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Frequency variation of periodic distortion thresholds in a nematic

liquid crystal

by SHILA GARG*, STEVEN WILD² , BEN ZURN³ , SALMAN SAEED§
Department of Physics, College of Wooster, Wooster, Ohio 44691, USA

and U. D. KINI

Raman Research Institute, Bangalore 560 080, India

(Received 12 September 1997; accepted 28 October 1997 )

Investigations are reported on the electric ® eld induced orientational transitions in the bend
FreÂ edericksz geometry under the action of a stabilizing magnetic ® eld. When the magnetic
® eld is strong enough, the deformation above electric threshold is periodic with the periodicity
disappearing at a higher voltage. The alignment does not remain homeotropic below threshold
and the sample exhibits pretransitional biaxiality. Every transition is discontinuous and
accompanied by hysteresis. The expected form of scaling appears to hold for all the observed
thresholds. The thresholds and the direction of the wave vector are frequency dependent,
showing that the instability mechanism involves electrical conductivity.

1. Introduction modi® cation of E inside the nematic sample caused
The application of external electric (E ) and magnetic by director gradients [8, 9]. A variety of e� ects arises

(H ) ® elds along suitable directions in nematic liquid depending upon various factors, such as the frequency
crystals leads to a number of interesting e� ects, many of ( f ) of applied voltage, the initial alignment, presence of
which are well accounted for in terms of the continuum ionic impurities, signs of dielectric anisotropy (eA ) and
theory [1, 2]. These e� ects arise when the destabilizing electrical conductivity anisotropy (sA ), sample thickness
orienting torques due to external ® elds overcome stabilizing and magnitudes of viscoelastic constants [2]. One of
elastic torques. The orientation of a well-aligned nematic the widely studied nematics is MBBA with eA<0 and
sample (see ref. [3] for reviews on interfacial properties) sA>0. In su� ciently pure planar aligned samples of
becomes stabilized by the application of H along n if such a material, a static PD [10] can manifest itself due
the diamagnetic anisotropy is positive (xA>0). If H is to ¯ exoelectricity [7] under the action of a d.c. ® eld
impressed on the aligned sample normal to the initial applied normal to the sample plane. If the sample con-
orientation, a homogeneous deformation (HD) results, tains ionic impurities, a variety of electrohydrodynamic
with n uniformly distorted in the sample plane, provided instabilities (EHDI) can be observed culminating in
that H exceeds the FreÂ edericksz threshold. In materials d̀ynamic scattering’ at high voltages [2]. The simplest
with high elastic anisotropy [4, 5], the deformation of these instabilities is seen as `Williams domains’ which
above the magnetic threshold is striped or periodic (PD). appear as a static stripe pattern caused by uniform
The occurence of PD in these cases has been explained cellular ¯ ow inside the sample. The C̀arr± Helfrich mech-
by the use of continuum theory [4, 6]. anism’ provides an explanation for the appearance of

Static deformations under the action of E are also these roll patterns [11]. The electric threshold is a
possible but their theoretical interpretation is more strong function of f [12]; variations of f and voltage
involved than in the case of H due to the presence of also lead to the observation of a number of instability
¯ exoelectricity [7] as well as to the importance of the modes [13] akin to the c̀ascade of instabilities’ observed

in isotropic liquids. Other mechanisms such as charge
injection, are also known to become important in many*Author for correspondence.

² Present address: Physics Department, Indiana University, cases [2]. A number of studies have been reported [14]
IN, USA. on the simultaneous action of E and H ® elds on nematic

³ Present address: Mechanical Engineering Department,
samples of various dimensions; dynamic scattering,University of Minnesota, MN, USA.
material ¯ ow and formation of defects have been§Present address: Liquid Crystal Institute, Kent State

University, OH, USA. investigated.

0267± 8292/98 $12´00 Ñ 1998 Taylor & Francis Ltd.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



502 S. Garg et al.

Studies on homeotropically aligned positive eA thresholds? The experiments are conveniently performed
only with voltages that are stepped up at a low rate. Itmaterials like 5CB [15] have been reported with the

alignment stabilized by H applied normal to the plates is well known [25] that the sudden application of a
destabilizing ® eld can lead to transient periodic structures.and destabilized by an a.c. E ® eld along the sample

plane [16± 17]. Under the joint actions of H and E, a Is PD observed in [23, 24] static or transient?
An attempt is made to answer some of the abovenumber of interesting deformations result. In thick

samples the transition occurring with increasing voltage questions in the present communication. In § 2, the
experimental set-up is brie¯ y described; the experimentalis discontinuous [16] as predicted earlier [18], but

the hysteresis width is much less than that expected results on thresholds for di� erent kinds of static PD,
measurements on pretransitional biaxiality, the hysteresistheoretically. The transition is preceded by ® eld induced

biaxiality [17] similar to that observed in other geo- width of transitions and detection of ¯ ow are also
presented. Section 3 summarizes the main conclusionsmetries [19]. The deformation above the transition is

periodic and appears to involve no hydrodynamic ¯ ow of this work and discusses directions for future
investigations.[16]. Attempts have been made [20, 21] to explain the

occurrence of PD in refs [16, 17] as a purely dielectric
e� ect. 2. Experimental set-up and results

The experimental set-up is shown in ® gure 1 and wasInvestigations with thin samples and electrodes of
circular cross-section [22] reveal a marked dependence similar to that employed in ref. [23]. Thick cells were

constructed using ¯ at sheet electrodes made of stainlessof the nature of the striped pattern on sample thickness;
an attempt has been made to qualitatively interpret the steel. The electrodes were annealed in a 900ß C oven for

several hours to get them as ¯ at as possible; they weredeformation in terms of both dielectric and conductive
properties of the material. Subsequent work on thick then washed with distilled water and acetone before

constructing the cell. The glass plates were treated withsamples [23] shows that the direction of periodicity of
PD depends on the stabilizing magnetic strength. There a silane solution to ensure homeotropic alignment.

Table 1 contains the dimensions of the cells used for thealso exists clear evidence of ® eld inhomogeneities inside
the medium caused by the electrode shape. Recent di� erent experiments performed in this project. The

construction of a variety of cells with di� erent physicalstudies on 5CB have indicated [24] that thresholds as
well as the direction of periodicity of PD depend on f . dimensions helps in the study of the scaling of thresholds.

Sometimes, more than one cell had to be used in a givenAt high f (1 KHz), PD forms only in the presence of a
su� ciently strong H when the voltage is increased from experiment, as the sample in a given cell deteriorated

with time. The nematic liquid crystal used (EM Industries)zero. Increase of voltage causes successive transition
with change in the periodicity wavevector of PD. At had a nematic± isotropic transition of 35 5́ ß C. The bulk

ionic conductivity was expected to be 10 Õ
10 mho cm Õ

1high voltage, the sample becomes aligned and stripe-
free. Under d.c. excitation or at low f (5 Hz), convective according to the speci® cations of the manufacturer. Once

a bottle of 5CB was opened, it was stored in a desiccatorhydrodynamic ¯ ow (EHDI) is observed; at su� ciently
elevated voltage, the ¯ ow even turns turbulent. This to prevent deterioration from moisture. The initial

orientation n0 was along z which was also the directionestablishes the involvement of electrical conductivity in
the formation of PD. Exact theoretical modelling of of the stabilizing H ® eld, while the electrodes were in

the yz plane; a.c. voltage was measured and reportedthese phenomena is di� cult without a more detailed
empirical understanding of the parameters connected in rms volts.
with PD.

Some questions also require answers. The detection
Table 1. Dimensions of samples used.of PD can be e� ected visually or by measuring the

output from a photodiode. Do both methods lead to Cell Thickness Electrode
the same value for the observed PD threshold? The number /mm gap/mm Figure reference
® rst transition from the initial homeotropic state is

1 584 4 8́4 5 (a± c), 7accompanied by ® eld induced biaxiality. How does the
2 610 5 1́6 5 (a), 6extent of this biaxiality depend on di� erent parameters? 3 600 4 7́7 5 (a)

At a given f , PD has a lower cuto� H ® eld. How does 4 640 4 6́8 2 (a, c, d ), 3 (c, d ), 5 (a± d ), 8
the cuto� vary with f ? Almost every transition is 5 560 4 4́0 3 (a, b), 4, 5 (a± c)

6 417 4 0́5 5 (a± d )known to be discontinuous and hysteretic. How does
7 530 4 1́3 5 (d )the hysteresis width depend on H and f ? Thresholds of
8 200 5 1́5 9static deformations are known to obey approximately 9 600 4 6́5 2 (b)

certain scaling laws. Do scaling laws exists for the PD
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503Nematic periodic distortion thresholds

Figure 1. Experimental set-up. E =electric ® eld, H =magnetic ® eld, n0=undistorted director.

The cell was housed in a thermostat which achieved striped phase, back lighting was employed. The lens
used on the ® brescope, however, appeared to give slightlylong term temperature stability of better than Ô 10 mK

around a mean temperature of 28 ß C. Thresholds for distorted images; for instance, the electrodes may appear
curved as a consequence.the onset of orientational instabilities were optically

monitored using the video technique described before
[23]. Photovoltage measurements were also performed 2.1. Field induced biaxiality

Observations were made to study this phenomenonwith light from a He± Ne laser incident along z on the
centre of the sample. in the present instance. Two di� erent cases were studied.

In the ® rst, cell 4 was used. With H =1000 G, the voltageThe photodiode sensed orientational changes occurring
over only a narrow region of the sample midway between was slowly increased at f =900 Hz. The photodiode

trace in the presence of crossed polarizers is shown inthe two electrodes. At a ® xed H ® eld, the voltage applied
between the electrodes was ramped up from zero at a ® gure 2 (a). The intensity increases continuously, but

slowly with voltage. When the voltage attains a su� cientlysteady rate of 2 3́ Ö 10 Õ
3 V s Õ

1 ; this is the ramp rate
used for most of the measurements. With this ramp rate, high value, the intensity rises sharply; this is referred

to as the p̀hotodiode threshold’ in the present work.deformations observed above thresholds were stationary
if the voltage above the threshold value was held ® xed. Beyond the threshold, the intensity dips and then rises

again to saturate at some value. Interestingly, no twoTo calculate a threshold from photodiode data, line
® ts were made to the baseline and to the sharply photodiode runs (di� erent H ® eld and di� erent

frequency) behaved identically though most conformedrising portion of the curve. The voltage corresponding
to the intersection of the two lines was taken to be the to the description given above up to the rise at threshold.

In a thick sample, even a small variation in the averagethreshold. This is a consistent method for threshold
determination by this technique. The imaging system director orientation could cause a considerable change

in the path di� erence between the ordinary and extra-was a ® brescope attached to a CCD video camera whose
output was digitized by the video board on a Power ordinary rays leading to oscillations in the transmitted

intensity between crossed polarizers. Evidence of this isMacintosh 8500. For the video observation of the
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504 S. Garg et al.

Figure 2. Sample photodiode traces
for di� erent magnetic strengths
and frequency. The photodiode
sensor is midway between the
two electrodes; the photovoltage
is measured in arbitrary units.
(a) Between crossed polarizers,
H =1000 G, f =900 Hz; the
sharp increase of photovoltage
indicates onset of deformation
in the director ® eld at the sample
centre. (b) Without polarizers,
no stabilizing magnetic ® eld,
d.c. voltage; the drop in trans-
mitted intensity above trans-
ition is due to scattering by
turbulent ¯ ow inside the sample.
(c) Between crossed polarizers,
H =0, f =1500 Hz; voltage
ramp up. (d ) Between crossed
polarizes, H =0, f =1500 Hz;
voltage ramp down. The
hysteresis is clearly evident.

(a)

(b)

available in some cases; when the intensity rises after The initial rise in intensity with voltage is a clear
indication of ® eld induced pretransitional biaxialitythe dip, it oscillates about a mean value with further

increase in voltage. [17]. The stabilizing H along z quenches uniformly the
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505Nematic periodic distortion thresholds

Figure 2. (Cont.)

(c)

(d)

director ¯ uctuations that occur in every plane containing polarizers is negligible. Even in the presence of small
director perturbations, the cylindrical symmetry aboutthe z axis. If H is strong enough, the intensity of light

transmitted along the optic axis (z axis) between crossed z is not lost. Once voltage is applied, the situation
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506 S. Garg et al.

changes: the destabilizing E along x has no e� ect on in the second cloudy region near the other electrode. At
a still higher voltage, the two banded regions travel¯ uctuations in the yz plane but it enhances ¯ uctuations

occurring in other planes, its e� ect being maximum on towards the centre of the cell where they merge (or
interfere) to result in static XY deformations [® gure 3 (b)],¯ uctuations in the xz plane. This causes a small director

deformation, with the x component stronger than the y regardless of whether the stripes near the electrodes were
initially X or Y . The XY deformations appear to formcomponent. Consequently, a small amount of light is

transmitted through the crossed polarizers as the voltage as a consequence of c̀urling up’ of the original X or Y

stripes. When the voltage is ramped up further, the XYis increased from zero [® gure 2 (a)]; the intensity shows
a slow but steady growth with voltage. In other words, deformations grow fainter and start to disappear; ® nally,

the cell becomes stripe-free. The sample appears darkthe uniaxiality of the sample about the z axis is broken
and the sample e� ectively becomes optically biaxial; the between crossed polarizers showing that the director

® eld is aligned along x in the bulk of the sample. Thedegree of biaxiality grows with voltage.
The above mentioned observation is to be contrasted above scenario is typical of strong stabilizing magnetic

strengths, H >1000 G. For weaker H ® elds (see § 2.3 ),with the results of ® gure 2 (b) for cell 9. These results are
represented in anticipation of some e� ects which will the initial modulated phase to be stabilized is XY .

Figure 4 contains the state diagram obtained with cellbe described later. In this case, H is switched o� ; the
polarizers are also removed. In the absence of applied 5 at f =1500 Hz. Six di� erent H ® eld strengths were

chosen ranging from 1000 to 3000 G. As the stripes arevoltage, the light intensity transmitted is maximum. Now
d.c. voltage is applied. As the voltage is increased, the di� use for weak H ® elds, the range H <1000 G was

not included in ® gure 4. An increase of voltage at aintensity starts to diminish slowly; at a threshold, the
photodiode output exhibits a sharp decrease and then given H leads to the formation of X stripes and then

XY deformations; ® nally, the orientation in the samplean increase; at higher voltages, transmitted intensity
diminishes and saturates at some lower value. It is found appears to become aligned along x at a su� ciently high

voltage. Values of the visually detected X threshold are(see § 2.8 ) that the processes represented by ® gures 2 (a)
and 2 (b) are entirely di� erent. The results of ® gure 2 available for ® ve other cells (1± 4 and 6; see table 1)

which have di� erent sample thicknesses as well as di� erentcorrespond to a region near the sample centre. A more
complete understanding of the onset of director defor- electrode gaps. The existence or otherwise of the well-

known scaling with respect to cell dimensions can nowmation results from optical observations reported in
subsequent sections. It is now possible to view almost be ascertained through order of magnitude arguments

connected with small deformations (remembering thatthe entire sample and record thresholds for the onset of
deformations even when these distortions develop away the distortions reported by us are non-linear) in a sample

limited along only one direction.from the centre of the sample. As explained below, it is
now possible to construct s̀tate diagrams’ at di� erent According to the continuum theory [1, 2], static

instability thresholds are obtained by balancing elasticelectrical frequencies.
torques against destabilizing torques exerted by external
® elds. For small deformations, the elastic torque per unit2.2. State diagram for the modulated phase

State diagrams for di� erent deformations were volume is of the form K (d2
h/da

2 ) where K is a curvature
elastic constant, h the (angular) deformation in n and aobtained in the V ± B plane. A typical sequence of obser-

vations will ® rst be described with emphasis on the high a coordinate (x, y or z) having the dimension of length.
The electric and magnetic torque densities are givenfrequency regime. When the voltage is increased from

zero at a ® xed H ® eld, a cloudy region appears near one by eA E
2
/(4p) and xA H

2, respectively, where H is the
magnetic intensity. The equation of equilibrium requiresof the electrodes. On further increase of voltage, a similar

cloud starts to form near the other electrode. The ® rst that the sum of these torques vanish at all points in the
sample. When the sample is limited only along z, a cancloudy region is monitored as voltage is continuously

enhanced; then, modulations appear inside the cloud near be scaled by the semi-sample thickness (h) and the
equation of equilibrium multiplied throughout by h

2.the electrode. Depending upon the strength of H and the
frequency, the modulations may be along y [X stripes; Then the electric and magnetic terms take the form

eA E
2
h

2
/(4p) and xA h

2
H

2, respectively. The products Eh® gure 3 (a)] or along x [Y stripes, ® gure 3 (c) ]. As soon
as the stripes are resolved su� ciently to be identi® ed as and Hh occur together. For rigid anchoring of n at the

boundaries, results for di� erent sample thicknesses canperiodic, the voltage across the cell (e.g. VM ) is taken to
be the threshold for the onset of the given PD. The be made identical by plotting the scaled electric potential

Eh versus the scaled magnetic potential Hh.voltage can be increased further to ® nd out how the
modulated phase evolves in other regions of the sample. In the present case, the cells are ® nite; in particular,

the electrode gaps are di� erent in di� erent samples withAt a voltage slightly higher than VM , stripes are manifest
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507Nematic periodic distortion thresholds

(a)

Y

X

(b)

(c) (d)

Y

X

Y

X

Y

X

Figure 3. Appearance of the modulated phase of di� erent kinds in cell 5 [® gures 3 (a), and 3 (b) ] and cell 4 [® gures 3 (c), and 3 (d )]
(see table 1 ). Voltage ramp rate=4 5́ Ö 10 Õ

3 V s Õ
1 ; stabilizing magnetic ® eld 1000 G for all cases. (a) X stripes, (b) XY

deformations, (c) Y stripes, (d ) X + Y stripes. Frequency f = (a) 1500 (b) 1500 (c) 30 (d ) 600 Hz. Voltage= (a) 44 6́3 (b) 50 8́2
(c) 51 7́1 (d ) 46 8́9 V. The di� erence between the XY deformations and the X +Y stripes may be noted. In (a), X stripes can
be seen near one of the electrodes; (b) shows the XY deformations occupying the inter-electrode region.
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508 S. Garg et al.

Figure 4. State diagram for the modulated phase at electric ® eld frequency f =1500 Hz for cell 5 at the ramp rate of
2 3́ Ö 10 Õ

3 V s Õ
1. Triangles indicate the X threshold, circles the XY threshold and stars the stripe-free threshold. This diagram

is complemented by ® gure 7.

E =V0 /(2g ) where 2g is the electrode gap and V0 the Observations even after a gap of 12 h show that the
stripes remain unchanged; hence the deformations seenapplied voltage. The scaled electric potential is V0 h/g.

Scaling is tested by plotting the scaled X stripe threshold here are indeed static. The fact that the cloudy region
representing the initial instability appears at di� erentvoltage VM h/g as a function of the scaled magnetic

potential 2Bh for di� erent cells at f =1500 Hz [® gure 5 (a)]. voltages at the two electrodes under a.c. excitation shows
that there exists some asymmetry in the sample itself.Points from di� erent cells lie fairly close together

showing that scaling exists for this threshold. Values This can be established by reversing the connections of
the cell. The cloudy regions appear at the two electrodesfor the other thresholds (X stripe to XY transition, XY

to stripe-free transition at f =1500 Hz; Y stripe at in the same sequence as earlier.
The photodiode measurements are used to establishf =100 Hz) have also been obtained for di� erent cells

and are shown in ® gures 5 (b) ± 5 (d ). Scaling appears to an important fact. Figure 6 compared thresholds
obtained by two di� erent techniques for cell 2. One ishold for all these thresholds. The curves all seem to

be linear in the range of H ® elds used. Results for the threshold found by visual observation for X stripes.
The other is the threshold determined from a plot ofweaker H ® elds have not been included due to the

di� culty in locating the thresholds; it is likely that the photodiode output: this is the voltage at which the
photodiode output shows a steep rise. The photodiodevariations of the electric threshold for weak H ® elds

becomes non-linear (see, for instance, ® gure 1 of ref. [21] threshold is consistently higher than the visual threshold.
The di� erence between the two thresholds shows thatwhich represents theoretical calculations for linear

perturbations). If this is true, then linear extrapolation when a distortion appears near the electrodes, n near
the sample centre is relatively undeformed. This is clearlyof the curves in ® gure 5 to low H ® elds may lead to

erroneous conclusions. due to the inherent spatial inhomogeneity of E in the
present con® guration.The voltage changes are dynamic, though slow.

Hence, a doubt may arise whether the PD seen is a The factors that may contribute towards making E

spatially inhomogeneous can be identi® ed. The samplestatic deformation or a transient convective structure
[25]. This is checked as follows. Once the X or XY corners represent interfaces between glass (isotropic

dielectric), nematic (anisotropic dielectric) and metaldeformations forms, the voltage is kept constant.
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509Nematic periodic distortion thresholds

Figure 5. Plots of scaled threshold
voltages versus scaled mag-
netic potential for f =1500 Hz.
(a) Scaled X threshold of cells 1
(open triangle), 2 (open circle),
3 (cross), 4 (plus), 5 (open
square) and 6 (open diamond);
scaling appears to hold for all
the above thresholds. (b) Scaled
XY threshold of cells 1, 4, 5
and 6. (c) Scaled stripe-free
threshold of cells 1, 4, 5 and 6.
(d ) Plot for f =100 Hz scaled
Y threshold of cells 4, 6 and 7
(star).

(a)

(b)

(conductor). At such points, E can be expected to be points for a thresholdless distortion. The glass plates
are treated to impart homeotropic orientation, but thespatially non-uniform at even low applied voltages;

this may cause the sample corners to act as nucleation electrodes are untreated. The possibility exists that
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510 S. Garg et al.

Figure 5. (Cont.)

(c)

(d)

even in the absence of voltage, the director ® eld near distortion may grow with the voltage. We have not
made a detailed optical search for defects near thethe sample corners may contain defects. When the

voltage is increased from zero, the already present sample corners.
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511Nematic periodic distortion thresholds

Figure 6. Comparison of experimental thresholds for cell 2 for onset of instability from the aligned state. At the given H ® eld,
the triangle represents the X threshold obtained from visual (video) observation. At the same H ® eld, the star gives the only
instability threshold that can be detected using the photodiode output. The star always lies above the triangle.

A limitation of photodiode measurements must be stripes can set in above an electric threshold even
without the stabilizing H ® eld. The Y threshold doesborne in mind. Visual observation reveals not only the

transition from the initial aligned state to the X stripe, have a lower cut o� H ® eld, but being always less
favourable than the X threshold, predictions for the Ybut also other transitions at higher voltage (from X to

XY and then from XY to the stripe-free state). From stripes are of no real interest. It is, therefore, necessary
to ® nd out whether stripes can set in for weaker ® eldsthe photovoltage measurement, the ® rst transition is

completely missed. Only the transition to XY distortions and in particular at H =0.
Initially, f is ® xed at 1500 Hz and h is constant. Theappears to be recorded as this occurs within the limited

view of the photodiode sensor. At higher voltage, the voltage applied to the aligned sample is increased and
the threshold, as well as the appearance of distortionchange-over to the stripe-free state cannot be located at

all, as the photovoltage simply saturates. During the above threshold, are visually monitored. Figure 7 cap-
tures the main results of observation at threshold. Intransient movement of the stripes from the electrodes

into the sample centre leading to the formation of the the range 0<H <200 G, it is not possible to see stripes
or modulations. At transition, the initial alignmentstatic XY deformations, the photovoltage does exhibit

oscillations; this is clearly due to the temporal change
in the average refractive index (or optical path di� erence)
of the material. The remaining results of this work are
based mainly on optical observations. In some places,
the photodiode threshold is also included for comparison.

2.3. Investigation of the cut-o� H ® eld
Figure 7. Qualitative phase diagram of the modulated phaseHaving found the phase diagram for strong H ® elds

as a function of H at f =1500 Hz; H is known correct to
in the high frequency range, the weaker H ® eld range is Ô 10 G. At low H ® elds, the transition appears to be to a
studied for the following reason. According to pre- homogeneous (aperiodic) deformation. These results are

to be supplemented with those of ® gure 4.dictions of the linear perturbation model [21], the X
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512 S. Garg et al.

appears to go over to HD with the distortion being the modulated phase with H of 1500 G by visual
observation without the use of polarizers. Cell 4 wasuniform in the ® eld of view² . Either stripes cannot

appear or they are too di� use to be seen. With increase used with a ramp rate of 0 0́13 V s Õ
1.

The measurement of hysteresis width is straight-in the voltage, the distortion remains homogeneous.
At slightly higher H (200<H <250 G), faint XY forward. For case (ii ), the voltage is increased from zero.

Then, X stripes appear at V (X )th , say. On ramping updeformations appear above a threshold voltage; these
distortions also make their ® rst appearance near the the voltage, XY deformations set in at a higher voltage,

V (XY )th . On enhancing the voltage further, the sampleelectrodes. When the voltage is increased further, they
disappear leaving the sample stripe-free. In the next becomes stripe-free at V (SF)th . The sequence is similar

to the one described in ® gure 4; the voltage is increasedrange (250<H <500 G), the XY deformations are again
observed but they appear to be much less di� use than above V (SF)th and then diminished. Interestingly, XY

deformations do not appear at all. The only modu-in the lower B range. These again disappear from the
cell at higher voltages leaving an aperiodic deformation. lated phase seen is the X stripe and it appears at

V ¾ (SF)th>V (X )th but occupies almost the entire inter-Finally, when 500<H <1000 G, the post threshold
deformation is X stripe; but the stripes are fainter than electrode gap. When the voltage is decremented further,

the cell becomes stripe-free at V ¾ (X )th but there existsthose seen in the higher H ranges. These fade away with
increase in voltage as in the other cases. uniform illumination (polarizers are not used for this

particular measurement; presumably, the sample is closeIt should be clear why only a qualitative study has
been reported for the weaker H ® elds. As the stripes to the initial aligned state). The sequence of observations

is summarized in table 2. The appearance of the XYthat appear are di� use, it is di� cult to pinpoint the
threshold accurately. It is also di� cult to measure the deformations above the X stripe only during the voltage

increase is somewhat intriguing. It appears that theexact voltage at which the sample becomes stripe-free.
Still, this investigation makes is possible to distinguish transition from X to XY is `monotropic’ (assuming that

increase of voltage is h̀eating’).between three distinct ranges of H ® eld. In the ®̀ rst
range’ studied in ® gure 7 (0<H <200 G), a single For case ( i) , the ® eld of view is initially dark. Under

voltage increase, V th is the point at which the photo-transition occurs from the initial aligned state to HD. In
the s̀econd range’ (200<H <1000 G), two transitions voltage starts increasing sharply [® gure 2 (c) ]; under

further increase of voltage, the photodiode outputare observedÐ one from the initial aligned state to a
stripe deformation (generally di� use), the second from saturates. When voltage is diminished, the photovoltage

starts decreasing sharply at V ¾th [® gure 2 (d ) and table 2].the stripe deformation to the aperiodic state. In the
t̀hird range’ (1000<H <3000 G), three transitions are The question mark against HD in table 2 appears

because the deformation is not strictly homogeneous.observedÐ from the initially aligned state to localized X

stripes, then to extensive XY deformations and ® nally By de® nition, HD should be uniform in the sample
plane and is expected to occur at the same threshold into the homogeneous deformation.
all parts of the sample. Visual observation reveals that
the distortion starts (in the form of a cloud) near either2.4. Hysteresis measurement

Previous studies have shown [16, 17] that the electric electrode and spreads to the centre above the photodiode
threshold causing a dark line ( like a wall ) to appearbend transition, even in the absence of a stabilizing H

® eld, is discontinuous; the accompanying hysteresis midway between the electrodes. At this stage, the sample
appears to be stripe-free on either side of the line.width appears to agree well with theoretical calculations.

Both threshold and width increase with a stabilizing H

® eld but the width appears to be about an order of 2.5. Frequency dependence of threshold at H =0
The e� ect of frequency on the onset of instability wasmagnitude less than the calculated value for strong H .

Hence, hysteresis ( if present) must be studied in the studied in the absence of H ( ® gure 3 of ref. [24] ). Cells
1 and 2 were used for this study and the thresholds werepresent case.

Hysteresis was measured for two di� erent cases with
a.c. frequency of 1500 Hz: (i ) in the absence of H by

Table 2. Hysteresis data.photovoltage measurement at the sample centre; (ii ) for

H Ramp up Ramp down Hysteresis
Gauss Deformation Vth /V V ¾th /V width/V

² Formally, HD is a director distortion that is uniform in
the sample plane. We refer to the post threshold deformation 0 HD(?) 12 0́7 5 3́5 6 7́2
as HD if stripes are not seen. Though stripes are absent, HD 1500 X stripe 57 1́0 55 3́9 1 7́1
observed by us will not be uniform especially near the 1500 Stripe-free 84 5́7 78 9́4 5 6́3
electrodes.
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513Nematic periodic distortion thresholds

determined only for ramp up. The voltage at which the threshold is also a function of frequency in the presence
of H ; the direction of stripes may also become frequencyphotovoltage starts rising sharply was taken to be the

threshold. For a given cell, the threshold remains more dependent. This is tested as follows. H applied to the
aligned sample is initially ® xed at a high value (3000 G).or less constant in the higher frequency range. When

the frequency diminishes to around 200 Hz, the threshold The frequency is also ® xed at the upper limit (1500 Hz).
The voltage is increased from zero and the stripealso deceases. For f <150 Hz, the threshold drop is very

sharp; there is a strong indication that for d.c. excitation, threshold is visually determined as described earlier. In
these experiments, the voltage is not greatly increasedthe threshold may be either very small or even zero. The

dielectric constants of the material are known to be (i.e. about 10% of the threshold) above the ® rst stripe
threshold; the quantities of interest are the ® rst thresholdalmost independent of the frequency for f <1500 Hz

[15]. Based on the qualitative discussion in § 1, the encountered and the nature of the stripes that are seen
at and slightly above this threshold. Keeping H ® xed,following points can be stated.
the experiment is repeated at other frequencies (down

(i ) Theoretical analysis shows [12] that the calcu- to 30 Hz). Then, H is decremented and the entire process
lated threshold for the onset of instability becomes repeated. The stripe threshold decreases with H at a
frequency dependent even when the individual given frequency. But an additional fact also emerges
conductivities are assumed to be independent. from a study of the frequency dependence of the stripe
This frequency dependence stems from the time threshold at a ® xed H .
varying nature of E. This is one of the causes of Figure 8 contains the plots of stripe threshold
frequency dependent thresholds in the present (determined visually) and photodiode threshold as
work. functions of frequency at H =1000 G in the range

(ii ) The individual electrical conductivities of a 30< f <1500 Hz. In general, the photodiode threshold
nematic are themselves known to vary with the is higher than the visual threshold for all frequencies;
frequency of the applied ® eld in some materials, the two become close only in the low frequency limit.
especially in the low frequency range ([26]; see Three frequency ranges can be distinguished.
also ® gure 2.8 of ref. [2] ).

(iii ) The steep droop in the threshold starting at about (i ) The high frequency range, 900< f <1500 Hz.
f =150 Hz makes it possible to compare this Only X stripes are observed at and slightly above
frequency with a cuto� frequency via a simple threshold. The appearance of the deformation is
calculation. It is well known [12] that for a a set of bright and dark lines parallel to x ; the
nematic with planar alignment, a cuto� frequency brightness of a bright band is approximately
is de® ned as fC=4ps)/e) where s) and e) uniform within that band. The X threshold
are, respectively, the electrical conductivity and decreases slightly with frequency in this range.
the dielectric constant normal to the director. (ii ) The middle frequency range, 300< f <900 Hz.
For homeotropic alignment, one similarly obtains X stripes are seen at the ® rst threshold. These
fC=4ps

d
/e

d
where s

d
and e

d
are quantities appear again as uniform dark and bright stripes

measured parallel to the nematic director. Taking directed along x . The X threshold tends to
fC=150 Hz and e

d
=17 8́6 (from ref. [15]), the increase slowly as the frequency is decreased.

conductivity can be calculated. One obtains At the same time, the X stripes that form at
s
d
=210 sec Õ

1=2 3́4 10 Õ
8 mho m Õ

1. The actual threshold become more and more di� use. (For
values of electrical conductivities of the studied f <300 Hz, X stripes do not form at all.) In the
samples are not known. According to literature middle frequency range, a new deformation
[2], it is not uncommon to ® nd bulk conductivities appears above a well de® ned, second threshold
~10Õ

7 ± 10Õ
10 mho cm Õ

1 in commercially available when voltage is increased at a given frequency;
nematics. we refer to this as the X +Y stripes. As seen

(iv) Charge injection may also become important at from ® gure 8, the X +Y threshold is slightly
low frequencies in the presence of conducting above the X threshold. The resulting deformation
impurities. Indirect evidence for this is presented appears to have a mixture of the X and the Y
in § 2.7. stripes; an example of the X +Y stripe is shown

in ® gure 3 (d ). An approximate description of this
deformation is that the X stripe remains but2.6. Frequency dependence of stripe threshold
appears to become twisted so that the brightnessThe study reported in § 2.5 indicates that the photo-
of a bright stripe varies along the stripe. Thisdiode threshold is strongly frequency dependent in the

absence of a stabilizing H . It is possible that the stripe distortion is to be distinguished from the XY
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514 S. Garg et al.

Figure 8. Variation of stripe threshold with the electric frequency at a ® xed magnetic stength (H=1000 G) for cell 4. The
threshold is the ® rst encountered when the voltage is increased from zero. Stars= thresholds from photovoltage measurements
at sample centre; pluses=video observation of X threshold; circles=X +Y threshold; triangles= Y threshold.

deformations encountered earlier [® gures 3 (b) saturates; hence there is no detectable threshold. This is
consistent with the ® ndings reported in § 2.5 (sharpand 4] in the high frequency range at high

voltages; the direction of the XY deformations is decrease of photodiode threshold in the low frequency
range, though in another sample). For H >1200 G,itself inclined at some angle with the x axis.

(iii ) The low frequency range, 30< f <300 Hz. The however, the distortion above threshold is of the XY

type.deformation that appears at and slightly above
threshold is Y stripe; X stripes or X +Y stripes As has been already mentioned, the case of d.c. and

low frequency ® elds is often complicated by the presenceare not seen. The Y threshold rises rapidly as the
frequency is diminished towards the lower limit. of other mechanisms, such as unipolar charge injection.

Methods for demonstrating the existence of such an
e� ect include reversal of the polarity of the cell and2.7. d.c. T hresholds

The observations for a.c. excitation were generally the use of a.c. excitation. This was done for cell 4 with
H =1500 G. With a frequency of 1500 Hz, the voltagerepeatable, with qualitatively similar results being

obtained in di� erent cells. The e� ects of d.c., on the was ramped up until a cloudy region was observed near
one electrode (say, the right electrode). For the same cellother hand, showed an erratic trend; observations in one

cell not always being reproducible in another. While all with d.c. excitation, the cloud starts to appear ® rst at
the other electrode ( left ); the situation does not changereasons for this are not yet apparent, one possibility is

the use of metal surfaces for electrodes [3]. A separate when the d.c. polarity is reversed. This di� erence between
a.c. and d.c. excitations appears to indicate that processescell (with 600 mm thickness and 4 3́2 mm electrode gap)

was used in these experiments. With a stabilizing H of an electrochemical type may be active under d.c.
excitation.impressed on an aligned sample, video observations and

photovoltage measurements were separately performed
as the voltage was increased from zero. For H <1200 G, 2.8. Detection of EHDI

The frequency dependence of the thresholds ( ® gure 8)no modulated phase can be detected. Study of the
photovoltage reveals that for weak H ® elds, the trans- has already shown that the instability mechanism

should involve electrical conductivity of the medium.mitted intensity increases continuously with voltage and
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515Nematic periodic distortion thresholds

Interestingly, the shape of the threshold versus f plots in of the sample just above threshold. Visual observation
under crossed polarizers shows that the ® eld of view isour H =0 data [24] is qualitatively similar to that of the

conductivity versus frequency curves for some nematics ® lled with ¯ uctuating domains indicating turbulent ¯ ow
with n changing continuously in a random way. In this([26]; ® gure 2.8 of ref. [2]). A fact that strengthens this

conclusion is the observation of threshold for weak H state, the sample scatters light strongly. When light from
the laser is shone on the sample and the sample viewed® elds at high frequency and the non-existence of a d.c.

electric threshold. It is quite possible that e� ects of from a direction close to that of incidence, the surface
of the cell appears to glow strongly. On moving the lineconductivity are weakened at higher electric frequencies.

This makes it necessary to look for hydrodynamic ¯ ow of sight away from the direction of incidence, the glow
diminishes. Observation of transmitted light from theunder d.c. excitation as this is the signature of EHDI.

To test for the presence of ¯ ow e� ects, a cell (600 mm other side of the cell shows a s̀peckle’ e� ect. Figure 2 (b)
is the representative photodiode run (without polarizers)thick and 4 3́7 mm electrode gap) was constructed and

® lled with the nematic liquid crystal doped with a small which gives a more quantitative con® rmation of dynamic
scattering.quantity (approximately one hundredth by volume) of

® ne chalk dust. It is possible to obtain aligned samples
even after mixing the impurity. The sample is left under 3. Conclusions

A nematic liquid crystal with initial homeotropica H ® eld of 1000 G for some time; then, the voltage is
increased until Y stripes appear. The voltage is increased alignment has been subjected to crossed H and E ® elds,

with E in the sample plane. Sample cells with di� erentslightly further and then kept ® xed. When the cell is
monitored through the video camera, particles are seen spatial dimensions were employed. In the absence of the

stabilizing H , PD is not observed under a.c. excitation.to come into and go out of view when the line of sight
is directed along the z axis con® rming cellular ¯ ow in When a.c. voltage is increased in the presence of a

su� ciently strong H , more than one transition occursthe xz plane. Due to experimental limitations, it is not
possible to make observations to decide whether or not leading to the formation of di� erent types of PD. These

transitions are evident from visual observation, and thethere exists cellular ¯ ow in the yz plane also. When
the voltage is kept ® xed, the cellular ¯ ow continues observed PD does not appear to involve macroscopic

¯ ow. The thresholds conform approximately to a simpleinde® nitely. The ¯ ow also appears to be stationary; the
specks appear and disappear with reasonable periodicity. form of scaling. At su� ciently high voltages the stripes

disappear. Repeated trials in a given cell result inFor a.c. excitation with f =1000 Hz, the stripes appear
but it is not possible to detect cellular ¯ ow. the observation of the same sequence of transitions.

Every transition between successive distortion states isA thinner sample (cell 8) was used for making micro-
scopic observations. At zero H ® eld and a frequency of discontinuous and is accompanied by hysteresis. The

width of hysteresis is a small fraction of the threshold5 Hz, the voltage was raised. Figure 9 is a photograph
even when H is strong. The initial appearance of stripes
only near the electrodes appears to indicate the presence
of strong inhomogeneity close to the electrodes in the
ground state director ® eld and also in E. The nature of
PD as well as the PD threshold show marked depend-
ence on the frequency, especially when frequency is low.
This seems to point towards the involvement of electrical
conductivity in the instability mechanism. With d.c.
excitation, convective ¯ ow is observed in the presence
of a strong H ® eld. Without the stabilizing H , turbulent
¯ ow (dynamic scattering) occurs. The bulk of observations
have been made visually due to the limitation of the
photodiode output described in the earlier sections.
Some avenues that are open for future experiments are
discussed below.

The results reported here pertain to a single temper-
ature. This must be viewed in the light of temperature

Figure 9. Microscopic observation of turbulence in cell 8 at dependence of material properties. The present work
zero H ® eld, electric frequency of 5 Hz and a voltage of

does not report the stripe width of PD, but the general74 6́4 V just above threshold [see also, ® gure 2 (b)]. The
trend of increasing stripe width with diminishing H isscale is 1 : 250. The picture shows a region to the top left

which has not yet undergone the transition. observed. Accurate measurement of periodicity will be
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