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Electric field effect on the
nematic—isotropic phase transition
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+ Department of Physics, St. Petersburg State University, St. Petersburg 198904, Russia
i Faculty of Mathematical Studies, University of Southampton,
Southampton SO9 5NH, England

(Received 5 January 1994, accepted 20 April 1994)

Pulsed electric fields are used to study the influence of a strong field on the nematic—isotropic
phase transition for cyanobiphenyl and stilbene-type liquid crystals. Deviation of the electric
field-induced optical anisotropy from the Kerr law is observed and it is shown that such electric
fields can shift the transition temperature substantially. The induced birefringence and the shift
of the transition temperature are measured as a function of the electric field strength. The results
are explained qualitatively in the context of the Landau—De Gennes theory with two order
parameters. The coefficients of the phenomenological theory are calculated using the simple
density functional theory of polar nematics developed in this paper and the results for the shift
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of the transition temperature are compared with experiment results.

1. Introduction

It is well known that the nematic—isotropic phase
transition is accompanied by strong orientational
fluctuations which can interact with relatively weak
external fields. This property of nematics opens up a
possibility of using these materials for the study of external
field effects on first order phase transitions. The influence
of electric and magnetic fields has been investigated
extensively by many authors, both theoretically and
experimentally (for a review, see for example [1,2]),
and measurements of the electric and magnetic birefrin-
gence and of the light scattering have confirmed the
results of the Landau-De Gennes theory for the
nematic—isotropic transition. In these experiments, how-
ever, relatively weak external fields have been used and
the parameters of the phase transition have not been
effected (since the corresponding electromagnetic energy
appears to be much smaller than the energy of thermal
fluctuations).

On the other hand, the case of very strong external fields
has been studied theoretically in the framework of
the molecular-statistical theory [3, 4]. In these papers, the
main attention has been paid to the critical fields which can
transform the first-order transition into the continuous one.
In this case, the dependence of the nematic order

* Author for correspondence.

§ Permanent address: Institute of Crystallography, Russian
Academy of Sciences, Leninski pr. 59,117 333, Moscow,
Russia.

parameter on the external electric field can be calculated
only numerically. The corresponding results have been
obtained [4] in the context of a mean-field theory and in
the two-particle cluster approximation [3]. It should be
noted, however, that the corresponding electric fields are
too strong to be used in any experiment with real liquid
crystals.

In this paper, we are going to show that there is a
possibility of using ‘intermediate’ electric fields which, on
the one hand, are sufficiently weak and can be applied to
real nematic cells without electrical breakdown and, on the
other hand, are strong enough to induce shift of the
transition temperature and noticeable orientational order
in the isotropic phase. The corresponding electric field can
be roughly estimated as dE <€ kTn where d is the
permanent molecular dipole. At the same time the critical
electric field corresponds to the estimate dE = kT

The influence of relatively weak external fields on the
nematic—isotropic phase transition can be a subject of
separate theoretical study since, in this case, one can take
advantage of the fact that the induced polarization is also
small. In this paper we use the simple Landau—De Gennes
expansion of the free energy, in terms of the nematic order
parameter and the induced polarization, and show that our
experimental data can be explained qualitatively with the
help of this general approach. The influence of the external
electric field is considered also in the context of the
density functional approach, and the simple model is used
to calculate the coefficients of the phenomenological

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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theory and to make more quantitative comparison with
experiment.

This paper is organized as follows. In § 2 we discuss the
use of the puised fields in the measurements of the Kerr
effect and present the results of the measurements of
the transition temperature shift and of the non-linear
electric birefringence. In §3.1 we develop the simple
phenomenological theory of the electric field effect on the
nematic—isotropic phase transition and in § 3.2 we present
the corresponding statistical theory and discuss the
relation between the theory and experiment. Finally, in § 4
we present our conclusions and discuss the limitations of
the present approach.

2. Experimental results

2.1. Method of pulsed fields

Experiments on the effect of strong external fields on
liquid crystals run into definite difficulties. The reason is
that it is necessary to use magnetic fields strong enough to
make the energy of the interaction of the liquid crystal with
the external field comparable to the energy of the
intermolecular interactions which are responsible for
the long-range orientational order in a mesomorphic
substance. This condition cannot be met by using magnetic
fields which are actually attainable experimentally [5].
Electric fields are far more promising [6,7]. In the case
of a static or alternating (sinusoidal) field, however,
fundamental difficulties arise because of the electrical
conductivity of liquid crystals, the influence of hydrody-
namic flows [8], dielectric heating [9] and the possibility
of electrical breakdown in strong fields.

In this section we report the use of pulsed fields to study
the influence of strong electric fields on the nematic—
isotropic phase transition. The pulsed fields have made it
possible to eliminate the influence of the parasitic factors
listed above on the corresponding effects. The first
experimental results have been reported earlier [10]. The
experimental method was based on the Kerr effect (electric
birefringence) which made it possible to study both (a) the
behaviour of the birefringence as a function of the electric
field at temperatures just before the transition region in
which there are strong orientational fluctuations in the
isotropic state [11, 12] and (&) the effect of the external
field on the nematic—isotropic transition temperature.

Single electric pulses with a length of 0-2 ms and a field
strength E up to 3 X 10’V m ~ ' were applied to the Kerr
cell. Two Kerr cells with the optical path length
[=3X%10"%m and 5 X 10" *m and the gap between
electrodes 5 X 10~ *m were used. The cell temperature
was held constant within 0-05°C.

For measurements of the phase difference & which
arises in the Kerr cell during the application of the electric
field (this difference reaches several tens of wavelength at

the field strengths used), we used an electrical pulse with
a special shape: an exponentially rising front edge and a
short end edge (see figure 1(a)). The voltage rise at
the front edge of the pulse was accompanied by the
appearance of maxima and minima in the light flux,
corresponding to a change of 2w in the phase difference
between the interfering ordinary and extraordinary rays
(see figure 1(b)). The number of observed minima, m,
determines the magnitude (An) of the birefringence
which arises in the substance wunder study:
An = mAl(m = 1,2,...) at various electric ficlds. Here
/ = 628 nm is the wavelength of the light source.

We used homologues of the series of 4-alkyl-4'-
cyanobiphenyls (nCB) which have a large positive
dielectric anisotropy in the nematic phase (Ae > 10) and
differ significantly in the heat of transition (g) from the
nematic to isotropic phase: g = 0-094 kcal mol ~ ! (5CB),
g = 0-16 kcalmol ~ ! (6CB), g = 0-64kcal mol ~ ! (10CB)
[13].

Figure 1. (a) The electrical pulse; (b), (¢) oscilloscope traces
of the light beam transmitted through a Kerr cell holding
6CB for AT = 0:4°C and for various electric field strengths;
ME=2X10°Vm () E=59X10°Vm™".
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We used also the nematic material 4-pentyl-4'-
hexyloxy-a-cyanostilbene which has a large negative
dielectric anisotropy Ae < — 5and g = 0-28 kcal mol ~*

[14,15].
CnH2n+1CN
CH,, —<©>_C:CH_©7OCGH13

b
2.2. Results
Figure 2 shows the measured birefringence versus E?
for various temperatures AT = T — T, for SCB and the
cyanostilbene (CS). In accordance with the sign of the
dielectric anisotropy, the birefringence is positive for 5CB
and negative for CS. At weak fields one observes a linear
dependence of An on EZ, while at strong fields we found
a deviation from the Kerr law, in the direction of an
increase in the measured anisotropy for the
cyanobiphenyls with positive dielectric anisotropy.
By contrast, for the cyanostilbene, the deviation is in
the direction of a decrease in the absolute value of the
measured anisotropy. The deviations observed correspond
to a phase difference & of several wavelengths. A further
increase in the field revealed the value of E at which the
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Figure2. Magnitude of birefringence, An, versus the square of the
electric field, EZ, in the isotropic phase of SCB (1)~(3) and CS
(4)—(6) at various temperatures AT =T — Tz (1) 0-1°C;
(2) 0-5°C; (3) 1-08°C; (4) 0-1°C; (5) 0-45°C; (6) 1-15°C.
Vertical lines correspond to the values of the electric ficld E
at which the transition to the nematic phase is induced.

cell holding the substance became opaque in the transmit-
ted beam (see figure 1 (¢)). We attribute the disappearance
of the light flux to the transition of the substance from the
isotropic to the nematic phase caused by the electric field.
The field which causes the transition of the samples to the
nematic phase is shown as a function of the change in
transition temperature AT in figure 3. The slope of the
straight lines is equal to 2; this slope corresponds to a
proportionality between the change in the phase transition
temperature and E>. It can be concluded from the
experimental data that the value of E required for the phase
transition depends on the transition heat ¢. At a fixed
temperature AT, a progressively greater field strength E
will bring about a phase transition as the transition heat of
the sample is raised (see figure 3). In the case of 10CB
(which has the largest heat of transition from the isotropic
to the smectic state) and of CS, we were not able to reach
a phase transition even at the strongest fields E used in the
present experiment.

It has been mentioned already [8, 9] that application of
large electric fields to a liquid crystal can cause some
parasitic effects which could influence the results of this
investigation. In particular, there is some concern over
the possibility of thermal heating of the liquid crystal by
the electric field pulses. There exists also the possibility of
changes in the sample thickness with increasing field
strength due to capacitance effects. In addition, some
polarization effects could reduce the effective electric field
in the liquid crystal media and the nematic ordering could
be favoured also by hydrodynamic fluxes determined by
the electrical conductivity of the liquid crystal. The
influence of these effects is discussed in more detail below.

The change in temperature of the nematic liquid crystal
caused by the electric field can be estimated by taking
into account the values of the length and the amplitude
of the electric pulses used in the experiment. Taking
the length of the pulse ~ 0-2ms and the amplitude

~10°Vm~! and using values of the electrical
3 .
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Figure 3. Change in the transition temperature versus the electric
field, in logarithmic scale. (1) 5CB, (2) 6CB.
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conductivity ¢ = 10 %(Qm) ~! and the heat capacity
A~2-6)Tg" ! grad, we arrive at the conclusion that in
the present experiment the temperature change is less than
2x 1074

We note also that the additional heating of the nematic
(as well as the decrease in the effective field in the media
due to polarization effects) can only diminish the observed
deviations from the Kerr law.

One expects also that, in the present case, possible
changes in the distance between the electrodes (the sample
thickness) have the same effect on the observed phenom-
ena for all temperatures used in the experiment. However,
one can readily see from figure 2 that the deviation of the
curves from the usual Kerr law depends on temperature.
Except for vicinity of the phase transition point (i.e. for
T — T, > 3°C), deviations from the linear law are ob-
served for all values of the field strength used in this study.

It should also be noted here that sufficiently thick
nematic layers have been used in this experiment
(the optical path length was ~ 5 X 10~ 3m and the gap
between the electrodes was ~ 5 X 10~ *m). In this case
the changes in the layer thickness due to thermal expansion
of the electrodes must be several orders of magnitude
smaller than the initial cell thickness. Such weak effects
cannot cause any noticeable changes in the electric field
applied to the material.

Finally we note that the intensity of hydrodynamic
fluxes (which can occur in a conductive cell) is expected
to depend on the length of the electric pulses. However,
we do not see any influence of pulse length on the results
of our measurements in the interval 0-1-1-0 ms. This fact,
probably, can be considered as an indication that weak
hydrodynamic fluxes do not influence practically the
results of the present study.

3. Influence of the external electric field on a nematic
phase composed of strongly polar molecules

3.1. Phenomenological theory

The external electric field induces a macroscopic
polarization P and, therefore, the free energy of the polar
nematic phase is a function of two independent internal
thermodynamical variables: the orientational order
parameter Q,p and the polarization P. Taking into account
the relatively small value of the induced polarization, one
can expand the free energy in powers of Q. and P,
neglecting the higher order terms in P

F=1aT — THQ — 3bQ’ + 1cQ* + 1y 'P?
+ UP&Q&BPB + KOQ2P2 + KlQa}'QvﬁPﬁ — PE,, (1)

with b > 0 and ¢ > 0.
Equation (1) can be simplified if one assumes that
the polarization is aligned along the nematic director n.

In this case
F=1a(T — T¥HS? — 1bS® + LcS*

+ 1xo 'P? + oP?S + yxkP’S* — PE, (2)

with k = 2(ko + Ki).

It shouid be noted that y, is the polarizability of the
isotropic phase, while the parameters ¢ and k represent the
anisotropy of the polarizability in the nematic phase.
Indeed, one can expand the free energy first in powers of
the polarization P

F=Fy(S)+ 4y 'P* — PE, 3)

where F is the free energy of the nematic without an
external field. Note that the longitudinal polarizability
is a function of the nematic order parameter S. Expanding
the polarizability y) in powers of S one obtains the terms
oP?5?% and «P?S? which are present in equation (2).

Let us minimize the free energy (2) with respect to P at
fixed E. Then the equilibrium polarization P is expressed
in terms of the order parameter S and the electric field £

P = (1 + 20508 + kxoS?) ~ ' 1. (4)

Substitution of equation (4) into equation (2) and
expansion in powers of S yields the new expression for the
free energy with the coefficients depending on the external
electric field E

F=~1aT - T¥HS* ~ 1bS* + LcS*
+ 6 oSE? + yotdk — 2x062)S’E? — tyoE.(5)

The analysis of equation (5) shows the influence of the
external electric field on the nematic liquid crystal results
in two main effects. First, the external field produces a shift
of the transition temperature 7% which is proportional to
the square of the electric field

AT* = yha ~(4e%y0 — K)EZ (6)

This result is in qualitative agreement with the experimen-
tal data presented in figure 3. Secondly, the external field
induces weak orientational ordering in the isotropic phase.
This effects is determined by the fourth term in equation
(5). Indeed, the value of the order parameter S is
determined by minimization of the free energy (5)

a(T — T, — aEHS — bS? + ¢S* = 1E?, V)]

with
a=a 'y4o*yo — K) ®)

and
A= oy €))

The orientational order parameter, induced by a weak
external field, also appears to be small and can be
expanded in powers of E?

S=pBE?+ yE*+ .., (10)
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with

2 2
_ G Xo boyy
b= r=1y (“ T aT- Tc))’ ab

where the coefficient « is determined by equation (8).

Note that in the first approximation, S =~ BEZ. This
conclusion corresponds to the well-known result in the
theory of the Kerr for liquids composed of non-polarizable
molecules (see, for example, [1], §2.4.2).

In the case of a weak nematic ordering, induced by
the external field, the birefringence An is proportional to
the order parameter S

An = ng¢S. (12)

Thus the dependence of the birefringence on the amplitude
of the external field is determined also by the expansion
(10)

An = noBE* + nyyE* + ... 13

One can readily see that the simple expansion (13),
supplemented by equations (11), (12) and (8) for the
coefficients §§ and y, enables us to explain qualitatively
the experimental behaviour of An as a function of E?, as
presented in figure 2. Indeed, at weak electric fields, the
birefringence An is proportional to E? and, according to
equation (11), the corresponding coupling constant grows
when one approaches the transition point (since
B o (T — T% ). Atlarger fields one observes a positive
deviation from the simple Kerr law. This deviation can be
described by the second term in the expansion (10).

It should be noted that in the general case, the coefficient
o in equations (5) and (11) can be both positive and
negative. However, the external electric field induces the
ordering of long molecular axes only in the case of ¢ > 0.
From the microscopic point of view, the positive values of
o corresponds to the case when the angle between the
molecular dipole and the long axis is less than 45°. In the
cyanobiphenyls investigated experimentally in the present
work, the dipole moment is approximately parallel to the
molecular long axis and therefore o > 0.

Thus, for o > 0 the external electric field induces the
ordering of long molecular axes and shifts the phase
transition temperature. The value of the shift is determined
by equation (6). Note that the experimental values of AT §
are positive and therefore the coefficient o > 0. Then the
coefficient y in equation (13) is also positive and the
birefringence An grows faster than E 2 in accordance with
the experiment.

It is interesting to discuss also the case of ¢ << 0, which
corresponds to a nematic composed of molecules with
transverse dipoles. In such systems, the external electric
field induces a negative orientational order parameter
(see equations (10) and (11)), since now the short
molecular axes are ordered along the field. Note that at

small electric fields, the birefringence is still proportional
to E2, but has the negative sign. At the same time, the
non-linear correction to .S or An in equations (10) and (13)
is positive, because it is proportional to ¢*. Thus, in this
case the birefringence must grow more slowly than E?,
contrary to the case of ¢ > 0.

The experimental data, obtained for the nematic stilbene
with a negative dielectric anisotropy, confirm these
theoretical predictions. Indeed, the birefringence An
appears to be negative (see figure 2) and its absolute value
is less than the extrapolated value, calculated according to
the Kerr law. This behaviour is in striking contrast with the
properties of the cyanobiphenyls discussed in detail in § 2.

3.2. Density functional approach
Let us consider now the influence of the external electric
field on the nematic—isotropic phase transition from the
microscopic point of view. The energy of the single
molecule ‘7’ in the external electric field E can be written
in the form

Ue() = — dapEEp — d.E., (14)

where a,4 is the molecular polarizability tensor and d is the
permanent molecular dipole.

It is interesting to consider the orders of magnitude of
the first and second terms in equation (14) for typical
values of the field used in the experiment. Indeed,
for the nematic cyanobiphenyls, the polarizability
o <10° X 10°Fm 2and d = 5D [2].

Substituting the amplitude of the electric field
E ~ 10°Vem ~ 2, one obtains dE/aE? ~ 10% > 1, i.e. the
predominant contribution arises from the interaction
between the external field and the permanent molecular
dipole. In this case, in the first approximation, one can
neglect the effects of molecular polarizability. Note that
this conclusion corresponds to the existing understanding
of the static polarizability of strongly polar nematics,
which is determined mainly by the ordering of permanent
dipoles [2].

Thus, in the first approximation, we can neglect the
molecular polarizability and consider the influence of the
external electric field in the framework of the simple
model of rigid molecules with longitudinal dipoles.
It should be noted that the statistical theory of such nematic
liquid crystals in strong external fields has been considered
by several authors [3,4]. In this section we consider in
more detail the influence of the relatively weak electric
field (i.e. dE <€ kT) and derive the Landau-De Gennes
expansion of the free energy in powers of two order
parameters. The coefficients of this expansion will be
expressed in terms of the minimal number of model
parameters.

The most general statistical theory of nematic liquid
crystals can be developed with the help of the Density
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Functional Approach [16]. In this approach the free energy
is represented as a sum of two terms

F=®+H, (15)

where ® is the free energy of the system without
intermolecular interactions

O = pokadXUC](x])(lnf](xl)A + 1 — (d,EYET), (16)

where po is the number density, fi(X;) is the one-particle
distribution function and the variable x = (r; @) stands for
position and orientation.

The functional H is determined by intermolecular
interactions and depends on the one particle distribution
function fi(x). The functional derivatives of H are
proportional to the direct correlation functions of the
system. These properties of the functional H enable one to
expand the free energy of the ncmatic phase around its
value in the isotropic phase

F = Fy + pokT f ax fix)(nfix)A + 1 — (d)LEYKT),

- 7p(2)ka dx1d%,Cao(x1, ) A[(XDAA(X) + ..., (17)

where F is the free energy of the isotropic phase, Cao(X1, X2)
is the direct pair correlation function of the isotropic phase
and Afi(x) = fi(x) — 4m is the difference between the
one-particle distributions in the nematic and isotropic
phases. Note that the equation (17), we have neglected the
higher order terms in Af;. At the same time, one has to take
into account that the external electric field induces the
relatively weak orientational order in the isotropic phase,
except in the close vicinity of the transition point. Thus,
far from the transition point, equation (17) appears to be
very accurate.

Equation (17) can be simplified in the case of uniaxial
molecules with permanent dipoles (d); parallel to the
molecular long axes a;

F=Fy+ poka d*a fiGam(infiamA + 1 — d(a,E)

— 1p5kT f d*ad?a,Cx(ay, a) Afi(aimAfi(an), (18)
with
Cz(al, a;) = J’ d3l‘12C2(l'|2, a;, az) (19)

where n is the nematic director.

The one-particle distribution function fi(am) corre-
sponds to the minimum of the free energy (18) with fixed
external field E

d||(alE)] (20)

fitam) =Z lexp ” d*Cx(a,, a) + P

with
_ | p 2 dy(a.E)
Z = ]d a; exp |:Jd 32C2(a],az) + AF] (21)
In principle, equation (20) enables one to calculate
the main thermodynamic properties of nematics in the
external electric field, provided that the direct correlation
function Cx(1, 2) is known. At the same time, it is possible
to obtain many qualitative results even without detailed
information about the correlation function. Indeed,
the function C,(a,, as) (see equation (19)) depends on the
scalar product (a;a;) only and can be expanded in
Legendre polynomials P,(aja;z):

Cxar,ay) = D, J.P(aay). (22)

In the case of polar nematics the main contribution to
the effective potential comes from the first two terms in
the expansion (22) which determine the polar and
non-polar ordering of molecular long axes. This ordering
is characterized by two independent order parameters
pand S

p = {(aim)), (23)
S = <P2(all’l)), (24)

where (...) is the statistical averaging. Note that the
macroscopic polarization P = podjp.

In this paper we develop a simple qualitative theory
which is sufficient to describe our experimental data.
Then, for simplicity, we shall not take into account the
higher order terms in the expansion of the direct
correlation function. As aresult we arrive at the following
simple model expression for the function C(a;a;)

Cofaiaz) = const +—Ji(aa)+12—(3(aa)—L) (25)
2\a1a2 . «T 142 kT 3 142 27
Substitution of equation (25) into (18) yields the following
simple expression for the free energy of the nematic in the
external electric field

F=F,+ pokT] d cos Of(cos O)[Infi(cos DA + 1]

— podiEp — +po0\p* — 1po)2S7, (26)

where the order parameters p and § are determined by
equation (23) and (24) and cos ® = (an).

It should be noted that in the context of this model
the influence of the external electric field is determined by
the two parameters J; and J; only.

3.3. Derivation of the Landau—De Gennes expansion for
polar nematics

In § 3.1 we have used the phenomenological expansion

of the free energy in terms of the polarization P and the

nematic order parameter S. This expansion can also be
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derived from equation (26). In this way one also obtains
simple expressions for the coefficients of the phenomeno-
logical theory.

The general method of derivation of the Landau—De
Gennes expansion, starting from a molecular mode] for
nematics, has been proposed by Katriel, Kventsel ef al.
[17]. In the present paper we use this method in the
description of the polar nematic phase with two indepen-
dent internal parameters S and p.

The equilibrium free energy density of the nematic
phase with fixed external parameters (i.e. the temperature
T, electric field E and the number density pg) can be
obtained after minimization of the free energy with respect
to the one-particle distribution function. On the other hand,
this procedure can be performed in two steps [17]. At the
first stage, the free energy is minimized at the fixed values
of the two order parameters S and p. After this partial
minimization, one obtains the free energy (i.e. the
enthalpy) as a function of two order parameters.
The expansion of this free energy in powers of S and p is
equivalent to the Landau-De Gennes expansion discussed
in §3.1.

One can readily see from equation (26) that the
minimization of the free energy F at fixed § and p is
equivalent to the maximization of the entropy determined
by the second term in equation (26). Therefore, one has to
find a minimum of the following functional:

AH= kTJ dcos Ofi(cos O) Infi(cos @)
— A f dcos ® fi(cos @) cos @

— A2 f dcos O fi(cos @)P(cos @) Q7

where A; and A, are the corresponding Lagrange multi-
pliers. The minimum of the functional (27) corresponds to
the one-particle distribution function which depends on
the parameters A;, 4>

_ A A
filcos ®) = Z; 'exp [Eli cos ® + k—;PZ(cos @)] (28)
and

y) y)
ﬁ cos® + k_;" P>(cos @)].

(29)

Zo=fdcos®exp[

The Lagrange multipliers 4, and A, can be expressed in
terms of the order parameters S and p using the definitions
(23) and (24). Indeed, by definition

S= f Pax)fi(x)dx = Z5 ! f Pa(x)exp [Aix + AoPy(x)]dx
(30)

and

p= f xidx=25" j xexp [Ax + APy(x)]dx 3D

where Z; is determined by equation (29).

Note that the parameters 4, A, are determined com-
pletely by equations (30) and (31). Substituting equations
(28) and (29} into (26), we obtain an expression for the free
energy as a function of the parameters 1,, 4,

F=Fo+ pokTi\p + pokTA:S
— pokTInZo — 4p3\p* — p3hS* — dipopE.  (32)

Note, however, that we need an expression for the free
energy as a function of the order parameters S and p. Then
one has to express the parameters 4; and 4, in terms of S
and p using cquations (30) and (31). Let us expand the
right-hand sides of equations (30) and (31) in powers of
A1, 42 and represent the order parameters S and p in the
form of a power series

S=lli+5+EB -t +tHmul+...  (33)
and
p=th+Ehh—EB+EN L+ ... (34)

The function In Z, can also be expanded in powers of 4;,
A2
InZy={547 + 335+ s 43 + 15 443
I R A B+ (35)
Now it is possible to invert equations (33) and (34)
(see [16] for a similar procedure in the case of one order

parameter) and to get the expansion of 1, 42 in powers of
the order parameters S and p:

M=58-F-3p? +5BS3+45p’ + ... (36)
and
A2=3p—6Sp—3p*+125%p+.... 37

Substitution of equations (36) and (37) into equation (32)
finally yields an expansion of the free energy of the polar
nematic in terms of the order parameter S and polarization

F=Fy+3aT —THS? —1b83 + eS§*

+ 1xo 'P? — oP2S + LkP*S? — PE, (38)
with
a = 5pokT, (39)
krx = P2, (40)
5
b =5 pokT, (41)
c =12 pokT, (42)
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_ _ AN
X ' = 3(/’0 T — ;‘) 4, (43)
g = 3deﬂ_ 2ﬂo_ l, (44)
and
x = 12kTd| *pe (45)

One can readily see that the expansion (38) is equivalent
to equation (2) which has been obtained in the framework
of the phenomenological theory. However, the
coefficients of this expansion are expressed now in terms
of the polar (J;) and non-polar (J;) orientational interaction
coupling constants.

Note that the coefficient ¢ is negative. This result
corresponds to the fact that in nematics with positive
dielectric anisotropy, the external electric field induces a
positive orientational order parameter (see equations (8),
(9)). The shift of the transition temperature AT ¥, given by
equation (6), is also positive since 452y > x for yo > 1.
Indeed, for cyanobiphenyl liquid crystals the dielectric
susceptibility € = 10 and thus yo = 0-75.

In principle, we cannot exclude the situation when the
polarizability yg is small and the external field diminishes
the transition temperature even in nematics with positive
dielectric anisotropy. However, from the experimental
point of view, this is hardly possible, since nematics with
low dielectric susceptibility are composed of weakly polar
molecules and thus it would be necessary to apply too high
fields to observe the effect.

Note that the expression for the shift of the transition
temperature AT ¥ (see equations (6), (42) and (43)) does
not contain any unknown model parameters and therefore
we can directly estimate the value of the shift and compare
it with the experimental data. Indeed, for cyanobiphenyl
liquid crystals the dipole moment 4 = 15 X 10~ ’Cm,
the number density po = 2 X 10~ *m ~* and the typical
value of yp is 0-8. Substituting these values into
equations (6), (42) and (43), we arrive at the estimate
AT¥E? =~ 045 X 10~ “(gradm?*V ~?) for the maxi-
mum value of the electric field £ = 1-5X 10°Vm ™'
which we could use in our experiment. This is very close
to the experimental values of this relation for 5SCB which
are changed from 0-35 to 0-62 X 10~ " (gradm®V ~ ?).
It should be stressed here that the molecules of 5CB
possess relatively short alkyl tails and therefore they are
closer to the simple model of rigid molecules which we use
in the present paper.

4. Conclusions
The experimental data, presented in § 2, indicate that the
method of pulsed fields appears to be very effective for a
study of the influence of strong electric fields on the
parameters of the nematic—isotropic phase transition. It is

important to note that pulsed fields can be made
sufficiently strong to produce noticeable shifts of the
transition temperature and to observe the deviation of
the induced anisotropy from the Kerr law. It should be
noted also that the influence of the electric field strongly
depends on the dielectric anisotropy of the nematic
phase. The sign of the induced birefringence always
coincides with that of the dielectric anisotropy, while the
non-linear correction to the Kerr law is not sensitive to the
sign of Ae.

The main experimental results of the present study have
been explained qualitatively in § 3.1 using the Landau-De
Gennes expansion of the free energy of a polar nematic
phase. In this case, there are two independent internal
parameters: the orientational order parameter S and
the polarization P induced by the external field. The
coefficients of this expansion have been calculated within
the simple molecular-statistical theory which enabled us
also to obtain an expression for the shift of the transition
temperature which does not depend upon any model
parameters. As shown in § 3.2, the qualitative agreement
between the theoretical and experimental values of ATy,
appears to be surprisingly good in spite of some rather
crude approximations made in the development of the
present model. It should be noted, however, that it is
difficult to distinguish between the members of the nCB
homologous series within the present model and thus one
obtains approximately the same values of ATy for
different cyanobiphenyls (since the values of the parame-
ters po, djand yo do not differ much for the 5CB, 6CB and
10CB used in the present study). By contrast, the
experimental values of ATy are different and correlate
with the transition heat, growing significantly when one
goes from 5CB to 10CB. For example, in the case of 10CB,
which has the largest transition heat, the available electric
fields have not been strong enough to produce an
observable shift of the transition temperature.

This contradiction is related to the oversimplified model
of rigid molecules used in the present theory. It is well
known that, within this model, one cannot account for the
rapid growth of the transition heat in homologous series
of nematic liquid crystals [18]. In the same spirit, the
influence of the electric field on different members of the
nCB series can be explained only in the context of a more
advanced statistical theory which takes into consideration
the molecular flexibility.
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