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Field-driven helix unwinding in antiferroelectric liquid crystal cells
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~Received June 12, 2000; published 26 April 2001!

The interaction between the antiferroelectric helix and an electric field applied perpendicular to its axis is
investigated, both experimentally and theoretically. A two-stage switching process is observed:~i! in the
pretransitional regime the helix distorts and then unwinds to form a nonhelical antiferroelectric state, with the
plane of the molecules parallel to the applied field;~ii ! at higher fields switching to the ferroelectric state
occurs. The mechanism for unwinding is the interaction of the applied field with a polarization that is induced
by a change to the anticlinic ordering.
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Smectic liquid crystals have positional order such that
molecules are arranged approximately into layers form
two-dimensional liquids. In tilted smectics, the orientation
order within each layer is such that the average direction
the molecules~the director! is at an angleu to the layer
normal. Thec-director is the projection of this director ont
the layer, and is described by an azimuthal anglef. Antifer-
roelectric liquid crystals~AFLCs! @1–3# have an anticlinic
coupling between layers, which causes thec-directors of ad-
jacent layers to be almost antiparallel. The discrepanc
due to the chirality of the molecules, which causes a sm
precession of thec-directors from layer to layer, and hence
macroscopic helical structure. Each smectic layer has a s
taneous polarization that is perpendicular to both its nor
and c-director. The coupling of these polarizations to
electric field applied along the smectic layers causes the
larizations to align with the field at sufficiently high field
this is known as the ferroelectric state.

In this Rapid Communication, we concentrate on t
‘‘pretransitional’’ switching regime, that is, where the a
plied field is too low to cause switching to the ferroelect
state. Our microscopic observations of thick, homogeneo
aligned AFLC cells show that the dechiralization lines~char-
acteristic of the helical superstructure!, disappear at fields
within the pretransitional regime, suggesting that the hel
structure is destroyed before the transition to the ferroelec
state takes place. Additionally, light that is Bragg scatte
from the helical structure in the ground state disappear
the applied voltage increases, again before switching to
ferroelectric state occurs.

Although there have been a number of studies of the fi
driven transition of the antiferroelectric state to the ferroel
tric state@4,5#, the role of the macroscopic helix in the pr
transitional regime is not well understood. Goreckaet al. @6#
undertook studies in homeotropic cells and reported that
der applied fields within the pretransitional regime, the he
distorts so that thec-directors rotate to align with the field
while maintaining approximate anticlinic ordering betwe
layers. Eventually the helix is unwound to form a non-helic
antiferroelectric state in which the directors are in the pla
containing the electric field. The authors attribute this p
cess to the interaction of the applied field with the dielec
anisotropy of the molecules. Moritakeet al. @7#, Hiraoka
et al. @8#, and Panarinet al. @9# agree that the coupling of th
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electric field to the dielectric anisotropy could be responsi
for the helix distortions observed in their dielectric studie
Panarinet al. also report a second mechanism for helix d
tortion in homogeneous cells: the interaction of the appl
field with the ‘‘antiferroelectric polarization,’’ which they
claim arises from the incomplete cancellation of the pol
izations of adjacent layers of the AFLC helix. This intera
tion is also recognized by Buivydaset al. @10,11#, who refer
instead to the interaction of the electric field with the ‘‘r
sidual polarization,’’ and do not consider coupling to th
dielectric anisotropy.

There therefore seems to be no unified understandin
both the mechanism of electric field induced helix distorti
and the nature of the unwound state. It is the aim of t
work to give a complete description of the pretransition
regime of AFLC switching in homogeneously aligned cel
We will show that it is possible to explain a number
observed effects with a simple model of the interaction
tween the applied field and the polarizations of the AFL
layers, without any interaction with either the dielectric a
isotropy or the ‘‘residual polarization.’’

Since the macroscopic helix is present in the ground st
we assume that the bulk of the liquid crystal is unaffected
the surfaces, and hence it is possible to model the structu
one dimension only: along the helical axis. We also assu
that the helical axis does not tilt~because the smectic laye
are very rigid! and the angle that the director makes with t
layer normal,u, is constant~because the electroclinic effec
is negligible so far from the nearest phase transition!. We can
therefore consider only the changes in the azimuthal an
f in each layer by solving the following torque equation f
the ith smectic layer:

h
]f i

]t
52EPs sin f i1

g

2
sin~f i2f i 111d!

1
g

2
sin~f i2f i 212d!.

The left-hand side~LHS! is the product of the viscosity co
efficient h for changes in the azimuthal angle of th
c-director,f, and the time derivative off of the ith layer.
This is equated to the total torque on the director, given
the terms on the RHS. The first is the interaction of the la
©2001 The American Physical Society01-1
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spontaneous polarization~of magnitudePs! with the applied
electric field~of magnitudeE!. The other two terms represen
the antiferroelectric interaction, of strengthg, of the ith layer
with its neighboring layersi 21 and i 11. Both terms are
zero in the ground state (E50), when the directors are a
most on opposite sides of the smectic cone~the discrepancy
being an amountd that is due the helical superstructure!.

The steady state solution of the equation is determi
numerically, and shown in Fig. 1~a! for a 100 layer pitch
~i.e., d52p/100!, for both the ground state (E50), and an
applied field ~in this case such thatEPs5g/2!. The helix
distorts so that those regions with the c-directors parallel
the field grow, while maintaining approximate anticlinic o
dering. This distorted helical structure will at higher field
unwind fully to form an uniform antiferroelectric~AF! struc-
ture, with the liquid crystal directors in the plane perpendic
lar to the bounding plates and containing the electric fie
This will be referred to as a ‘‘vertical’’ AF~VAF! state, as
opposed to a ‘‘horizontal’’ AF~HAF! state, in which the
directors lie in the plane parallel to the cell plates. The mo
therefore gives results that are consistent with the experim
tal results of Goreckaet al. in homeotropic cells@6#.

Figure 1~a! also shows the perturbation to the ground st
helix occurs with a wavelength of half the pitch. Since t
physical properties of an antiferroelectric liquid crystal r
peat every half pitch~as seen from selective reflection@1#!, it
is clear that the results of the model are consistent with

FIG. 1. Theoretical prediction of antiferroelectric helix disto
tion by an applied field using~a! discrete and~b! continuous order
parmameters. The ground state is shown by thin lines, and the
torted state by thick lines. The director oscillates approximat
from one side of the smectic one to the other, so the discrete m
~a! shows an oscillatory behavior of the azimuthal angle~plotted
between 0 and 2p!. For the continuous model~b!, however, the
azimuthal angles in both odd and even layers are plotted sim
neously. Both models show that thec-directors rotate to align with
the field, together with a small change in the anticlinic ordering
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symmetry of the antiferroelectric state. This disagrees w
the hypothesis that the mechanism of helix distortion is
interaction of the electric field with the ‘‘residual polariza
tion’’ @9–11#, since in that case the distortions would occ
with a wavelength equal to that of the residual polarizatio
i.e., one pitch. Examination of the results reveals that
mechanismfor helix distortion is the interaction between th
electric field and aninducedpolarization~with a wavelength
of half a pitch!. This is caused by a perturbation to the an
clinic ordering, and lies approximately along the local dire
tion of the c-directors. The induced polarization interac
with the applied field to rotate thec-directors to align with
the field, and eventually causes helix unwinding. The c
cept of an induced polarization was suggested by Hira
et al. @8#, but was considered to arise initially from the inte
action of the electric field with the dielectric anisotropy: w
have, however, shown that this is not necessary.

In order to support these results, the antiferroelectric he
is also modeled using continuous order parametersfa and
fb , defined as follows:

fa5
fe1fo

2
, fb5

fe2fo

2
,

wherefe andfo are the azimuthal angles of the director
even and odd layers, respectively.fa describes the local av
erage azimuthal angle of the director, andfb the type of
ordering, wherefb50 is ferroelectric ordering andfb
5p/2 is antiferroelectric ordering. The free energy of a p
of layers can be written as

F52EPs cosfa cosfb1
K

2 S ]fa

]x
2

2p

p D 2

1G cos2fb .

The first term is the interaction between the electric field a
the spontaneous polarizations of both the odd and even
ers in the pair@it is 2EPs(cosfo1cosfe)/2]. The second
term is the elastic energy stored as a result of distortion
the helix, and hence only involvesfa : K is an elastic con-
stant; x is the distance along the helical axis, andp is the
pitch of the antiferroelectric helix. The final term represen
the antiferroelectric ordering, of strengthG, and depends on
fb only.

The numerical continuation packageAUTO97 @12,13# is
used to find the minimum energy states as a function
applied electric field. AtE50, the helical AF state is lowes
in energy, as expected, but above a threshold field, the V
state is lowest in energy~the HAF state is always highest i
energy!. Defects or thermal fluctuations in the cell will see
domain switching to the state of lowest energy and hence
helical AF state is expected to unwind into this VAF sta
Figure 1~b! shows that the distortion of the helix for electr
fields lower than the threshold for unwinding is such that
c-directors tend to align with the electric field, accompani
by a distortion of the anticlinic ordering. The relativ
amounts of helix distortion and changes to the anticlinic
dering are controlled by the dimensionless parameterGp2/K:
the larger it is, the smaller the changes to the anticlinic
dering are at a given field. The results shown in Fig. 1~b! are
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for Gp2/K513104, and are clearly qualitatively the same
those of the discrete model. We therefore have a clear
unified prediction for the nature of helix distortion and u
winding in the pre-transitional regime from these two the
retical models.

In order to test the results of the modeling experimenta
it is necessary to consider the macroscopic consequenc
the helix distortions shown in Fig. 1, which is followed eve
tually by complete helix unwinding. As the helix distorts, th
refractive index in the direction along the smectic layers,
perpendicular to the applied field, decreases, whereas
perpendicular to the field and the smectic layers remains
same, i.e., the birefringence increases. A test of the mod
therefore to measure the birefringence of a suitable samp
a function of applied field.

This was done by illuminating a thick~12 mm!, homoge-
neously aligned cell of the commerical AFLC mixture fro
Chisso, CS4001,~between crossed polarizers! with a 632.8
nm HeNe laser at normal incidence, and measuring the tr
mittance as a function of the azimuthal orientation of the c
with respect to the polarizers. The result was used to de
mine the birefringence as a function of voltage. Figure 2~a!
shows that in the pretransitional regime, the birefringence
the material increases~as the helix distorts! from a value of

FIG. 2. Experimental confirmation of results of theoretic
model as shown by~a! measurements of the birefringence as
function of applied field, and~b! laser conoscopy for the ground an
unwound AF states~tilts abouty andx axes in the left- and right-
hand parts of the graph, respectively!. The thick and thin lines rep-
resent experimental and theoretical data, respectively. The bire
gence~a! increases in the pretransitional regime, towards a va
that is predicted for the VAF state. In~b!, the experimental data fo
the ground and unwound AF states are seen to agree with the
reman predictions for the helical AF and VAF states, respectiv
Both experiments confirm that the unwound state is not the H
state, but the VAF state.
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0.1140 in the ground state, to 0.1255 at a voltage of 60 V~at
which the helix is known to be unwound, from microscop
observations and laser scattering!. At voltages greater than
the threshold for switching to the ferroelectric state, the
refringence was measured to be 0.1524. This value was
to predict the birefringences of the helical AF, VAF, an
HAF states: 0.1123, 0.1264, and 0.1025, respectively. I
clear that the predicted values for the helical AF and VA
states agree very well with the measured values for the b
fringence at 0 and 60 V, respectively. The measuremen
the birefringence of the liquid crystal therefore supports
theory that the antiferroelectric helix is unwound to the VA
state.

Further configuration of the theory comes from las
conoscopy experiments, in which the transmittance of
cell between crossed polarizers is measured as a functio
the angle of incidence, i.e., the cell is tilted between
polarizers, both about the helical axis~x!, and about the axis
perpendicular to this and the electric field~y!. For each axis
of rotation, experimental results are shown in Fig. 2~b! both
for the ground state, and for 60 V. Also plotted in Fig. 2~b! is
the output from a Berreman 434 matrix optical model@16#,
for the helical AF, VAF, and HAF states, which all use th
same values of the refractive indices for a single sme
layer. It is clear that, for tilts about bothx and y axes, the
predicted output for the uniaxial helical AF and biaxial VA
states agree well with the experimental data at 0 and 60
respectively. The laser conoscopy experiment therefore c
firms the theory that the antiferroelectric helix is unwound
the VAF state.

A further consequence of the helix distortion is a chan
in the low frequency dielectric constant of the cell. From t
continuous model, the component of the polarization alo
the direction of the applied field is

Pz5Ps cosfa cosfb[
EPs

2

2G
cos2fa ,

and therefore the relative dielectric constant is

e5e`1
Ps

2

2e0pGE0

p

cos2fadx1
EPs

2

2e0pGE0

p ]

]E
~cos2fa!dx.

l

n-
e

er-
.

F

FIG. 3. Measurement of the low frequency dielectric constan
a function of bias field. Relative to the ferroelectric state, the
electric constants of the unwound AF and ground states are
ratio of 2:1, in quantitative agreement with the predictions of t
continuous model. This supports the conclusion that the antife
electric helix unwinds to the VAF state in the pretransitional
gime.
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This has a value ofe`1Ps
2/4e0G for E50, a value ofe`

1Ps
2/2e0G for the VAF state, and a value ofe` in both the

HAF and fully switchedF states. The dielectric constant at
frequency of 1 kHz~the lowest frequency at which ioni
behavior was not present! was measured as a function
voltage, and the results are shown in Fig. 3. In the pretr
sitional regime, the dielectric constant increases, in ag
ment with the prediction of the continuous model~i.e., that
the helix unwinds to the VAF state, which has double t
dielectric constant of the ground state, relative toe`!.
Clearly the helix cannot be unwinding to form the HAF sta
as in that case we would observe no change in dielec
constant at the transition to the ferroelectric state. Comp
son between experimental and theoretical results give
value for the antiferroelectric ordering constantG of 1.6
3104 J/m3, given thatPs5280 nC/cm2 for CS4001.

In conclusion, our work has shown clearly for the fir
time that the mechanism of helix distortion in an AFLC
the interaction between the applied field and a polariza
that is induced by an unequal rotation of the directors in o
A
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and even layers~a perturbation to the anticlinic ordering!.
This is in contrast with the mechanisms suggested by oth
in which the electric field interacts with either the dielectr
anisotropy@6–8#, the residual polarization@10,11#, or both
@9#. Our ‘‘induced polarization’’ repeats every half pitc
through the helical structure, in agreement with the symm
try of the AFLC phase. The interaction eventually causes
helix to be completely unwound to a uniform antiferroele
tric state with thec-directors aligned with the applied fiel
~the VAF state!, at fields lower than that required to switc
the material into a ferroelectric state. Our models succe
fully explain in a unified way the following phenomena o
served in the pretransitional regime of thick homogeneou
aligned AFLC cells: two stage switching~as seen by micro-
scopic observation and laser scattering!, the increase in bire-
fringence and the changes in the conoscopic image and
frequency dielectric constant.
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