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Wave structures have been observed in thin nematic layers of 4-4’-n-pentylcyanobiphenyl. This com- 
pound is nematic between 22 and 35°C. The wave structures are observed in transverse-field cells. In 
this geometry, the electric field (produced by an in-plane electrode structure) and the viewing direction 
are perpendicular. The wave structure occurs at the interface between electrically and surface oriented 
regions of the layer. Layer thickness was varied between 2.5 and 42 microns. The wavelength of the 
structure was found to vary from 15 to 280 microns depending on layer thickness and temperature. The 
conditions of voltage, frequency and temperature which promote the formation of the wave structure 
are discussed. The wave structure occurs in the dielectric regime of the electrical deformation. 

INTRODUCTION 

Mono-domains of nematic liquid crystals are readily deformed by electrical fields. 
The study of these deformations and resultant structures by optical methods fall 
within the field of electro-optics. In the past 20 years, many interesting effects, 
including dynamic scattering’-* and dielectric r e ~ r i e n t a t i o n ~ - ~  phenomena, have 
been reported. 

We wish to report here an interesting and reproducible wave structure found in 
electro-optical cells using a transverse-field geometry. Although this geometry (in 
which the electric field is produced by an in-plane electrode structure) has been 
used by previous a detailed study of this structure is missing from 
the literature. The remarkable wave pattern studied here occurs at the interface 
between electrically and surface aligned molecules of a thin nematic layer. Estab- 
lishing the stable wavelike interface depends on the conditions of field strength, 
frequency, temperature and layer thickness. Thus, we have undertaken a funda- 
mental study of these conditions and explain the wave structure as a dielectric 
orientation pattern. 

EXPERIMENTAL 

The compound, 4-4’-n-pentylcyanobiphenyl (5CB), was chosen for study because 
of its large dielectric anisotropy (A€ = 9) and nematic state at ambient temperature. 
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142 T. SCHELL and S. PORTER 

These features facilitate dielectric reorientation of the molecules parallel to an 
applied field due to the highly polar cyano end group. This compound, as supplied 
by Merck, has a bulk ionic conductivity (a = 0.6 x 10-lo nS/cm) and was used 
without further purification. 

The nematic range for the commercial material as measured by DSC is given 
below: 

22.3"C 35.1"C 

TKN TNI 
solid t----, nematic- isotropic 

The cell geometry for our transverse-field observation is shown in Figure 1. The 
cell consists of a nematic liquid crystalline layer sandwiched between two glass 

light 

t 

end view wire electrode 

epoxy coated film 

nematic layer, 
top view 

treated glass 0 windows 

... . .  .... ..... .... 

top view 

FIGURE 1 Geometry of a "thick"-electrode cell. 
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WAVE STRUCTURES IN NEMATIC LAYERS 143 

plates. The glass plates were chemically cleaned and treated with dichlorodimethyl 
silane to produce spontaneous, homeotropic alignment of the nematic molecules 
perpendicular to the glass. The plate separation, d, was varied from 2.5 to 42 
microns and measured interferometrically. An electric field is applied across the 
nematic layer by means of two electrodes. The electrodes may be as thick as d 
(“thick”-electrodes) or much thinner (“thin”-electrodes). The “thick”-electrode 
construction uses fine diameter wire as the electrodes; whereas, the “thin”-elec- 
trode construction uses thin films (about 1 micron) of conducting indium oxide. 
The electrode separation, L, was varied between 1 and 4 mm. Because the field 
is perpendicular to the direction of light through the cell (see Figure 1), the assembly 
is called a transverse-field cell.* 

Optical observations of the field-induced deformation structures were made using 
a Zeiss polarizing microscope at low magnification (typically 30X). 

OBSERVATIONS 

Without field, the nematic between the two electrodes appears black in cross- 
polarized light. This condition remains when the sample stage is rotated through 
360”. When conoscopic light is used, the interference pattern shows an optically- 
centered cross. This indicates the molecules are perpendicular to the glass surface. 

When an AC voltage is applied, colorful birefringent patterns are produced. 
Figure 2 shows a typical series of patterns produced by applying a 60 Hz AC signal 
across a cell with an L = 2.2mm and d = 12.4 microns. The observations made 
in cross-polarized light are summarized below. 

The inter-electrode area is entirely dark until a threshold field, E,, is reached. 
At this field, birefringence is first perceptible at both electrodes. As the field 
strength is increased further, the birefringent regions near both electrodes increase, 
forming a symmetrical pattern (Figure 2a). A series of colored bands, indicating 
the degree of molecular reorientation, exists between the linear interface and the 
electrode. At a field for wave-onset, E,, perturbations in the linear interfaces are 
just perceptible (see Figure 2b). Above E,, the amplitude of the perturbations 
increases and a regular wave pattern is developed (Figure 2c). The wavelength, A,  
depends on the cell thickness and temperature. Eventually, the birefringent regions 
emanating from either electrode merge in the center of the inter-electrode region 
(Figure 2d). When this occurs, the wave structure collapses. This can be accom- 
panied by a complete coalescence of the advancing birefringent regions; or a black 
disclination line may remain, dividing the two regions. These observations are 
reversed upon reducing the field strength. 

RESULTS 

The effect of layer thickness on the wavelength of the wave structure is shown in 
Figure 3. The values reported were measured at 22°C using a 140 volt, 60 Hz AC 
signal. The data are plotted versus reciprocal thickness to emphasize the limiting 
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144 T. SCHELL and S. PORTER 

(b) 

FIGURE 2 60 Hz AC deformation patterns for a “thick”-electrode cell with L = 2.2 mm and d = 
12.4 microns. Field strengths are: a) 900 Vlcm, b) 1100 Vlcm (E,,,), c) 1250 Vlcm and d) 1450 Vkm. 
See Color Plate I. 
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WAVE STRUCTURES IN NEMATIC LAYERS 145 

See Color Plate 11. 
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146 T. SCHELL and S. PORTER 

I 

effects of the glass surfaces on thick and thin layers. From this figure, two thickness 
regimes can be identified. Layers thinner than about 10 microns (lld > 0.1) have 
a constant wavelength of about 20 microns. For thicker layers, the wavelength of 
the structure scales linearly with reciprocal thickness. The y-intercept of this line 
predicts the wavelength of an infinitely thick layer to be 330 microns. Experimen- 
tally, however, waves could not be established in layers thicker than 42 microns 
because the two interfaces merged in the center of the cell before wave forming 
conditions were met. These results suggest that: 1) the glass surface plays a sta- 
bilizing role in the production of the wave structure and 2) the bulk properties of 
the nematic become more important for layers thicker than 10 microns. 

The threshold field dependence, E,, also demonstrates two regime behavior 
(Figure 3). For layers thinner than 10 microns, E, scales linearly with reciprocal 
thickness. This trend is expected. SoreP predicts E, to  obey the equation: 

1 I I 1 I I 

E, = ( d d )  (K33/A~e,)”2 (1) 

where K33 is the elastic constant for bend deformation and E, is the permittivity 
constant for a vacuum. Thus, from the slope of our curve, we calculate K33 to  be 
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FIGURE 3 Wavelength, wave-onset field, E,, and threshold field, E,, plotted versus reciprocal thick- 
ness. 
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WAVE STRUCTURES IN NEMATIC LAYERS 147 

9.1 x dynes. This is within a decade of the value of 1.69 x dynes 
reported for the same compound by Karat and Madhu~udana.~ For thicker layers, 
E, is small (of the order of 10 V/cm). 

The wave onset field, E,, was found to scale linearly with reciprocal thickness 
as shown in Figure 3. 

The temperature dependence of the wave structure at a constant applied voltage 
is shown in Figure 4. “Thick”- and “thin”-electrode configurations gave equivalent 
results. The wavelength of the waves increased linearly with temperature from 22 
to 32°C. Concomitantly, the definition of the wave structure became more diffuse 
with increasing temperature. From 32 to 35”C, the wave structure destabilized 
entirely and the interface became linear. These results will be discussed in the 
following section. Above the clearing point (35”C), no birefringence and no wave 
structures were observed as expected. 

The interface position may be quantified by a dimensionless number, xlL, where 
x is the distance from the electrode to the interface. Values range from 0 (for 
E < E,) to 0.5, where the two interfaces merge in the center of the cell. For reasons 

I 

isotropic phase 

16 20 24 28 32 36 

TEMPERATURE ( O C  

FIGURE 4 Temperature dependence of wave structure for cells of two electrode geometries: 0-14 
micron, “thick”-electrode cell; A- 12 micron, “thin”-electrode cell. 
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148 T. SCHELL and S. PORTER 

which will become apparent later, the square-root of this quantity is plotted versus 
electric field for a series of "thin"-electrode cells in Figure 5 .  The interface is linear 
at low fields, and wavy at high fields. The wave onset field, E,, is encircled. As 
the field is increased above this level, the amplitude and definition of the waves 
increase. Typically, waves occur closer to the center for thicker layers. 

Figure 5 also shows a linear relationship b e t w e e n a  and E. Since L is identical 
for these cells and V = EL, it follows that xlL scales linearly with VZ. The equation 
for energy storage as a function of time, W(t) ,  in a parallel plate capacitor is given 
by: 

where C is the capacitance of the cell driven by the time dependent voltage V(t). 
Thus, an analogy is made between the interface position and the electrical work 
done on the nematic. Deviations from linearity in the initial regions of t h e m  
vs E curves can be either positive or negative. For thin samples, where the initial 
deformation is dominated by the surface and E, was found to be large, the deviations 
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FIGURE 5 Square root of interface position versus electric field for a series of "thin"-electrode cells. 
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1 49 WAVE STRUCTURES IN NEMATIC LAYERS 

are negative. For thick samples, where bulk properties become more important 
and Ec was found to be small, the deviations are positive. 

The conditions of temperature and frequency which stabilize the wave structure 
are shown in Figure 6. The data span a frequency range from 200 to 2000 Hz at 
constant voltage and cover the entire nematic temperature range. This figure shows 
that high frequencies and low temperatures promote the formation of the wave 
structure. These are conditions where the nematic mesophase responds to a de- 
formation more like an elastic solid than a viscous liquid. The definition of the 
wave pattern also sharpens under these conditions. 

DISCUSSION 

The birefringent patterns shown in Figure 2 are the result of electrically induced 
torques acting on the nematic. The origin of these torques can be either ionic or 
dielectric in nature. Defining the space-charge relaxation frequency8, fc, as 

fc = (J,/27FE, E, (3) 

where uI and e, are the perpendicular components of the anisotropic conductivity 
and permittivity, respectively, two regimes can be identified. For f < f c ,  the cell 

I I I I I I I I I  I 
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FIGURE 6 Interface position versus frequency for a cell with d = 14 microns, L = 1.98 mm and E 
= 700 Vlcm. 
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150 T. SCHELL and S. PORTER 

operates in the conductive regime: for f > fc, the cell operates in the dielectric 
regime. In the conductive regime, ionic impurities, injected charges or ions formed 
by dissociative processes have ample time to migrate during one-half cycle of the 
voltage. Thus, orientation caused by shear-induced torques are possible. In this 
regime a frequency dependent interface position is expected. In the dielectric 
regime, ionic motion is limited and orientation caused by dielectric torques pre- 
dominate. Here, a frequency independent interface position is expected (in contrast 
to the threshold field dependency). This suggests that the frequency independent 
region of the curves in Figure 6 correspond to the dielectric regime and the neg- 
atively sloped linear portions correspond to the conduction regime. 

For 4-4'-n-pentylcyanobiphenyl at 21"C1', we calculate fc to be about 240 Hz. 
From the equivalent temperature curve of Figure 6, the wave structure is observed 
above 625 Hz. Thus, the wave structure occurs in the dielectric regime. The absence 
of dust particle motion at the wave-like interface supports this conclusion since it 
rules out ionic flow. 

Because the regular wave pattern produced here is similar to the schematic 
pattern shown in the paper by Helfrich," we believe the wave structure is the result 
of space-charge build-up.11J2 As the nematic reorients, the dielectric constant of 
the liquid increases (ell = 15, E, = 6). This increases the charge storing capacity 
of the liquid and allows the field to penetrate further. 

At f > fc, charges can accumulate locally," disrupting the homogeneity of the 
dielectric field. According to the theory," as simplified by deGennes,13 an instability 
in the orientation pattern can occur when the dimensionless parameter ti2 is greater 
than unity. This parameter is given by 

where az and qc are viscosity coefficients and the other parameters have been 
defined previously. Substituting the viscosity values of MBBAI4 for our sample, 
we calculate10 ti2 to be 33.5 at 21°C and 1000Hz. Thus, the wave instability is 
predicted from theory and confirmed experimentally (see Figure 6). The temper- 
ature dependence of ti2 is non-trivial because all six of the material parameters in 
Equation 4 are temperature dependent. However, these parameters vary slowly 
for temperatures well below the nematic-isotropic transition. Thus, we expect the 
wave instability criterion, ti2, to continue to be met in this temperature region. 
This is confirmed from Figure 4 where a wavelength can be measured between 22 
and 32°C. As the nematic-isotropic transition is approached to within 3 or 4 degrees, 
the material parameters vary more rapidly and change in such as manner as to 
lower ti2 below unity. Here, no wave pattern is established and the interface be- 
comes linear (see Figure 4). As for the temperature dependence of the wavelength, 
we speculate this depends critically on the elastic constants of the sample. The loss 
of sharpness in the wave-like interface with temperature is attributed to increased 
thermal fluctuations. 

At f <fc, destabilization of the wave structure occurs. In this regime, conduction 
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WAVE STRUCTURES IN NEMATIC LAYERS 151 

currents are allowed to flow. These currents neutralize the space-charges thus 
destroying the wave structure. 

CONCLUSIONS 

Orientation patterns caused by the action of an electrical field on a mono-domain 
nematic liquid crystal are varied and interesting. This paper describes an interesting 
wave structure observed in thin nematic layers for a particular electrode geometry. 
The regular wave structure occurs in the dielectric regime of an electrical defor- 
mation and is believed to be the result of space-charge build-up. 
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