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Field Induced Helix Anharmonicity and Fast
In-Plane Electrooptic Switching of Chiral

Liquid Crystals

S. P. PALTO, M. I. BARNIK, L. M. BLINOV,
B. A. UMANSKII, AND N. M. SHTYKOV

Institute of Crystallography, Russian Academy of Sciences,
Moscow, Russia

Polarization, spectral and relaxation properties of a new electrooptic effect in
aligned layers of chiral nematic liquid crystals are considered. The physical mech-
anism of the effect is based on the emergence of high spatial harmonics in the helical
structure of the director field, which determine a high rate of the electrooptic
response. An effective control of spectral properties of the corresponding devices
is performed using variations of the optical anisotropy and the helical pitch of a
liquid crystal.

Keywords Chiral liquid crystals; fast electro-optic effects; in-plane-switching;
induced helix anharmonicity

1. Introduction

Among a variety of liquid crystals (LC) of special interest are chiral phases with a
spontaneous helical distribution of the director (local optical axis) of the LC. The
helical distribution of the director, combined with the optical anisotropy of a LC
results in a series of optical effects attractive from both fundamental and practical
viewpoints. For example, in the range of light wavelengths comparable with the heli-
cal pitch k�P0, the optical properties characteristic of one-dimensional photonic
crystals (particularly, a spectral bandgap) are observed [1,2]. The other regime,
k�P0, is widely used in electrooptic applications of chiral liquid crystals. In that
case, a linear polarization of the eigenmodes propagating along the helical axis syn-
chronously rotates together with the director (Mauguin regime [3]). In the present
paper we consider an intermediate case. On the one hand, the helical pitch is con-
siderably larger than wavelengths of the visible light; on the other hand it is short
enough for light polarization not to follow the Mauguin regime. The intermediate
situation results in the fast electrooptic response and specific spectral properties dis-
cussed below in detail.
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Due to anisotropy of physical properties, the electrooptical effects in liquid crys-
tals strongly depend on the direction of the applied electric field vector. One can dis-
tinguish between two basic geometries. In the first one, a liquid crystal layer is
confined between two transparent electrodes and the applied voltage creates a field
along the normal to the layer. In the second geometry, the electric field lies in the
layer plane that calls for more complicated and expensive systems of electrodes on
the substrates. Nowadays, despite the complexity, the second, so-called In-Plane
Switching (IPS) regime becomes very popular due to specific properties of corre-
sponding electrooptic devices.

The electrooptic studies of thin nematic layers in the IPS regime have a 30 years
history. One of the earliest works dealt with dynamic light scattering [4]. Later Soref
[5] studied IPS-regime with different boundary conditions (planar, homeotropic,
etc.). Then similar investigations were carried out on ferroelectric liquid crystals
[6,7]. To date the electrooptic effects based on the orientational phenomena in
nematics are well understood and find applications to technology for improving
angular characteristics of displays [8,9]. As to the chiral nematics, the IPS regime
was studied [10] in a planar Grandjean texture with a helical axis perpendicular to
the liquid crystal layer and the in-plane electric field applied from a pair of 10 mm
thick electrodes. The field induced birefringence observed was discussed in terms
of the two effects, namely, the helix unwinding and flexoelectric distortion.

In the present work, we discuss a new electrooptic IPS mode observed in the pla-
nar texture of chiral nematics having a helical pitch exceeding visible light wave-
lengths. This mode has no relation to helix unwinding or flexoelectric effect. As
will be shown below, due to local dielectric anisotropy, the field action results in
appearance of odd spatial harmonics in the initially sinusoidal director distribution.
In turn, despite the smallness of the anharmonicity, the latter results in an essential
change (up to the orthogonal state) of the polarization of the light beam transmitted
through the chiral nematic layer. As high spatial harmonics of the distorted helical
structure are characterized by fast relaxation times, the new effect opens the way
to fast electrooptic switching with the times, at least, one order of magnitude shorter
with respect to other electrooptic modes known for nematics.

2. Numerical Modeling

2.1. Basic Equations

The equations describing the dynamics of the director and the corresponding optical
response allow analytic solutions only in particular cases, which cannot embrace a
variety of conditions one meets in experiment. Therefore, we solve the basic equa-
tions numerically using the software developed by one of the authors [11,12]. The
description of the macroscopic dynamics of a nematic liquid crystal is based on
the concept of the director n¼ (nx, ny, nz), that is unit pseudo-vector (n��n) follow-
ing the preferred molecular orientation. In the case of a one-dimensional,
non-uniform (in the z-direction) liquid crystal layer, the dynamic of the director field
n(z), with the backflow neglected, is given by numerical solution of equation

c
dn

dt
¼ � @F

@n
þ d

dz

@F

@n0

� �
þ kn ð1Þ

120=[1108] S. P. Palto et al.
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where c is rotation viscosity, k is Lagrange multiplier (due to constraint n2¼ 1), and
F is the free energy density including the elastic and electric components:

F ¼ 1

2
K11ðdivnÞ2 þ K22ðn � curlnþ q0Þ2 þ K33ðn� curlnÞ2
h i

� e
_
E � E
2

ð2Þ

Here, K11, K22, K33 are moduli of elasticity for bend, twist and splay distortions,
respectively [3]; e

_
is tensor of dielectric permittivity, E is vector of external electric

field. The finite value of q0 is responsible for the unlimited helical structure with
natural pitch P0¼ 2p=q0 and is of principal importance for chiral nematics. In
the confined geometry, Eq. (1) is to be solved on account of boundary conditions
given by easy axes directions and anchoring energies at the opposite substrates
[12].

The calculations of optical properties are carried out using an algorithm
described in detail earlier [11]. For layered media or one-dimensional non-uniform
media the precise representation of the Maxwell equations is given by the matrix
form [13]

@

@z
W ¼ ix

c
D �W; ð3Þ

where the components of matrix D are expressed in terms of the e
_
-tensor compo-

nents and the column of the electromagnetic field W is determined by electric
(Ex,y) and magnetic (Hx,y) components:

W ¼ Ex Hy Ey �Hxð ÞT ð4Þ

For an optically anisotropic layer of thickness h, the solution of Eq. (3) is evident:

WðhÞ ¼ expðixhD=cÞWð0Þ � PðhÞWð0Þ ð5Þ

Here W(0) and W(h) are columns of the electromagnetic field of frequency x at the
input (z¼ 0) and output (z¼ h) of the layer. Therefore, the problem is reduced to the
calculation of the exponential function of matrix D and finding matrix P(h). In
the case of non-uniform layer of helical liquid crystal one needs a discretization pro-
cedure and computing a product of matrices Pi(hi) for individual sublayers. To this
effect, the spatial frequency of discretization should be much larger than q0. There-
fore, within the limits of z-variation by a discrete value hi the director field may be
considered uniform.

The analysis of the light polarization states has been carried out by calculations
of the Stokes vector components and their representation on the Poincare sphere.
For the light electric vector components

Ex ¼ Ax cosðxt� kzþ dxÞ
Ey ¼ Ay cosðxt� kzþ dyÞ

ð6Þ

Field Induced Helix Anharmonicity 121=[1109]
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the Stokes vector components are defined as follows

S ¼

S0

S1

S2

S3

0
BB@

1
CCA ¼

A2
x þ A2

y

A2
x � A2

y

2AxAy cos d
2AxAy sin d

0
BB@

1
CCA ð7Þ

where d¼ dy�dx.
In the case of polarised light

S2
0 ¼ S2

1 þ S2
2 þ S2

3 ð8Þ

and any polarization state is represented by a point on the Poincare sphere with
radius S0 equal to intensity of polarized light. Any point at the equator corresponds
to linearly polarized light. Points outside the equator map the states of elliptic polar-
ization transformed in the circular ones at the poles of the sphere.

In a thin layer of a chiral liquid crystal with planar boundary conditions, the
director continuously rotates about the normal to the layer plane (z-direction) and
forms a helix with a pitch P that may differ from the natural pitch P0 [14,15]. In
the electric field absence, the spatial distribution of the director field is described
by harmonic functions of the type

nðzÞ ¼ ðnxðzÞ; nyðzÞ; 0Þ ¼ ðsinð2pz=Pþ u0Þ; cosð2pz=Pþ u0Þ; 0Þ; n2x þ n2y ¼ 1 ð9Þ

where u0 is the azimuthal angle of the director at the boundary at z¼ 0. To such a
layer, one may apply an electric field perpendicular to the axis of the helix with the
field strength lower than the threshold for helix unwinding. Then the helix is con-
served but the director field n(Z) becomes distorted. The distribution of x- and y-
components of the director along the z-axis will no longer follow the sinusoidal form
because the additional harmonics appear:

nxðzÞ ¼ A1;x sinð2pz=Pþ u0Þ þ
X
m

Am;x sin 2pmz=Pþ Bm;x cos 2pmz=P
� �

;

nyðzÞ ¼ A1;y cosð2pz=Pþ u0Þ þ
X
m

Am;y sin 2pmz=Pþ Bm;y cos 2pmz=P
� � ð10Þ

Due to the sine-form initial distribution of the director and its quadratic-type inter-
action with field E, the latter induces only odd harmonics of a helical structure
(m¼ 2kþ 1, where k is an integer). The amplitudes of harmonics normalized to
the first harmonic amplitude characterize a degree of the induced anharmonicity
of the structure.

2.2. Results of Numerical Modelling

Figure 1 (above) shows Fourier images of the spatial distribution of the director x-
component for the zero field (E¼ 0) and E¼ 2V=mm. In the same figure (below), we
can see the evolution of the light polarization state at the output of 8 mm thick chiral
nematic layer having pitch P¼ 1.2 mm. The field changes from 0 to 2V=mm with a

122=[1110] S. P. Palto et al.
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step of 0.05V=mm. The parameters for calculation are as follows: twist elastic modu-
lus of K22¼ 5pN, dielectric anisotropy De¼ 15, optical anisotropy Dn¼ nk�n?¼ 0.2
at wavelength k¼ 550 nm (nk and n? are refractive indices for the light propagating
along the helical axis with linear polarization parallel or perpendicular to the direc-
tor). These parameters are typical for real liquid crystals although they may not
exactly correspond to our experimental samples, see Table 1. In fact the aim of
the modelling was to trace general features of the electrooptic effect and guide the
experiment.

In the electric field, the induced anharmonicity mainly manifests itself as the
third harmonic of the helix. The ratio of the amplitudes of the 3rd and 1st harmonics
(degree of anharmonicity) in the particular example seems to be not high, about 7%
at E¼ 2V=mm. However, as seen from the points on the Poincare sphere, the light
polarization state at the output of liquid crystal layer becomes almost orthogonal
to that at the input. In the field absence, the light at the output is linearly polarised
and the Stokes vector (S0, S1, S2, S3)¼ (1,1,0,0) corresponds to the electric light

Figure 1. Results of numerical modelling of the effect of induced anharmonicity. Above:
Fourier representation of the spatial distribution of the director x-component in the zero field
(E¼ 0) and in the external field (E¼ 2V=mm). Below: the Poincare sphere showing polariza-
tion states for the light transmitted through chiral nematic layer parallel to the helical axis
upon variation of the field from 0 to 2V=mm with step 0.05V=mm. Azimuthal angles of the
director at the borders of the layer at E¼ 0 are u¼ 0 and �2400 deg. Calculation are made
for linearly polarized light with electric vector angle a¼�60 deg and k¼ 550 nm.

Field Induced Helix Anharmonicity 123=[1111]
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vector e oscillating parallel to x-axis. Therefore, such beam may completely be
blocked by an analyser with absorption axis oriented along x. With increasing elec-
tric field, the y-component of light vector e smoothly grows and the polarization
state (point) moves to the opposite side of the Poincare sphere. At E¼ 2V=mm the
point coordinates are (S0, S1, S2, S3)¼ (1, �0.9, 0.16, 0.4) and the field-on state is
almost orthogonal to the field-off state. Correspondingly, the light intensity after
analyser increases and reaches a maximum. In the electric field, the polarization state
is not located on the equator of the sphere and the light is elliptically polarised. In
fact, the field variation changes both the ratio of the principal axes of the ellipse
and their orientation in space.

As said, the polarization of the output light in the zero field may be linear and
efficiently blocked by an analyser. From the practical point of view it is very impor-
tant because, in the field-on regime, high values of the contrast can be achieved; the
contrast ratio (CR) is defined as the ratio of field-on and field-off output light inten-
sities. It should be noted that the linear light polarization at the output is conserved
only for a particular orientation of the polarization vector at the input and only at a
particular wavelength. For example, data shown in Figure 1 are obtained for the vec-
tor e at the layer input oriented at an angle of a¼�60 deg to the x-axis and field Ex.
This results lead to interesting spectral features of the electrooptic effect.

Figure 2a shows the polarization states of light of different wavelength
(k¼ 450–650 nm with a step of 25 nm) transmitted through the liquid crystal layer
at E¼ 0. One can see a strong dispersion of the polarization states; the polarization
states are considerably spread along the equator. Therefore, the high contrast ratio
of the electrooptic response is only observed in a very narrow spectral range, see
Figure 2b. As all polarizations are almost linear (all points are close to equator),
the maximum transmission may easily be obtained by rotation of the analyser as illu-
strated by curves 1–4 in Figure 2. However, the absolute maximum of the contrast is
reached only at a particular wavelength, namely, for the point located strictly on the

Figure 2. Calculated wavelength dependence (k¼ 450–650 nm) of polarization states of the
light transmitted by a chiral nematic layer for E¼ 0 (a) and spectra of the contrast ratio (b)
for E¼ 1V=mm and different orientation angle b for the analyser transmission axis: b¼ 110
deg (curve 1), b¼ 100 deg (2), b¼ 0 (3) and b¼ 80 deg (4). Azimuthal angle for electric vector
of incident light a¼�60 deg, optical anisotropy Dn¼ 0.2.

Field Induced Helix Anharmonicity 125=[1113]
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equator (in our case, k¼ 560 nm as seen in Fig. 2b). Further, if we change the angle a
of the input polarization, the output polarization will also be changed and the
maximum contrast will be observed at another wavelength.

The spectral dispersion of polarization states in the zero field can efficiently be
controlled by variation of the optical anisotropy Dn. The polarization states in the
range of k¼ 450–650 nm are shown in Figure 3 a,b for two liquid crystals, with
Dn¼ 0.1 and 0.05, respectively. The spread of the points along the equator becomes
considerably smaller with decreasing Dn that results in broadening the spectral range
of the electrooptic response illustrated by curves 1 and 2 in Figure 3c. Resuming, the
spectral position of the maximum of the response is governed by variation of the
axes of a polarizer and an analyser while the width of the spectral range of the light

Figure 3. Calculated wavelength dependence (k¼ 450–650 nm) of polarization states of the
light transmitted by a chiral nematic layer at E¼ 0 for two liquid crystals with different optical
anisotropy: (a) Dn¼ 0.1, a¼�40 deg; b) Dn¼ 0,05, a¼�30 deg. Spectra of contrast ratio for
electrooptic response (c): Dn¼ 0.1, a¼�40 deg, b¼ 65 deg, E¼ 1V=mm for curve 1 and
Dn¼ 0.05, a¼�30 deg, b¼ 64 deg, E¼ 1.5V=mm for curve 2. The oscillations are due to mul-
tiple reflections from the layer boundaries.

126=[1114] S. P. Palto et al.
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modulation is controlled by a change in optical anisotropy. Our modelling also
shows that the spectral width increases with decreasing helical pitch. We shall come
back to this point when discussing experimental data.

Another principal feature of the anharmonicity effect is short times of inducing
and relaxation of high spatial harmonics in the helical structure of the director and,
consequently, a fast change of the light polarization states caused by field switching.
The calculated electrooptic response (a change of the transmission coefficient) of the
liquid crystal cell to the rectangular waveform of the electric field is shown in
Figure 4a. The field of different strength is switched on within the time interval
1–3 ms and the switched-on and -off times (son and soff) have been found as 90%
of the growth or decay duration. As seen in Figure 4b, both sonffi 500ms (curve 1)
and soffffi 280ms (curve 2) slightly depend on the electric field strength up to
E¼ 1V=mm but, at higher fields, son decreases and soff increases. The calculated
dependence of both times on the helical pitch is close to quadratic, s�P2; for
example, for P¼ 0.6 mm sonffi 80ms.

It should be noted that relaxation times of the anharmonicity effect are, at least,
one order of magnitude shorter than characteristic times of electrooptic effects in
nematic liquid crystals because, in our case, the director relaxation is determined
not by the thickness of the liquid crystal layer (d about few microns) but mostly
by the spatial period of the induced 3rd harmonic (m¼ 3) that is three times smaller
than P. Note, that the relaxation time are proportional to the period squared.
As an estimate of the relaxation time for the anharmonicity effect one can use a
relationship

soff ffi n
c

K22ðmqÞ2
� ns ð11Þ

Figure 4. (a) Calculated time dependence of field-induced transmission for a model structure
including a liquid crystal layer and an analyser. The data are given for a normally incident
linearly polarized light (a¼�60 deg, k¼ 550 nm). A rectangular field pulse applied within time
interval t¼ [1, 3] ms. The field strength in V=mm is as follows: 0.5 (curve 1), 0.8 (2), 1 (3), 1.2
(4), 1.5 (5) and 1.7 (6). (b) Dependences of switch-on (1) and –off (2) times on the pulse field
strength. The liquid crystal layer parameters: d¼ 8mm; Dn¼ 0,2; K22¼ 5 pN; c¼ 0,1 Pas;
P¼ 1.2 mm; De¼ 15.

Field Induced Helix Anharmonicity 127=[1115]
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where q¼ 2p=P, m¼ 3, K22 is twist elastic modulus and c rotational viscosity. Factor
nffi 3.5 relates the technical criterion mentioned above (90% of the pulse edge dur-
ation) to time s (exponential factor) of director elastic relaxation.

3. Experiment

3.1. Liquid Crystal Cell

The scheme of experimental cells is pictured in Figure 5. A liquid crystal layer is
placed between two glass plates (2), one of which is supplied by a system of 20 mm
wide interdigitated chromium electrodes (3) having full period of 40 mm. The total
area of the patterned structure is 4� 4mm2. Both plates have been covered with
alignment polyimide layers (4) and rubbed in the opposite directions so that a chiral
liquid crystal forms a planar Grandjean texture with the helical axis along the cell
normal. The rubbing direction formed the angle of 45 deg with respect to the field
direction and the cell thickness d¼ 17.5
 0.1 mm was fixed by insulating spacers
(5) located outside of the electrode pattern. The field strength discussed throughout
the paper is related to the electrode plane but, in fact, the electric field is not uniform
within the bulk of the cell. This should be taken into account when the experimental
data are compared with calculations assuming the uniform in-plane field everywhere.
The cell is placed between two polarizers (6).

The bipolar, rectangular, voltage pulses of varied frequency, duration and duty
time were synthesized using voltage generator G5-30A (Russia). The control of qual-
ity of the liquid crystal texture and electrooptic measurements were carried out using
a set-up based on a polarisation microscope [7] with either a 20W incandescent lamp
or a He-Ne laser (k¼ 633 nm) as light sources. When necessary, the narrow band

Figure 5. Scheme of an electrooptic cell placed between two polarizers: chiral nematic layer
(1), glass substrates (2), interdigitated electrodes (3), polymer alignment films (4), insulating
spacers (5), polarizers (6), arrow showing the orientation of the helix axis (7). U and E are volt-
age source and the electric field vector. (Figure appears in color online.)
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(Dk¼ 8 nm) interference filters were used having maximum transmission at 464 and
533 nm. The light transmitted by the cell was detected by a photomultiplier and
stored by an oscilloscope (Tektronix 3012). The spectral dependences of the trans-
mission were measured by an automatic spectrometer MDR-23 (Russia) controlled
by software ‘‘PhysLab’’ developed in the laboratory.

3.2. Liquid Crystal Materials

Chiral liquid crystal mixtures were prepared on the basis of commercial achiral
nematic materials from Merck. Their parameters are listed in Table 1. To induce
chirality and vary the pitch P, we use as a chiral dopant an optically active
compound a-bis(2-chlorine-4-methylpentyl)biphenyl-4,40-dicarboxylate in different
concentrations.

Some values of optical and dielectric anisotropy of nematic liquid crystals presented
in Table 1 is used also for chiral nematics because the difference between chiral and
achiral counterparts may reach less than 15% at the maximum concentration of the
chiral dopant (for compounds with high anisotropy Dn and De the mentioned differ-
ence is even smaller). The pitch of the helix has been measured from the Grandjean
zones in wedge form cells. The accuracy was about 0.1 mm for the pitches in the vicin-
ity of P� 1 mm. In all our experiments the selective reflection bands were in the near
infrared range (k< 0.8 mm).

4. Experimental Results and Discussion

Generally, the linearly polarized light transmitted by a chiral nematic layer become
elliptically polarised. However, as shown by modelling and experiments, for parti-
cular angles of the linear polarisation of a given wavelength at the input, we can have
the linear polarization at the output as well. Such polarization is blocked by a linear
analyser, however, upon application of the electric field, the cell becomes transparent
again. The correspondent contrast ratio (CR) characterises the quality of the device.
Figure 6 demonstrates dependences of CR for three experimental cells as functions
of the electric field at a fixed light wavelength k¼ 633 nm. The dependences are
monotonic and the maximum values of CR in all cases exceed 750. Such a high con-
trast allows the anharmonicity effect to be considered as a serious candidate for tech-
nical applications. Note that, in accordance with numerical modelling, the contrast
ratio clearly manifests a spectral dependence. In Figure 7, such a dependence shown
for sample Ch-IPS-17 from Table 1 embraces only a part (FWHM� 100 nm) of the
visible range. However, we may control the width of that band varying orientation of
polarizers and optical anisotropy of a material. In the next figures, for clarity, we will
use the values of CR for different samples normalised to the unity. In Figure 8 and 9
the normalised CR for materials Ch-IPS-16 and Ch-IPS-20 are given as functions of
angle a the polarizer forms with respect to electric field Ex. The experimental pro-
cedure was as follows. The angle a was varied with steps of 5 deg and, for each step,

Field Induced Helix Anharmonicity 129=[1117]
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we searched that value of the angle b the analyser forms with respect to Ex, which
provides minimum transmission in the zero field. The dependencies b(a) appear to
be straight lines. Finally we find the maximum of CR upon applying the field.

For sample Ch-IPS-16 having small Dn¼ 0.0517 (Figure 8) the maximum con-
trast at k¼ 464, 533 and 633 nm has been reached, at the angles a in the range of
40
 50 deg and b at �22
�33 deg. For sample Ch-IPS-20 having Dn¼ 0.129
(Figure 9), at the same wavelengths, the range of the optimum angles a is essentially
wider (20–40 deg) and angles b are in the range of �5
�19 deg. Thus, an increase

Figure 6. Field dependence of the contrast ratio for materials with different dielectric and
optical anisotropy (angles a and b define orientation of transmission axes of polarizer and ana-
lyzer, respectively): Curve 1: Ch-IPS-13 (a¼ 10 deg, b¼ 0, Dn¼ 0.22, De¼ 14.5); Curve 2:
Ch-IPS-20 (a¼ 40 deg, b¼�20 deg, Dn¼ 0.12, De¼ 7); Curve 3: Ch-IPS-16 (a¼ 45 deg,
b¼�33 deg, Dn¼ 0,052, De¼ 2.5).

Figure 7. Spectral dependence of contrast ratio (CR) for different fields E in V=mm: 2 (curve
1), 3 (2), 3.5 (3), 4 (4), 4.5 (5), 5 (6). Inset: maximum CR at k¼ 553 nm as a function of field
strength. Sample Ch-IPS-17, a¼ 45 deg, b¼�30 deg.

130=[1118] S. P. Palto et al.
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of the optical anisotropy results in a stronger dispersion of the polarization states
and CR as predicted by numerical calculations, see Figures 2 and 3. The spectral
shift of CR following a change of the analyzer axes b is also in agreement with mod-
eling, as demonstrated in Figure 10 for sample Ch-IPS-16. In this case, the angle
a¼ 45 deg is fixed, and b is varied, but the inverse situation also results in the shift
of CR spectra on the wavelength scale.

Therefore, we confirm the results of numeric calculations. Indeed, the decisive
factors that influence the width of the spectral range of efficient light modulation
are the optical anisotropy and the pitch of the helix. In Figure 11 the spectral depen-
dences of normalized CR are given for the fixed pitch P¼ 1 mm and varied optical
anisotropy. For large value of Dn¼ 0.22 (Ch-IPS-13, curve 1) the spectral range of

Figure 8. Normalized contrast ratio (CR, curves 1–3) as a function of angle a of the polarizer
transmission axis. Straight lines 1	–3	 show orientation of the analyser transmission axis b, at
which the maximum CR is realized. Dependences 1 (1	), 2 (2	) and 3 (3	) are plotted for
k¼ 464, 553 and 633 nm, respectively. Sample Ch-IPS-16 (Dn¼ 0.052), temperature T¼ 23�C,
field E¼ 4V=mm.

Figure 9. Same as in Figure 8 for the sample Ch-IPS-20 (Dn¼ 0.12), T¼ 23�C, E¼ 3V=mm.

Field Induced Helix Anharmonicity 131=[1119]
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high contrast becomes very narrow (Dk� 15 nm); with decreasing Dn the range Dk
dramatically increases. For Dn¼ 0.053 (curve 4) the effective modulation is observed
over the essential part (�250 nm) of the visible range. Unfortunately, to obtain a
high brightness and CR> 100 one needs a significant thickness (d> 30 mm) of the
liquid crystal layer. In reality, we should operate with thickness of 15–20 mm in order
to keep homogeneity of the electric field. Then the contrast ratio can be reduced
down to 30 at the edges of the range 400–700 nm with the maximum CR¼ 70 at
k¼ 550 nm, see curve 4 for sample Ch-IPS-16 in Figure 11.

Figure 10. Normalized contrast ratio spectra (CR, curves 1–3) for different angles b of the
analyser transmission axis: b¼ 36 deg (curve 1), b¼ 38 deg (curve 2) and b¼ 40 deg (curve
3). Sample Ch-IPS-16 (Dn¼ 0.052), a¼ 45 deg, T¼ 23�C, E¼ 5V=mm.

Figure 11. Normalized contrast ratio spectra for liquid crystals with different optical ani-
sotropy. Curve 1: sample Ch-IPS-13, Dn¼ 0.22 (a¼ 0, b¼�160 deg); Curve 2: sample
Ch-IPS-20, Dn¼ 0.12 (a¼ 30 deg, b¼�18 deg); Curve 3: sample Ch-IPS-2, Dn¼ 0.075
(a¼ 45 deg, b¼�27 deg); Curve 4: sample Ch-IPS-16, Dn¼ 0.052 (a¼ 45 deg, b¼�30 deg).
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As to the role of a helical pitch, it is clear from Figure 12a,b where pitch depen-
dent contrast ratio spectra are demonstrated for two materials having different
optical anisotropy (Dn¼ 0.22 and Dn¼ 0.0517). The pitch was varied within
0.6–2 mm. In both (a) and (b) cases, the spectral range of efficient modulation is
expanded essentially with decreasing pitch. For small pitch and small optical ani-
sotropy, the CR is almost wavelength independent within 500–700 nm.

The oscillograms of the electrooptic response to the rectangular voltage pulses of
2.5ms duration are shown in Figure 13 for two chiral nematics (Ch-IPS-13 and
Ch-IPS-16) having different Dn. As predicted above, the response is very fast as com-
pared to conventional effects on nematic liquid crystals. The switch-on and -off

Figure 12. Normalized contrast ratio spectra for liquid crystals with different pitch of the
helix. (a) Low optical anisotropy Dn¼ 0.052; Curve (1): P¼ 2 mm (Ch-IPS-17, a¼ 45 deg,
b¼ 30 deg); Curve (2): P¼ 1 mm (Ch-IPS-16, a¼ 45 deg, b¼ 30 deg); Curve (3): P¼ 0.6mm
(Ch-IPS-15, a¼ 45 deg, b¼ 38 deg). (b) High optical anisotropy Dn¼ 0. 22; Curve (1):

Figure 13. Time dependence of electrooptic response of samples Ch-IPS-16 (a) and Ch-IPS-13
(b) to rectangular pulse of different field strength E. Curves 1–6 corresponds to the range of E
from 1.5 to 4V=mm with a step of 0.5V=mm.

Field Induced Helix Anharmonicity 133=[1121]
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times are in the sub-millisecond range, see Table 2. For Ch-IPS-13 son¼ 990 ms for
pulse amplitudes U¼ 50V and reduces more than two times (down to 400 ms) at a
voltage of 70V. These data agree very well with the numerical results obtained for
a liquid crystal with De¼ 15 and P¼ 1.2 mm, the values close to the experimental
ones, De¼ 14.5 and P¼ 1 mm (Ch-IPS-13). The switch-off time (soff¼ 400ms) are also
close to results of modelling (280 ms); some discrepancy is expected because such
parameters as elastic moduli and viscosity of our mixtures are known only approxi-
mately. With decreasing helical pitch down to 0.6 mm we obtain soff� 100ms (sample
Ch-IPS-15 in Table 2). This value is one order of magnitude better than the switching
times achieved today on nematic liquid crystals that opens up prospects for applica-
tions of the anharmonicity effect in displays and other electrooptic devices.

5. Conclusion

A new electrooptic effect based on the distortion of the helical structure in chiral
nematic layers has been studied in detail. It is shown that the electric field induced
spatial harmonics in the initially sine-form distribution of the director result in essen-
tial change of the polarization state of light transmitted through a thin liquid crystal
layer. The general spectral features of the effect have been studied both experimen-
tally and using numerical simulations. A decrease of both the optical anisotropy and
the helical pitch of a liquid crystal was shown to reduce the spectral dispersion of
transmitted light polarization states and, as a result, to broaden the spectral range
of efficient light modulation. The effect studied is very fast because its relaxation
time is determined not by the layer thickness but by essentially smaller parameter,
namely, the spatial period of the third harmonic induced in the helical structure of
the director. The latter allowed us to realize fast switching of the corresponding elec-
trooptic devices with characteristic times one order of magnitude lower as compared
to known electrooptic effects based on nematic liquid crystals.
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