of the distortion angle ��i

D� remains nearly the
same for the molecules outside the soliton. The value of the
distortion angle ��i

D� at the unwinding transition depends on
the pitch of the unperturbed helix without field. ��i

D� in-
creases with increasing pitch. Note that in the untwisted state
the molecules in even �and correspondingly odd� layers tilt in
one plane in the whole sample �compare Fig. 2�c� and the
insets in Fig. 3�. In an untwisted antiferroelectric, the �i are
oriented approximately along the applied field. This structure
and the orientations of �i are consistent with the experimental
observations �30–32�. The deviation from anticlinic order
���i

D���� leads to a macroscopic polarizarion Pr �33� in the
distorted antiferroelectric state. In higher fields ��i

D� de-
creases �Fig. 2�d��, Pr increases and finally, at the critical
field Es, the planar synclinic state ��i

D=0� is formed �Figs.
2�e� and 3�d��. It is well known �27� that the applied electric
field interacts with the liquid crystal also through the dielec-
tric permittivity. The corresponding term in the smectic liq-
uid crystal, Fi= 	
�E2 / 8�cos2 �i, depends on the dielectric an-
isotropy 	
�=	
 sin2 �. In an antiferroelectric liquid crystal
the term for the dielectric coupling ought to be considered
for materials with low layer polarization and large pitch,
when the distortion angle is nearly equal to �. In the pure
dielectric regime the planar ferroelectric state �Fig. 2�e�� is
not formed. In our paper we consider the polar mechanism of
unwinding of the antiferroelectric helix.

Let us now examine the peculiarities of the phase transi-
tion to the synclinic state �Fig. 5�. Without the barrier term in
the free energy, this phase transition is of second order
�squares in Fig. 5�. Although the barrier term �3� does not
change the energy of either the anticlinic or synclinic state,
intermediate nonplanar states become less favorable in an
electric field, and the transition to the homogeneous ferro-
electric state ��i

D=0� is shifted to a lower field �Fig. 5, closed
circles and diamonds�. Another effect of the presence of the
barrier term is a change of the phase transition type. Due to
the biquadratic interaction, the Fb term is more important at
low temperature, when the tilt angle is large. Even with the
barrier term the transition at high temperature remains of
second order �circles in Fig. 5�, but becomes first order at
low temperature �diamonds in Fig. 5�. For the system pre-
sented in Fig. 5, the tricritical point at which the transition
type changes from second to first order is at TC−T
8 K.
The transition to the synclinic state takes place in a field
larger than the unwinding field �Es�2Eh�. This is the reason
why the numerically calculated critical fields Es agree well
with fields obtained from analytical expressions without the
chiral term �13�. At the first-order transition both the phase �

FIG. 4. Phase portrait of an antiferroelectric soliton. The depen-
dence of the modulus of the order parameter �tilt angle �i� on the
phase of the order parameter �azimuthal orientation of molecules
�i� is shown by points. Lines link points in adjacent layers. Num-
bers of layers in this figure are counted from �0 in the central part of
the soliton. Layers in the central part of the soliton are depicted by
the points in the upper and lower parts of the phase portrait. Circles
�squares� describe �i on the left �right� side of the soliton center.
Model parameters are �=0.01, f /a1=4.2�10−2, a1=5�10−2,
Ec /a1=4.1�10−2, and TC−T=5 K.
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and the modulus � of the order parameter change discontinu-
ously �Figs. 5�a� and 5�b��.

In the distorted antiferroelectric state, � decreases with
increasing field �Fig. 5�b��. This behavior is contrary to the
well-known electroclinic effect in a ferroelectric structure
when � increases with field �8,27,34�. The “reverse” electro-
clinic effect was found in antiferroelectric liquid crystals
with a barrier term for both the second- and first-order tran-
sitions �Fig. 5, circles and diamonds�. Furthermore, the tilt
angle also decreases at the first-order transition �Fig. 5, dia-
monds�. This unusual behavior is replaced by the classical
electroclinic effect, i.e., increase of the tilt angle with field

after the transition to the synclinic state �E�Es�. However �
reaches its starting value �in the E=0 state� only at fields
essentially higher than Es �at E�1.5Es for the first-order
transition�. So, in a broad range of fields really used in ex-
periments, the reverse electroclinic effect should be observed
in antiferroelectric liquid crystals. Due to the anticlinic and
barrier terms, synclinic ordering of the system in the electric
field is prevented by decrease in the layer polarization �nega-
tive electroclinic effect�. In the planar ferroelectric state �E
�Es� the electric term �4� dominates and the positive elec-
troclinic effect is observed in both ferroelectric and antifer-
roelectric materials. In our paper, most of the results are
given for the model parameters f /a1=0.042 and a1=5
�10−2. However we have performed calculations for a wide
range of parameters, e.g., different a1 in the range 5�10−2

−5�10−4 for fixed f /a1. The sequence of structures formed
in the electric field remains the same. The magnitude of the
electroclinic effect depends on the values of a1 and a2. De-
crease of a1 and a2 leads to decrease of Es and of the elec-
troclinic effect. The behavior of an antiferroelectric phase in
an electric field was previously considered by Parry-Jones
and Elston �31�. They concentrated mostly on the unwinding
regime. Their model did not consider a barrier term, struc-
tures with first-order phase transitions, or the electroclinic
effect. However, the main features of the switching process
to a nonhelical antiferroelectric and the sequence of states
are consistent with our calculations.

In summary, we have calculated the structural transforma-
tions of an antiferroelectric liquid crystal in external electric
field. The coupling of helicity and anticlinic ordering leads to
formation of complex structures and cooperative motion of
molecules. The antiferroelectric soliton can be removed only
by the field-induced transition of the system to the synclinic
state or by moving the soliton to the boundary of the sample.
Full minimization of the free energy demonstrates coupling
of the modulus and the phase of the order parameter. We
found that the antiferroelectric shows an anomalous electro-
clinic effect in the electric field. The results of our calcula-
tions show that in an antiferroelectric phase a variety of un-
usual structures are realized in an electric field. For a detailed
correlation of experimental phenomena with theory, further
experimental and theoretical studies are required.
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