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EFFECT OF STRONG ELECTRIC FIELDS ON PHASE 
TRANSITIONS IN SOME LIQUID CRYSTALS 

GEETHA BASAPPA and N.V. MADHUSUDANA 
Raman Research Institute, C.V. Raman Avenue, Bangalore 560080, INDIA 

Abstract An electric field couples to the orientational order in liquid crys- 
tals through dielectric anisotropy and is conjugate to the order. However 
the ionic flow produced by the field causes a dissipation of energy in the 
medium rendering an experimental study of the effect of the field on the or- 
der difficult. We have devised a method of measuring the local temperature 
of the sample, and both the dielectric constant whose value depends on the 
orientation& order and the conductivity which is sensitive to  the short range 
order in the medium. We report the electric field temperature phase dia- 
grams of pentyl cyanobiphenyl(5CB) and octyloxy cyanobiphenyl(80CB). 
The results include (a) the field induced enhancement of the orientational 
order (b) the critical field beyond which the nematic paranematic transi- 
tion is continuous and (c) the effect of the field on the nematic-smectic A 
transition in 80CB. The results are analysed using the appropriate Landau 
theories. 

I" 

Nematic liquid crystals have a long range orientational order of anisotropic molecules. 
The order parameter which is a second rank tensor couples to external orienting fields 
like magnetic or electric fields through the anisotropy in the appropriate suscepti- 
bility of the medium. As such these fields are conjugate to the orientational order 
in the medium. The effect of the field is simpler to discuss in the case of a mate- 
rial with positive anisotropy of susceptibility, in which the nematic director aligns 
preferentially along the field direction. Deep inside the nematic phase, the field 
quenches the thermal fluctuations of the director and the resulting enhancement of 
the orientational order depends linearly on the field.'p2 The field also induces an 
orientational order in the otherwise isotropic phase so that the phase transition at 
relatively low fields occurs between the latter phase and a phase with a much higher 
order parameter. The transition point increases while the jump in order parameter 
at that point decreases with increase of field. Since the two phases have the same 
symmetry, in analogy with liquid gas transition under pressure, there is a critical 
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162 G. BASAPPA AND N. V. MADHUSUDANA 

field beyond which there is continuous evolution of the orientational order with tem- 
perature without any phase transition. There have been a number of theoretical 
calculations on such phase diagrams both in the framework of Landau t h e ~ r y ~ - ~  and 
molecular 

From the experimental point of view, the volume diamagnetic susceptibilities 
of the organic compounds which form low molecular mass liquid crystals are rela- 
tively low (- lo-' cgs units). As such, only a small shift in the transition point 
has been observed under the action of a magnetic field.g This problem can be over- 
come if large anisotropic colloidal particles form the nematic phase, as has been 
demonstrated recently in a suspension of fd virus in an appropriate solvent." The 
dielectric anisotropy of the medium can be quite large (- 10) in materials with a 

strong longitudinal molecular dipole moment. The critical field in such cases lies 
within the experimentally attainable range. However, liquid crystals usually have 
some ionic impurities and the dissipation of energy due to ionic flow produces a sub- 
stantial heating of the sample. Helfrich" used single short duration electric pulses 
to estimate the rise in transition temperature by direct observations on a nematic 
cell. Later, Nicastro and Keyes l2 qualitatively estimated the critical electric field 
in a nematic liquid crystal. Recently Lelidis and Durand13*14 could study the phase 
diagram quantitatively by applying short electric field pulses, adjusting the dura- 
tion between successive pulses to be long enough (- 10 sec) to prevent heating of 
the sample. They used an optical technique to monitor the order parameter of the 
sample and fitted their data to a simple Landau theory. More recently they have 
also verified the theoretical prediction" that an external field can induce a nematic 
phase with a large orientational order in materials which undergo a direct smectic A 
to isotropic phase transition.16 

In this paper we propose a different experimental set up to  explore the effect 
of strong electric fields on phase transitions in liquid crystals. In this method the 
local temperature of the sample is measured and an impedance analysis of the cell 
is used to measure both the dielectric constant and the electrical conductivity of 
the samples. The former is sensitive to the long range orientational order in the 
medium while the latter is sensitive to both short and long range positional order 
in the medium. In the present paper we report some of our first results using this 
technique. 

EXPERIMENTAL 
The electrical heating of the sample will not be a problem if its temperature can 
be measured accurately. We use a thin film of nickel, which has a large tempera- 
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ELECTRIC FIELD EFFECTS 163 

ture coefficient of resistance, to measure the local temperature. The film which is 
coated on a glass plate is patterned using a photolithographic technique to obtain a 
resistance - 180 ohms in a circular area of 0.5cm diameter (Figure 1). It is covered 
by an insulating layer of SiO or Si02 on which an aluminium electrode with the 
same area is deposited in vacuum. A similar electrode is etched either in an I T 0  
or aluminium-coated glass plate which is used as the counter electrode. The gap 
between the plates is fixed by mylar spacers and is typically 19pm. The electrodes 
are treated with ODSE (which is a polymerisable silane compound with long alkyl 
chains) before assembling the cell to get a homeotropic alignment of the nematic di- 
rector (Figure 2). The block diagram of the experimental set up is shown in Figure 3. 
The output of an SRS 830 lock-in amplifier is fed to a Trek model 601B amplifier. 
The high voltage output of the latter is applied to the cell. An electric impedance 
analysis of the cell allows us to measure the dielectric constant and resistance of the 

FIGURE 1 Schematic diagram of the patterned coatings on one of the glass plates 
of the liquid crystal cell. The Ni thermometer and A1 electrode are insulated from 
each other by an Si02 layer. 
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164 G .  BASAPPA AND N. V. MADHUSUDANA 

GLASS 
, A l  

ODSE 

1 Ni GLASS 

SiO 2 

FIGURE 2 Cross sectional view of the liquid crystal cell used in the experiment. 

Vm 

SR830 -=4 

. . . . . . . .switch. . . . . . . . . 

4 R2p-m+' 
FIGURE 3 Block diagram of the experimental set up used for the impedance anal- 
ysis of the liquid crystal cell. 
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ELECTRIC FIELD EFFECTS 165 

sample. The amplitude and phase of the amplifier output are calculated by measuring 
the AC signal across a resistance Rz which is in series with a large resistance R1. At 
any given frequency, the phase of the amplifier output depends on the voltage. The 
current flowing through the sample is measured by noting the amplitude and phase 
of the voltage developed across a capacitance C, (- 1 pFarad) which is connected 
in series with the cell. If V, and 4, are the amplitude and phase of the output of 
the amplifier, and V, and $, are the same quantities measured across the capacitor 
C,, it is easy to show that the sample resistance (Rs) and capacitance (Cs) are 
given by: 

c s  = X/Y (2) 

where X = C O S ~  - Q, Y = (sin2a + X2)/ C,Q, Q =V,/K and (Y = 4, - +m. 

The dielectric constant of the sample is given by the ratio CS/ C, where C, is the 
capacitance of the empty cell measured before filling it. We use a standard capacitor 
and resistor connected in parallel in place of the sample cell to measure the stray 
capacitance added to the circuit by the cables used. It is found to be - 4 pF. The 
cell is mounted in a Mettler FP 82 hot stage which maintains its temperature to an 
accuracy of f 0.1%. However, we can use the nickel thermometer to measure the 
sample temperature to a much higher accuracy. By monitoring the resistances of both 
the nickel thermometer and a sample of 80CB we have verified that the resistance 
of 80CB which is itself senstive to temperature, varies systematically with the local 
temperature as determined by the nickel thermometer. We estimate that the local 
temperature is measured to an accuracy of - f 0.01"C by the nickel thermometer. 

We choose the frequency of the AC voltage to be a few kHz so that (a) the ionic 
heating effect is not excessive, (b) electrohydrodynamic effects are prevented (c) the 
amplifier output is sufficiently large and (d) electrochemical effects are avoided. A t  
any given Mettler temperature, a few preset voltages are applied to the cell and 
at  each voltage, the electrical parameters of the cell as well as its temperature are 
measured . At higher voltages, the temperature of the cell is higher. All the mea- 
surements that are reported in the present communication were made while cooling 
the sample from the isotropic phase. The experiment is controlled by a computer 
using an appropriate software (Spectrum Interface). 
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I66 G .  BASAPPA AND N. V. MADHUSUDANA 

RESULTS AND DISCUSS ION 
We have conducted the experiments on homeotropically aligned samples of octyloxy 
cyanobiphenyl (80CB) and pentyl cyanobiphenyl (5CB). In 5CB the highest field 
used was N 1.47 x lo5 V/cm which is slightly above the critical field reported by 
Lelidis and Durand.13 cIf is shown in Figure 4 as a function of the local temperature 
for some of the applied voltages for which data were collected. 

I 

1 

1 

Ell 1 

1 

1 

FIGURE 4 Dielectric constant (e l f )  of 5CB as functions of temperature and voltage 
across NI transition; frequency of the applied voltage is 2317 Hz. fl (1.05 V), A 
(31.8 V), 0 (77.0 V), * (137.0 V), A (182.8 V), (285.5 V). 

To a good approximation the relationship between ell and the orientational order 
parameter S can be assumed to be of the form. 

(3) 
2 
3 

E!, = Z + - AES 

where Ac is the anisotropy for a medium with S=l and z is the average dielectric 
constant. It is well known" that in materials with highly polar end groups, the 
stronger antiparallel near neighbour correlations lead to a slightly lower value of 5 in 
the nematic phase compared to that of the isotropic phase at  TNI. We have taken 
5 to be 1.5% smaller than the value measured in the isotropic phase at low applied 
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ELECTRIC FIELD EFFECTS 167 

voltages to take account of this fact. We have used the orientational order parameter 
measured by an optical technique" at TNI - 2" to evaluate A€ to be equal to 18.1 in 
5CB. The nematic order parameter variation with field can now be compared with 
the prediction of the Landau theory.13 Using only the essential terms the Landau-de 
Gennes free energy density of a nematic subjected to an electric field E is given by 

u ( T - T ' )  B C s - 4 3 +  -s4 - - 
2 3 4 12r  

FE = (4) 

where a, T', B and Care  the usual Landau coefficients. Some remarks on this free 
energy are in order: 

(i) The low frequency electric field changes the symmetry of the nematic phase 
as it induces a polarization in the medium. However it can be shown that the polar 
order parameter can be eliminated in favour of S and equation 4 is then a good 
approximat ion. 

(ii) Apart from causing local heating, the ionic flow could in principle lead to a 

change in the order parameter directly. If v is the velocity of ions under the field, 
and n is the number density of ions, there could be velocity gradients - v n1I3 
in the medium. Using the known conductvity of the sample and a simple model 
for the flow of ions', it can be shown that at the highest field applied the velocity 
gradient is N lo4 /sec. This can result in an induced order parameter due to flow 
alignment AS - near the isotropic-nematic transition tempera t~re , '~  which 
is much smaller than the dielectric alignment effect. Hence, following all earlier 

we ignore this factor in further discussion. The equilibrium value of S 
satisfies the condition. 

dFE A€ - = u(T - T*)S - BS2 + CS3 - -E2 = 0 
dS 12r  (5) 

As the NI transition has a first order character the 4-parameter Landau theory 
can be expected to be inadequate especially at temperatures below TNI. Hence we 
have used only the data measured close to the critical temperature in the analysis 
using equation 5. Figure 5 shows the experimental points as well as the calculated 
variation. The best overall fit was obtained for the following parameters: 

TNI - T' = 1.3 f 0.06 in "C 
B / u  = 11.0 f 0.1 in cgs units 
c / u  = 21.4 f 0.15 in cgs units 
a = (1.0 f 0.04 )x  lo6 in cgs units 
These parameters are broadly consistent with the values given by Lelidis and 

Durand.13 We should note that the calculated temperature variation of S in the 
nematic phase is steeper than that of the experimental data. On the basis of a 
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168 G. BASAPPA AND N. V.  MADHUSUDANA 

number of earlier studies on nematic liquid crystals it has been suggested that the 
order parameter variation indicates a tricritical rather than a critical beha~ iour .~  

The measured values of the dielectric constants of 80CB are shown in Figure 6. 
The order parameters calculated as before, and the variations of S given by the 
Landau model are shown in Figure 7, for temperatures close to the NI transition. 
The Landau parameters in this case are listed below: 

TNI - T 8  = 1.2 f 0.2 in "C 
B / a  = 13.5 jz 0.1 in cgs units 
Cfa = 29.2 f 0.2 in cgs units 
a = (0.87f0.1) x lo6 in cgs units 
The estimated error in T N I - T .  is larger in 80CB compared to that in the case of 

5CB. This is almost certainly caused by the fact that TNI of 80CB is 79.6"C which 
is considerably higher than that of 5CB. This leads to a slow deterioration of the 
sample and a spread in the transition temperature, as a large number of data points 
were collected in 80CB which required a long period of time. 

0.5 

0.4 

0.3 

S 

0.2 

0.1 

FIGURE 5 Variation of the order parameter S in 5CB as a function of temperature 
at different voltages. Solid curves are theoretical variations given by the Landau 
model. (182.8 V), 0 (226.0 V), * (285.5 V). 
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169 ELECTRIC FIELD EFFECTS 

80CB also exhibits a transition from the nematic (N) to the smectic A (A) phase. 
As the smectic order parameter which is the amplitude of the density wave is coupled 
to the orientational order, the external field indirectly influences the former. This 
can be seen as an enhancement in the AN transition temperature with the field. 
The dielectric constant shows a relatively smooth variation around TAN and using 
this data it is difficult to locate the transition point clearly. On the other hand, the 
resistance (R) of the sample shows a negative jump as the sample is cooled across 
the transition temperature (Figure 8). This might seem unusual as the permeative 
process can be normally expected to decrease the mobility of ions along the layer 
normal in the smectic phase and hence to an increase in the resistance of the sample. 
However one should note that 80CB has a partial bilayer structure and in this case, 
011 remains larger than a1 even well within the smectic range.20 

On the other hand, tII relaxes at a few MHz and even at - 2000Hz which is the 
frequency of measurement, there is a significant contribution of this relaxation to 

l 3  

12 

11 

X 10 M 

x 
3K 

X m o s  
M x  

9 

8 
76 78 80 82 

FIGURE 6 
transition ( 14.95 V), 0 (195.4 V), * (264.8 V), x (334.5 V). 

Dielectric constant of 80CB as a function of temperature across NI 
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the effective conductivity of the sample. The total conductivity is given by 

where r is the relaxation time. The relaxation frequency of 80CB close to TAN 
is - GMHz, and further it decreases sharply when the smectic order sets in.21 The 
contributions of the relaxation to O ( W )  is - 10 % at 2000 Hz and the negative jump 
in the resistance can be understood as arising from that in the relaxation frequency. 

As seen in Fig. 8, in the nematic phase above N 67.5”C the resistance of the 
sample increases with applied voltage at any given temperature. The effect is known 
in weak electrolytes as the phenomenon of limiting current.22 As the AN transition 
point is approached, the resistance decreases between 14.3V and 70.4V and increases 
at higher voltages. This initial decrease implies a slight misalignment of the sample 
in the smectic phase, which increases the effective resistance as q > a~ ’O. As the 
voltage is increased, the alignment improve producing the normal trend above 70V. 

0.4 

0.3 
S 

0.2 

0.1 

79 79.5 80 80.5 81 81.5 

T(OC) 
FIGURE 7 
in 80CB across NI transition. 0 ( 284.5 V), * (306.7 V), (334.5 V). 

Variation of order parameter as a function of temperature and voltage 
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ELECTRIC FIELD EFFECTS 171 

By identifying the temperature at  which R has a minimum as TAN, we have 
plotted the latter as a function of the applied voltage in Figure 9. The data can be 
fitted quite well to a function of the form: 

The quadratic dependence on E of the shift in TAN can be easily understood on 
the basis of the Landau-de Gennes theory of A-N transition’. Adding the electric 
field dependence to the free energy density in this model, we get 

where 1y and P are the coefficients of the Landau theory of the A-N transition, TINA 
is the second order AN transition temperature, 7 the coefficient which couples the 
smectic order I 11, 1’ to the orientational order, which is enhanced by (S-So) in the A 
phase compared to its value (So) in the nematic phase at the same temperature, and 
x is a susceptibility which minimises the nematic free energy F(N)so when the 

11 

10 

R f M m )  9 

8 

7 

K 
“62 64 66 68 70 

FIGURE 8 Variation of the resistance of 80CB as a function of temperature at 
different values of the applied voltage across TAN . The frequency used is 2170 Hz. 
B (14.3 V),* (70.4 V), 0 (127.0 V), x (199.5 V), A (273.0 V), 0 (348.0 V). 
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172 G. BASAPPA AND N. V. MADHUSUDANA 

order parameter is So. As was argued by de Gennes, x is small when TAN is far 
below TNI, and AN transition remains second order in character. Minimising the 
above free energy with respect to S we get 

xAc 2 s = so + x7 I II l2 t K E  

and substituting this value in equation 8, we get 

(9) 

The above equation leads to an enhancement of T;VA which is quadratic in the 
electric field consistent with the experimental result. The calculated variation shown 
in Figure 9 corresponds to rx/a = 2.71 x cgs units. 

66.4 

66.2 

66 
V0C 1 

65.8 

65.6 

0 100 200 300 400 

V(v0lt) 
FIGURE 9 AN transition temperature as a function of applied voltage in 80CB. 
The solid squares represent values derived from the experimental data given in Figure 
8. The line gives the theoretical variation predicted by the Landau model. 

Thus our experimental technique can be conveniently used to study the effect 
of a strong electric field on both the NI and AN transitions. As we stated earlier, 
the variation of the order parameter with temperature cannot be described well 
by the simple Landau theory with the minimal set of coefficients that were used 
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ELECTRIC FIELD EFFECTS 173 

in Equation (4). In addition, in this model, the quenching of the long wavelength 
thermal fluctuations of the director by the external field is also ignored. As was 
shown by de Gennes’, this effect produces an enhancement in the order parameter 
given by 

where K is the curvature elastic constant of the nematic ( in the one constant ap- 
proximation). This contribution to the enhancement in S is linear in E and becomes 
quite important when S is small, as was shown by Lelidis et al.14 

From the experimental point of view, it is likely that near the periphery of the 
electrode, the temperature is slightly lower than that in the center. From the depen- 
dence of the width of AN transition on field (See Figure 8) this gradient does not 
appear to be very serious. We are now redesigning the electrode pattern to further 
reduce this effect. As the order parameter response time is quite fast compared to 
the frequencies used in our experiments the system can be expected to be inherently 
non-linear. However, the amplitudes of the higher harmonics are quite small and 
have been ignored in the present analysis. 

In conclusion, we have described a technique of measuring the local temperature 
of liquid crystal samples subjected to strong electric fields. An electric impedance 
analysis of the cell allows us to measure both the dielectric constant related with the 
orientational order parameter and the conductivity which is sensitive to the trans- 
lational order parameter in the medium. We are now improving the experimental 
technique to reduce possible temperature gradients and to incorporate optical mea- 
surements. We intend to take up systematic studies on the influence of electric fields 
on the phase transitions of several liquid crystalline compounds. 
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