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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 obsg@niedthe
pretransitional regime the helix distorts and then unwinds to form a nonhelical antiferroelectric state, with the
plane of the molecules parallel to the applied fidlidy 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 theslectric field to the dielectric anisotropy could be responsible
molecules are arranged approximately into layers formindor the helix distortions observed in their dielectric studies.
two-dimensional liquids. In tilted smectics, the orientationalPanarinet al. also report a second mechanism for helix dis-
order within each layer is such that the average direction ofortion in homogeneous cells: the interaction of the applied
the molecules(the directoy is at an angled to the layer field with the “antiferroelectric polarization,” which they
normal. Thec-director is the projection of this director onto Cclaim arises from the incomplete cancellation of the polar-
the layer, and is described by an azimuthal angjléntifer- izations of adjacent layers of the AFLC helix. This interac-
roelectric liquid crystalSAFLCs) [1-3] have an anticlinic  tion is also recognized by Buivydas al.[10,11], who refer
coupling between layers, which causes thdirectors of ad-  instead to the interaction of the electric field with the “re-
jacent layers to be almost antiparallel. The discrepancy i§idual polarization,” and do not consider coupling to the
due to the chirality of the molecules, which causes a smalflielectric anisotropy.
precession of the-directors from layer to layer, and hence a  There therefore seems to be no unified understanding of
macroscopic helical structure. Each smectic layer has a Spopoth the mechanism of electric field induced helix distortion
taneous polarization that is perpendicular to both its norma#nd the nature of the unwound state. It is the aim of this
and c-director. The coupling of these polarizations to anWork to give a complete description of the pretransitional
electric field applied along the smectic layers causes the pdedime of AFLC switching in homogeneously aligned cells.
larizations to align with the field at sufficiently high fields: We will show that it is possible to explain a number of
this is known as the ferroelectric state. observed effects with a simple model of the interaction be-

In this Rapid Communication, we concentrate on thefween the applied field and the polarizations of the AFLC
“pretransitional” switching regime, that is, where the ap- layers, without any interaction with either the dielectric an-
plied field is too low to cause switching to the ferroelectric isotropy or the “residual polarization.”
state. Our microscopic observations of thick, homogeneously Since the macroscopic helix is present in the ground state,
aligned AFLC cells show that the dechiralization lifebar- ~ We assume that the bulk of the liquid crystal is unaffected by
acteristic of the helical superstructirelisappear at fields the surfaces, and hence it is possible to model the structure in
within the pretransitional regime, suggesting that the helicaPne dimension only: along the helical axis. We also assume
structure is destroyed before the transition to the ferroelectrighat the helical axis does not tilbecause the smectic layers
state takes place. Additionally, light that is Bragg scatterecde very rigid and the angle that the director makes with the
from the helical structure in the ground state disappears ddyer normal,é, is constan{because the electroclinic effect
the applied voltage increases, again before switching to thiS negligible so far from the nearest phase transjtigvie can
ferroelectric state occurs. therefore consider only the changes in the azimuthal angles

Although there have been a number of studies of the field? in €ach layer by solving the following torque equation for
driven transition of the antiferroelectric state to the ferroelecthe ith smectic layer:
tric state[4,5], the role of the macroscopic helix in the pre-

transitional regime is not well understood. Goreekal. [6] (7_¢i: _ oY
undertook studies in homeotropic cells and reported that un- 75 EPs sin ¢+ 2 SiN(¢i= i1+ 0)
der applied fields within the pretransitional regime, the helix
distorts so that the-directors rotate to align with the field Yo . _

. . L . L . + Sln((ﬁi ¢i—1 o).
while maintaining approximate anticlinic ordering between 2

layers. Eventually the helix is unwound to form a non-helical

antiferroelectric state in which the directors are in the planeThe left-hand sidéLHS) is the product of the viscosity co-
containing the electric field. The authors attribute this pro-efficient » for changes in the azimuthal angle of the
cess to the interaction of the applied field with the dielectricc-director, ¢, and the time derivative o$ of the ith layer.
anisotropy of the molecules. Moritaket al. [7], Hiraoka  This is equated to the total torque on the director, given by
et al.[8], and Panarirt al.[9] agree that the coupling of the the terms on the RHS. The first is the interaction of the layer
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symmetry of the antiferroelectric state. This disagrees with
ground state

. 20 the hypothesis that the mechanism of helix distortion is the
>3 distorted AF state interaction of the electric field with the “residual polariza-
5 8 tion” [9-11], since in that case the distortions would occur
g’ 104 with a wavelength equal to that of the residual polarization,
- 1 ‘ i.e., one pitch. Examination of the results reveals that the
g 05 ‘ mechanisnfor helix distortion is the interaction between the
3 ‘ electric field and ainducedpolarization(with a wavelength
004 g T g " of half a pitch. This is caused by a perturbation to the anti-
0 % 0o s % clinic ordering, and lies approximately along the local direc-
®) Layerindex, i tion of the c-directors. The induced polarization interacts
20 with the applied field to rotate the-directors to align with

the field, and eventually causes helix unwinding. The con-
cept of an induced polarization was suggested by Hiraoka
et al.[8], but was considered to arise initially from the inter-

distorted AF state

Azimuthal Angle/x, ¢/n
o

ground state action of the electric field with the dielectric anisotropy: we
have, however, shown that this is not necessary.
0.5+ In order to support these results, the antiferroelectric helix
0.0 ' ' . is also _modeled using continuous order parametersand
° 0.25 0.5 0.75 1 ¢y, defined as follows:

Normalized Distance T=x/p

. et b e o
FIG. 1. Theoretical prediction of antiferroelectric helix distor- a= o bo= 2

tion by an applied field usingg) discrete andb) continuous order

parmameters. The ground state is shown by thin lines, and the di%vhereqse and ¢, are the azimuthal angles of the director in
torted state by thick lines. The director oscillates approximatelyeyen and odd layers, respectively, describes the local av-
from one side of the smectic one to the other, so the discrete modgrage azimuthal angle of the director, afg the type of
(a) shows an oscillatory behavior of the azimuthal angietted ordering, where¢,=0 is ferroelectric ordering andp,

be_tween 0 and 72).' For the continuous modéb), however, the = 1/2 is antiferroelectric ordering. The free energy of a pair
azimuthal angles in both odd and even layers are plotted S|multa6f lavers can be written as
neously. Both models show that thelirectors rotate to align with y

the field, together with a small change in the anticlinic ordering. K

dpy 2
F=—EP cos ¢, cos ¢,+ 5

2
(?_X_ ?) +I C052¢b.

spontaneous polarizatidief magnitudeP,) with the applied
electric field(of magnitudeE). The other two terms represent
the antiferroelectric interaction, of strengghof theith layer ~ The first term is the interaction between the electric field and
with its neighboring layers—1 andi+1. Both terms are the spontaneous polarizations of both the odd and even lay-
zero in the ground stateEE0), when the directors are al- ers in the paifit is — EPg(cos¢,+cos¢)/2]. The second
most on opposite sides of the smectic cdtiee discrepancy term is the elastic energy stored as a result of distortions to
being an amoun® that is due the helical superstructure the helix, and hence only involves,: K is an elastic con-
The steady state solution of the equation is determinegtant;x is the distance along the helical axis, apmds the
numerically, and shown in Fig.(d) for a 100 layer pitch pitch of the antiferroelectric helix. The final term represents
(i.e., 6=2m/100), for both the ground stateE=0), and an the antiferroelectric ordering, of strengkh and depends on
applied field (in this case such thdEP=y/2). The helix ¢, only.
distorts so that those regions with the c-directors parallel to  The numerical continuation packag@To97 [12,13 is
the field grow, while maintaining approximate anticlinic or- used to find the minimum energy states as a function of
dering This distorted helical structure will at higher fields applied electric field. AE=0, the helical AF state is lowest
unwind fully to form an uniform antiferroelectri®dF) struc-  in energy, as expected, but above a threshold field, the VAF
ture, with the liquid crystal directors in the plane perpendicu-state is lowest in energithe HAF state is always highest in
lar to the bounding plates and containing the electric fieldenergy. Defects or thermal fluctuations in the cell will seed
This will be referred to as a “vertical” ARVAF) state, as domain switching to the state of lowest energy and hence the
opposed to a “horizontal” AF(HAF) state, in which the helical AF state is expected to unwind into this VAF state.
directors lie in the plane parallel to the cell plates. The modeFigure Xb) shows that the distortion of the helix for electric
therefore gives results that are consistent with the experimerields lower than the threshold for unwinding is such that the
tal results of Goreckat al. in homeotropic cell§6]. c-directors tend to align with the electric field, accompanied
Figure Xa) also shows the perturbation to the ground statddy a distortion of the anticlinic ordering. The relative
helix occurs with a wavelength of half the pitch. Since theamounts of helix distortion and changes to the anticlinic or-
physical properties of an antiferroelectric liquid crystal re-dering are controlled by the dimensionless paramiefegyK:
peat every half pitclfas seen from selective reflectiph]), it ~ the larger it is, the smaller the changes to the anticlinic or-
is clear that the results of the model are consistent with thelering are at a given field. The results shown in Fidp) hre
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0.1140 in the ground state, to 0.1255 at a voltage of gatv
0.128 . predicted birefingence in VAF state = 0.1264 which the helix is known to be unwound, from microscopic
0.124 observations and laser scattepingt voltages greater than
0.120 the threshold for switching to the ferroelectric state, the bi-
0.116 oredicted birefingence in wound AF state = 0.1123 refringence was measured to be 0.1524. This value was used
0.112 to predict the birefringences of the helical AF, VAF, and
0.108 HAF states: 0.1123, 0.1264, and 0.1025, respectively. It is
0.104 ] predicted birefingence in HAF state = 0.1025 clear that the predicted values for the helical AF and VAF
0.100 . . . . states agree very well with the measured values for the bire-
0 15 30 45 60 fringence at 0 and 60 V, respectively. The measurement of
Applied Voltage (V) the birefringence of the liquid crystal therefore supports the
theory that the antiferroelectric helix is unwound to the VAF
state.

Further configuration of the theory comes from laser
conoscopy experiments, in which the transmittance of the
cell between crossed polarizers is measured as a function of
the angle of incidence, i.e., the cell is tilted between the
polarizers, both about the helical axig, and about the axis
perpendicular to this and the electric figlg. For each axis
of rotation, experimental results are shown in Figo)2oth
) for the ground state, and for 60 V. Also plotted in Fighpis

y tit Angle of Incidence in Air (degrees) X tlt the output from a Berremanx4 matrix optical mode[16],

FIG. 2. Experimental confirmation of results of theoretical for the helical AF, VAF, a“‘?‘ HA_‘F §tates, Wh'Ch all use the_
model as shown bya) measurements of the birefringence as aSame values of the refractive indices for a single smectic
function of applied field, ané) laser conoscopy for the ground and 1ayer. It is clear that, for tilts about bothandy axes, the
unwound AF statetilts abouty andx axes in the left- and right- Predicted output for the uniaxial helical AF and biaxial VAF
hand parts of the graph, respectivelJhe thick and thin lines rep- states agree well with the experimental data at 0 and 60 V,
resent experimental and theoretical data, respectively. The birefrirespectively. The laser conoscopy experiment therefore con-
gence(a) increases in the pretransitional regime, towards a valudirms the theory that the antiferroelectric helix is unwound to
that is predicted for the VAF state. [b), the experimental data for the VAF state.
the ground and unwound AF states are seen to agree with the Ber- A further consequence of the helix distortion is a change
reman predictions for the helical AF and VAF states, respectivelyin the low frequency dielectric constant of the cell. From the
Both experiments confirm that the unwound state is not the HAFcontinuous model, the component of the polarization along
state, but the VAF state. the direction of the applied field is

measured birefringence

Birefringence at 633nm

-
L=

1.00 4 vAF

qJ unwound AF state

Transmittance

50.00 25.00 0.00 25.00 50.00

2

for I'p?/K=1x10% and are clearly qualitatively the same as P,= P, COS b, COS dhy= EZIP“S codd,,

those of the discrete model. We therefore have a clear and
unified prediction for the nature of helix distortion and un-
winding in the pre-transitional regime from these two theo-and therefore the relative dielectric constant is
retical models. 02 £p?

In order to test the results of the modeling experimentally, s P s [Pd
it is necessary to consider the macroscopic consequences of ~ €t 2e0p fo COS adx+ 2eopl fo E(C‘ﬁd’a)dx'
the helix distortions shown in Fig. 1, which is followed even-
tually by complete helix unwinding. As the helix distorts, the

0 8.0 .
refractive index in the direction along the smectic layers, but § g unwound AF state ., + P?/2¢ol
perpendicular to the applied field, decreases, whereas thate T 1 / \w + P2 /4ol
perpendicular to the field and the smectic layers remains the 5 £ 60 < i
same, i.e., the birefringence increases. A test of the model is § § 5 7" " eh“*
therefore to measure the birefringence of a suitable sample asg § =
a function of applied field. ¢ 40 T r r r .

1] 20 40 60 80 100

This was done by illuminating a thicki2 wm), homoge- Applied Voltage (V)

neously aligned cell of the commerical AFLC mixture from
Chisso, CS4001(between crossed polarizgnsith a 632.8 FIG. 3. Measurement of the low frequency dielectric constant as
nm HeNe laser at normal incidence, and measuring the trang- function of bias field. Relative to the ferroelectric state, the di-
mittance as a function of the azimuthal orientation of the Ce”e|ectric constants of the unwound AF and ground states are in a
with respect to the polarizers. The result was used to detefatio of 2:1, in quantitative agreement with the predictions of the
mine the birefringence as a function of voltage. Figuf& 2 continuous model. This supports the conclusion that the antiferro-
shows that in the pretransitional regime, the birefringence oélectric helix unwinds to the VAF state in the pretransitional re-
the material increasgss the helix distorjsfrom a value of gime.
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This has a value ot + P§/4eol“ for E=0, a value ofe., and even layerga perturbation to the anticlinic orderipg

+ P§/260F for the VAF state, and a value ef, in both the  This is in contrast with the mechanisms suggested by others,

frequency of 1 kHz(the lowest frequency at which ionic 2nisotropy[6-8], the residual polarizatiofl0,11, or both

behavior was not presentvas measured as a function of 9] Our “induced polarization” repeats every half pitch
through the helical structure, in agreement with the symme-

voltage, and the results are shown in Fig. 3. In the pretran- . .
9 9 P try of the AFLC phase. The interaction eventually causes the

sitional _regime, the_ o_IieIectric constant increase_s, in agreehelix to be completely unwound to a uniform antiferroelec-
ment with the predietion of the continuous modee., 1A iric state with thec-directors aligned with the applied field
dilecrc constan of the ground state, relae ap. (% VAP Sl atelds s han rat requre o swich
Clegrly the helix cannot be unwinding to form the HAE Statef&ully explain in a unified way the foIIoWing phenomena ob-
Served in the pretransitional regime of thick homogeneously

constant at the transition to the ferroelectric state. Compari—Ii ned AFLC cells: two stage switchin@s seen by micro-
son between experimental and theoretical results gives a9 : 9 a y

value for the antiferroelectric ordering constdntof 1.6 Scopic observation and laser scatteJirpe increase in bire-
% 10* Jin®, given thatP,= —80 nC/cm for CS4001 ' fringence and the changes in the conoscopic image and low
] s .

In conclusion, our work has shown clearly for the first frequency dielectric constant.
time that the mechanism of helix distortion in an AFLC is  The authors would like to thank N. J. Mottram for useful
the interaction between the applied field and a polarizatiomiscussions and acknowledge the financial support of the
that is induced by an unequal rotation of the directors in oddEPSRC and Sharp Laboratories of Europe.
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