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The effect of an electric field on the measured order parameter of a liquid crystal is
considered. It is pointed out that an external field may influence the apparent degree
of order by changing the microscopic order parameter, and by quenching director
fluctuations. In nematic liquid crystals the latter dominates, but for smectic phases the
effects of field-induced molecular order may be observable.

Measurements are reported of the electric field-induced birefringence in nematic
44'-n-pentylcyanobiphenyl (SCB) and the nematic and smectic phases of 44’-n-octyl-
cyanobiphenyl (8CB). The modular dependence of induced order on electric field
strength predicted for nematics is experimentally confirmed by Fourier analysis of the
electro-optic response. At low field strengths, and in the smectic phase, the induced
order varies as the square of the field strength, and the dependence on cell thickness
is not as predicted by continuum theory. By introducing two scaling parameters into
the theory it is possible to fit quantitatively the experimental results for the nematic
phase, and it is suggested that these parameters may describe the effect of the cell
walls on the fluctuation mode spectrum in the liquid crystal. The birefringence induced
in the smectic phase by an electric field is measured to be 100 times smaller than in
the nematic phase, and this can be explained in terms of field-induced microscopic
order.

1. INTRODUCTION

The characteristic anisotropic properties of liquid crystals arise from
short range molecular interactions which are coupled over many mo-
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lecular diameters to give macroscopic anisotropy in such properties
as magnetic susceptibility, electric permittivity and refractive indices.
Thus the magnitude of the measured anisotropy depends both on the
local molecular order and the extent to which this propagates over
long distances. Traditionally the local order is measured by the Maier-
Saupe order parameter (§), while the long range order is described
in terms of the director. A uniformly aligned liquid crystal is one in
which the average director orientation does not vary through the
sample.

The Maier-Saupe order parameter is an average over the thermally
excited rotational states of a mesogenic molecule interacting with its
environment. Similarly the director orientation will be subject to
thermally excited fluctuations which are opposed by the torsional
elastic forces in the liquid crystal. Both the short range molecular
disorder and long range director disorder will influence the macro-
scopic anisotropy in the physical properties of liquid crystals. A con-
tinuum theory of nematic liquid crystals based on the concept of
director fluctuations was proposed by Faber,! but as yet no attempt
has been made to produce a theory which unites the molecular and
continuum approaches. The effect of director fluctuations on various
physical properties such as light scattering, NMR and ESR has been
discussed in a recent publication.?

A convenient probe of order in liquid crystals is through measure-
ments of refractive indices, and changes in both microscopic and
macroscopic order will be accompanied by corresponding changes in
the refractive indices. External electric and magnetic fields quench
microscopic and long range fluctuations, and this leads to an increase
in the optical anisotropy. The purpose of this paper is to report some
preliminary measurements of electric field-induced birefringence in
nematic liquid crystals; our results suggest that the existing theory of
fluctuation damping by external fields is incomplete.

In a liquid crystal in which the director is not uniformly aligned,
the molecular order parameter measured with respect to laboratory
fixed axes will vary with position according to:

SE” = 38(r)[3na(ring(r) — 8.4 (1

n,(r) is the director at point r in the fluid, and S(r) is the value of
the microscopic order parameter defined with respect to the local
director orientation as:

S(r) = (Pyliana(r)vin (2)
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The average in Eq. (2) is over a volume V(r) centered on the point
r but extending over a distance that is small compared with the fluc-
tuations in n,(r). A unit vector i defines the long axis of a cylindrical
molecule at the position r.

The measured anisotropy of a macroscopic property that depends
on S, will be an average over the sample of §,,%, and assuming
that the macroscopic symmetry is uniaxial, we may write:

(S = (38(r)[3ni(r) — 1] 3)

The decoupling of averages over molecular orientation and director
fluctuations is discussed by Faber' and Warner;? making this ap-
proximation Eq. (3) becomes:

($EP) = 18y([3n3(r) — 1]) 4

where S, is the average local order parameter defined with respect
to n. The spatial variation of the director components may be ex-
pressed in terms of their Fourier components as:

na) = [n(e) exp iq - r de )

and the average in Eq. (4) becomes:**

3kT
(020 = §, {1 E (K,‘Qi + Kiqp) ! dQ} (6)

- 167 j=12

g, and g, are components of the wave-vector of the fluctuation mode
parallel and perpendicular to the optic axis, while K, K, and K, are
the splay, twist and bend elastic constants. The integral in Eq. (6)
may be evaluated, and provided that S, is known, the measured order
parameter can be determined. Faber assumed that §;, = 1, and iden-
tified the sole source of disorder in liquid crystals as being director
fluctuations. However, it should be pointed out that S, is in reality
a function of g, since for very small g, S,(g — 0) = (5{2), while for
large g, So(¢ — qmax) = 1. The latter corresponds to a director
fluctuation of the same wavelength as an intermolecular distance, and
so the average in Eq. (2) only extends over a single molecule.

In this paper we are concerned with the effect of an external electric
field on the order parameter as measured using a birefringence method.
From Eq. (3) the field may influence the measured order parameter
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through S(r) and through its effect on the instantaneous director
orientation n,(r). Ignoring for the moment the former effect, then
the measured order parameter given by Eq. (6) will increase if the
field quenches the elastic fluctuations of the director. Including an
appropriate electric field (E) term in Eq. (6) gives:

3kT J
(lab)y = = - K.q?
SENe = 8o {1 16 7 ,'=21,2 (K;q%

+ Kygf + AxE?)™! dq} ™

where Ax = €,Ae is the anisotropy of the electric susceptibility. For
a qualitative discussion of the effect it is sufficient to introduce the
one constant approximation, i.e. to assume that the three principal
elastic constants are equal to each other, and Eq. (7) becomes:

e = {1 - 35 [ + g al ®

Evaluating the integral in Eq. (8) gives:

3kT
<S(zlzab)>l£ = SO {1 - m [qmax ~ 4min

- g_ l(tan -t gqmax — tan” lgqmin)]} (9)

where £ = (K/AxE?)" is a field dependent coherence length, while
Gmax and g, are the limits of the integral in Eq. (8). The longest
wave length fluctuation mode that can be sustained in sample of
thickness D has a wave-vector q,,;, = 2m/D, and the short wavelength
cut off g,,,, = 27/l must be related to an average intermolecular
distance /. The evaluation of this distance is crucial to the correct
interpretation of any measurements of nematic order.

If gmax >> €71 and g, = 0, then the result in Eq. (9) becomes:

3kT  3kT [Ax\"
(SEPNg = So [1 “ ok Tk <7X> |E]| (10)

In the absence of director fluctuations, the order induced by an ex-
ternal field can be calculated®~7 using the Maier-Saupe or Landau-
de Gennes theories. This is the nematic phase analogue of the Kerr
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effect in isotropic fluids, and neglecting the effects of biaxiality and
internal fields, the order induced by an electric field parallel to the
director is:

AkE? (1 28,
S_S“+3kT(5+7>+ (11)

where Ak is the microscopic susceptibility anisotropy. To combine
the effects described by Egs. (10) and (11) one would have to allow
for the fact that the instantaneous director would not be along the
field direction: this immediately introduces biaxiality into the problem
and considerably complicates its analysis. An order of magnitude
calculation of the field terms in Eqs. (10) and (11) indicates that for
E ~ 10° Vm ! the effect of the field on the measured order parameter
through fluctuation quenching is a thousand times greater than the
field-induced microscopic order. In the smectic phase of liquid crystals
the effect of the field on the local order may be dominant, but for
nematics we may concentrate on the order induced by director fluc-
tuation quenching described by Eq. (7).

The high field limit of Eq. (8) predicts that the induced order is a
modular function of the field strength, and experiments by Poggi and
Filippini® using magnetic fields have confirmed a linear relationship
between magnetic field-induced birefringence and magnetic field
strength for the nematic phases of two materials. In this paper we
report measurements of the electric field-induced birefringence in
44"n-pentylcyanobiphenyl (SCB) and 44'n-octylcyanobiphenyl (8CB).
There are some important differences between our experiments and
those previously reported*® for magnetic fields. We adopt a different
cell configuration, and have examined the effect of varying the cell
thickness on the induced birefringence. Using a modulation technique
we have been able to confirm the modular (rather than linear) de-
pendence of birefringence on field strength, and the sensitivity of our
experiment has enabled us to obtain measurements in the smectic
phase of 8CB.

2. EXPERIMENTAL AND RESULTS

Our experimental arrangement is illustrated in Figure 1. Samples of
homeotropically aligned liquid crystals were subjected to an ac electric
field (w = 1000 Hz), the field direction being parallel to the average
orientation of the director. The effect of the field on ti:e order pa-



wswadxs jo ueld onewsyos 1 IPYNOIA

78 D. A. DUNMUR, T. F. WATERWORTH and P. PALFFY-MUHORAY

o) jpubis
r (@)
pun
R SEXETEY A
Jaﬂ 13# w1y
(3 4 ® ]
sJa1j1)dwp .H. ¢ I A
ui-320) I »p v
neos
apolpojoyd

€T0¢ Aeniged 0z 9G°TT e [o1pey pue sweisAS [04u0D Jo AisleAiun amels Yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:56 20 February 2013

FIELD INDUCED BIREFRINGENCE 79

rameter was determined by measuring the change in birefringence of
the sample. A beam of plane-polarised light passed through the sam-
ple, at a small angle to the field direction, and the intensity of the
light transmitted by an analyser crossed with respect to the incident
polarisation was detected. Components of the transmitted intensity
modulated at frequencies of 0, 2w and 4w were separately measured.
The dc component of intensity was almost independent of applied
field strength, and provided a measure of the zero-field bi-
refringence of the sample.

The optical phase difference ¢ between vertically and horizontally
polarised light passing through a homeotropically aligned cell inclined
to the beam is given by:*'?

_ 2mn,D sin? "2 sin? s "2
e (e B (S I I

where D is the cell thickness, n, and n, are the extraordinary and
ordinary refractive indices of the liquid crystal and ¢ is the angle of
incidence. In the presence of an electric field the refractive indices
become functions of the field through the field dependence of the
order parameter. For the optical configuration shown in Figure 1,
and for small changes in n, and n, the normalised intensity ({/{,)
transmitted by the analyser crossed with respect to the incident po-
larisation direction is:

110 = cosby + dysindy + 0(63)] (13)

i, =
0 >

&, is the zero-field phase difference, and & is the field-induced
optical phase difference. In order to detect ¢, voltages up to 100V
were applied to cells of different thicknesses in the range 12—-100 pm.

Figure 2 shows the transmitted intensity plotted against voltage for
8CB (2a—nematic at 35.1°C, 2b—smectic at 24.7°C): the induced
birefringence was detected at modulation frequencies of 2w and 4w.
For a squared dependence of order parameter and hence birefring-
ence on field strength we expect that the transmitted intensity will
be modulated at 2w but if the induced birefringence is proportional
to |E|, the situation is more complicated. The Fourier components of
|E] for sine-wave excitation are:

|E, sin wi =27E"(1 - %cos2wt— %cos4wt+ ) (14)
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and so the transmitted intensity will contain components modulated
at even harmonics of the excitation frequency. The results in Figure
2 show that the induced birefringence is proportional to E? at low
field strengths where only a 2w component is detected. At higher
field strengths the birefringence becomes linearly dependent on ap-
plied voltage and a 4w component in the intensity is readily detectable.
In the linear region of the graphs in Figure 2a the relative intensity
of the 2w component is five times that of the 4w component providing
confirmation (see Eq. (14)) of the modular response of the liquid
crystal to the applied electric field.

The effect of varying the cell thickness on the measurements is
illustrated in Figure 3, where we have plotted the electric field-in-
duced birefringence 8An(E) in nematic SCB as a function of field
strength for three different cell thicknesses. The quantity dAn(E) is
obtained by rearranging Eqs. (12) and (13) to give An = (n, — n,)
as a function of ¢, and . Since the measured & depends sensitively
on the angle of incidence \ we have carried out experiments for
different values of i in the range 5-20°. Results so obtained for
dAn(E) are in reasonable agreement for different angles: ¢ depends
strongly on the cell configuration, but the induced birefringence 8An(£)
is a material quantity.

From the results in Figure 3 we observe that as the sample thickness
decreases, the squared response of the liquid crystal to electric fields
extends to higher field strengths. Furthermore the slope of the linear
(modular) part of the plot of 8An(E) against field strength is not
independent of cell thickness, as would be predicted by Eq. (10).

In Figure 4 we plot the field-induced birefringence in the smectic
phase of 8CB. There is only a quadratic response to the applied
electric field, and the effect is about one hundred times smaller than
in the nematic phase. Both the twist-bend (g,) and splay-bend (g,)
director fluctuations are totally quenched in the smectic phase, and
so the integral in Eq. (8) is zero. However field-induced changes of
the microscopic order parameter can occur in the smectic phase, and
are expected to be proportional to the square of the field strength.

3. DISCUSSION

The measurement of magnetic field-induced birefringence in 7CB and
8CB reported by Poggi and Filippini® showed a linear dependence
on magnetic field strength, and their results were interpreted® in terms
of field-quenching of director fluctuations. These measurements were
carried out on relatively thick cells (200 pm), and for such sample
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thicknesses we would expect the field response of the birefringence
to be modular. However our results show that in thinner cells and at
low temperatures the electric field-induced birefringence does not
obey the modular field strength dependence predicted by simple fluc-
tuation damping theory. Malraison, Poggi and Guyon* have suggested
that improper surface alignment can result in anomalous results at
low field strengths. We have carried out our experiments on cells
rotated through = ¢° about the light propagation direction, and there
is no asymmetry in the results, which indicates that our assumption
of perfect homeotropic alignment is valid. Furthermore the detection
of 2w and 4w components in the modulated intensity unequivocally
distinguishes between a modular and squared response of the bire-
fringence to applied field.

The simple theory of director fluctuations assumes that the elastic
constants are independent of the wave vector of the fluctuation mode
(g). While this is likely to be true for g less than some critical wave
vector q,, at higher g the elastic constants will depend on the wave-
lengths of the fluctuation. The response of the director fluctuations
to an applied field could therefore be more complicated than that
predicted by the simple theory. Another factor which is neglected is
the effect of the cell walls on the fluctuation mode spectrum. Our
results show that the sample thickness is a critical factor in deter-
mining the optical response of the liquid crystal film. It is assumed
that the film thickness determines the minimum value of the fluc-
tuation mode wave vector, but it is possible that surface forces will
partially quench some of the other modes leading to a non-modular
dependence of induced birefringence on field strength.

The result for the enhancement to the measured order parameter
from director fluctuation quenching given in Eq. (10) is for a value
of § such that q.,;, € £7! < ¢, If these conditions are not fulfilled
then the full Eq. (9) must be used, although we still neglect any
g-dependence of the elastic constants. Rearranging Eq. (9) gives:

3KTS,
2m?KES'

(S = § [1 + (tan ™! £qpu — tan“éqman)] (15)

where

, 3kT
S = SO I:l 2_“_2 K (qmux qmin)]
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the quantity S’ is the local molecular order parameter renormalised
by thermally excited director fluctuations in the absence of an external
field. Warner? suggests that the ratio S'/S, could be significantly dif-
ferent from unity; examination of NMR evidence suggests that an
estimated value of S'/S, = 0.65 for PAA (p-azoxyanisole) could be
conservative. To compare our experimental results of electrical field-
induced birefringence with values predicted by Eq. (15), we use the
following relation between refractive indices and the order parameter:

2 _ 2
(nﬁei —n10> = Const. (S0 (16)

For small induced changes in refractive indices, n? is independent of
field strength, and:

_ 2n,8An(E)
ne(E) = n, (ne + 2"0)
_ _ ndAn(E)
no(E) =n, (ne + 2’10) (17)

combining Egs. (15), (16), and (17) leads to an expression for 8An(E):

_ (2"0 + ne)(ng _ n(z))kTSO(tanilgqmax — tanglgqmin) 18
BAn(E) = 4m’n,n,KES’ (18)

The field dependence of the induced birefringence predicted by Eq.
(18) is quadratic at low field strengths, but becomes modular at higher
field strengths in agreement with the experimental observations. Our
experimental results in Figure 3 have been fitted to Eq. (18) by
allowing g,..x and g, = 2m/aD to be adjustable parameters, and it
is clear that the theory is capable of explaining the observed squared
dependence of induced birefringence on field strength at low fields.
However we can only achieve quantitative agreement by selecting
suitable values for the scaling parameter a and the short distance cut-
off for director fluctuations (I = 2m/q,,)- Values for a, g, [ and
other constants required for the calculations are collected in the table.
Both parameters o and ¢, appear to depend on cell thickness, which
is surprising, although g, may tend to a limit for thick cells. The
small values of « are also surprising, and correspond to larger values
of ¢min than would be determined by the cell dimensions alone.
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TABLE

Parameters used in calculations

Cell thickness Grax’10° M a !/nm
1S pm 3.0 0.033 2.09
55 pm 6.5 0.028 0.97
111 pm 7.6 0.017 0.83
K=55x10 2N
Ae = 12.25
n, = 1.695. n, = 1.531

Quenching of long-wavelength modes by the walls could account for
this, but it is difficult to understand how the effect could increase for
thicker cells.

The experiments described in this paper were designed to measure
the effect of electric fields on the local nematic order, however we
find that in the nematic phase the induced birefringence is dominated
by quenching of director fluctuations. Continuum theory provides a
qualitative interpretation of our results, but quantitative agreement
between theory and experiment is lacking at present. The introduction
of two parameters into continuum theory allows us fit the experi-
mental data extremely well, but the physical significance of the pa-
rameters is not clear. Measurements on cells of different thicknesses
indicate that the walls strongly influence the electro-optic response
of the nematic film, and the parameters g, and a provide a measure
of this effect. However a proper theoretical interpretation of these
experiments will require the inclusion of wall-anchoring energy in the
continuum theory expression for the free energy and also make al-
lowance for the g-dependence of the elastic constants.
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