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Dynamic Scattering and Material 
Flow in a Nematic Liquid Crystal 
E. F. CARR, P. H. ACKROYD and J. K. NEWELL 
Physics Department. University of Maine, Orono, Maine 04473 

(Rrt.t,iised Nowmhc,r 16, 1976; infinal.form April I ,  1977) 

Results are presented which show how defects in a nematic liquid crystal can be used to in- 
vestigate material flow when external electric fields are applied. These results include measure- 
ments of the size of flow cells, which were created between the electrodes by an electric field. 
The electrodes, which were made of transparent conductive coated glass, were placed in a 
vertical position so that flow cells could be observed from the top while dynamic scattering 
was observed when viewing normal to the electrodes. 

INTRODU CTlON 

Material flow due to electric fields has been investigated' recently in bulk 
samples of a liquid crystal. This involved measurements of the size of flow cells 
which were created, between the electrodes, by ac electric fields {conduc- 
tion regime). The flow cells usually extended from one electrode to the other 
and their size depended on the magnitudes of externally applied electric and 
magnetic fields. This work was extended' to include magnetic fields up to 
16 kG and some preliminary observations on flow patterns in thin samples 
(approximately 100 microns thick). The results were obtained from photo- 
graphs of a surface of the sample between the electrodes while external 
electric and magnetic fields were applied. Since there was a variation in the 
velocity of the fluid within a flow cell, there were small variations in the 
scattered light which could be photographed. Results are presented here 
which extend these measurements on the sizes of flow cells to thin samples 
(1 35 microns thick) where dynamic scattering was also observed. 

The degree of contrast in the photographs for the earlier work'*2 was 
generally poor which often made the identification of flow cells difficult. 
We have discovered that photographs of higher contrast can be obtained if 
the sample is well aligned just before applying the electric field. These 
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94 E. F. CARR. P. H. ACKROYD AND J .  K .  NEWELL 

photographs provide some information about the mechanism which is 
responsible for the contrast in the scattered light. Photographs in which flow 
patterns can be easily identified will be used to illustrate these effects. 

EX PER1 M ENTAL 

The experimental set-up was similar to that discussed earlier'.' except for 
the method of lighting the surface of the sample. An unpolarized laser beam 
(approximately 1 mw) was directed parallel to and about 0.3 cm below the 
surface of the sample. The light which was scattered by the liquid crystal in a 
direction perpendicular to the beam was sufficient for observation of the 
phenomena. Since at least one of the electrodes was made of transparent 
conductive coated glass, the laser beam could be directed perpendicular to 
the electrodes. It seemed that our best results were obtained when the laser 
beam was at one edge of the microscope's field of view. The material used 
in this investigation was a nematic mixture which was purchased from 
Eastman Organic Chemicals (Cat. No. 11643) and all measurements were 
made at room temperature. The dielectric anisotropy Ad = - 1.6 and the 
ratio of the conductivities parallel and perpendicular to the director alr/al = 
2.0. The resistivity was approximately lo9 ohm-cm. 

MATERIAL FLOW IN BULK SAMPLES 

Two photographs (taken in sequence) which indicated flow patterns are 
shown in Figure 1. The first photograph (Figure la) was taken several 
seconds after a 4 kG magnetic field (applied perpendicular to E) was quickly 
removed while a 50 volt ac electric field was continuously applied. Since the 
state of alignment normally changes very slowly in bulk samples, the mag- 
netic field can normally be turned off several seconds or longer before 
applying the electric field without affecting the results appreciably. For these 
photographs the electric field was turned on before removing the magnetic 
field. The 50 volt source did not affect the molecular alignment in the presence 
of the 4 kG magnetic field. The electrode separation was 0.15 cm and the 
frequency of the electric field was 50 Hz. Defects were created which became 
more pronounced with time. The difference between the two photographs is 
probably associated with a change in the state of alignment. These defects can 
be seen as evenly spaced lines extending from one electrode to the other. They 
appeared to move out from the walls and eventually extended to the other 
electrode. The defects can be used to define flow cells as illustrated in Figure 2. 
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DYNAMIC SCATTERING AND MATERIAL FLOW 95 

FIGURE 1 Flow patterns due to a SO Hz electric field at the air to liquid crystal interface. 
A 50 V source is applied to the electrodes (separation = 0.15 cm). (a) Several seconds after 
removal of high magnetic field (B parallel toelectrodes); (b) Approximately 20 seconds after (a). 

The photographs shown in Figure 2 were taken at intervals of approxi- 
mately 10 seconds. Figure 2a shows a photograph of a defect in the presence 
of a 4 G magnetic field applied parallel to the electrodes. Changing the 
magnitude of the magnetic field did not affect the defect appreciably. The 
defect appeared to get slightly narrower as the field was increased. Defects 
similar to that shown in Figure 2a have been discussed el~ewhere.~ The second 
photograph (Figure 2b) was taken after the 4 kG field was removed while a 
50 volt ac electric field was continuously applied. The defect (Figure 2a) 
started to bend when the electric field was applied (Figure 2b) and flow was 
created. Figure 2c also shows defects similar to those shown in Figure 1, 
and the distortion of the original defect (Figure 2a) indicates that the magni- 
tude of the velocity of the fluid is a maximum at the defects which were 
created by the field. Figure 2c also shows that the direction of flow is opposite 
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96 E. F. CARR. P. H. ACKROYD AND J .  K. NEWELL 

FIGURE 2 Patterns at air to liquid crystal interface. Electrode separation = 0.15 cm. (a) 
A 4 kG magnetic field applied parallel to the electrodes. and no electric field: (b) Several seconds 
after removal of high magnetic field with a 50 volt ac electric field applied; (c )  and (d) Photo- 
graphs in (b), (c) and (d) were taken at intervals of approximately 10 seconds. 

at adjacent defects. The distance between adjacent defects indicates the flow 
cell width. Figure 2c also shows another defect that is much thinner than the 
defect shown in Figure 2a. The bending of this thin defect also indicates the 
direction of material flow. Figure 2d shows how a defect can be bent making 
the identification of flow patterns difficult. The type of data shown in Figure 2 
can be used to provide information about the velocity of the fluid at various 
points in the flow cell. We need to only measure accurately the time between 
photographs to compute average velocities. The maximum velocity (Figure 2) 
of the fluid under these conditions was approximately 1 mm per minute if we 
assume that the defect (Figure 2a) moved with the fluid. Observations of 
floating particles indicated that this was the case. 

Flow patterns similar to those in Figure I became distorted if the field 
was left on for a minute or more. If the electric field was removed these 
patterns often remained for a few minutes. This is to be expected because a 
sample which has been aligned with a magnetic field will not show much 
change in the average state of alignment after the field has been off for a 
short period. For bulk samples this period may be a minute or often much 
longer. However, this was not the case if there were large temperature 
gradients. The defects tended to disappear with time after the fields had been 
removed. Discussions of defects in liquid crystals can be found in the litera- 
t ~ r e . ~  
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DYNAMIC SCATTERING AND MATERIAL FLOW 91 

The exact nature of the defects shown in Figure 1 is not known, but recent 
work3 involving domains due to magnetic fields has indicated that the defects 
may be twist walls. Patterns very similar to those in Figure 1 were obtained3 
when a 1 kG magnetic field (E = 0) was applied perpendicular to the elec- 
trodes after the nematic director had been initially aligned parallel to the 
electrodes. When viewing perpendicular to the electrodes, patterns were also 
observed with a spacing comparable to that observed at the air-to-liquid 
crystal interface. This implies that, after the magnetic field had been on for 
about 1 min, the patterns may have been due to inversion walls. The orienta- 
tion of the nematic director at the defect may be similar to that expected5 
for splay-bend or twist walls parallel to the field. 

Patterns were observed when viewing perpendicular to the electrodes 
using a 60 Hz electric field. The spacing was comparable to that observed at 
the air-to-liquid crystal interface. This implies, that after a 50 volt electric 
field had been on for about 0.5 minutes the patterns may have been due to 
inversion walls. The movement of fluid, as illustrated in Figure 2, would 
tend to favor a splay-bend wall but the twist wall is more likely to be expected 
from energy  consideration^.^ However, when a magnetic field is simul- 
taneously applied parallel to the electrodes, the orientation of the nematic 
director may tend to form a splay-bend wall. 

Figure 3 shows the flow cell width as a function of the electric field intensity 
for flow cells of the type shown in Figure 1. The flow cell width is defined as the 
separation between adjacent defects. We waited approximately a minute for 
flow cells to form at the lower electric fields, but at the higher fields they 

200 ' 

150 ' 

100 

0.2 0.4 0.6 0.8 . 1.0 1.2 

ELECTRIC FIELD kV/cm) 

FIGURE 3 
= 0.15 cm. The data were obtained from photographs similar to those shown in Figure I .  

Flow cell width as a function of a 50 Hz electric field. Electrode separation 
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98 E. F. CARR. P. H.  ACKROYD AND J.  K .  NEWELL 

formed within a second. The results shown in Figure 3 show that the flow 
cell width decreases with an increase in electric field intensity which is 
consistent with earlier results’.’ using MBBA. The important difference 
between the work reported here and the earlier work is that in this case we 
are applying the electric field to a well aligned sample. In the earlier work’.2 
it was necessary to wait until a reasonably well spaced pattern appeared, 
and it was assumed that this pattern represented the most probable flow 
cell width under the given conditions. The work presented here shows that for 
a given field strength the normal situation is not a system of mixed modes if 
one starts with a well aligned sample. The fact that a reasonably well spaced 
pattern was not continuously observed when using the earlier method’ 
does not necessarily mean that the situation was a system of mixed modes. 
Defects are not only being created and destroyed when the field is on con- 
tinuously but they are also being bent and twisted making the identifica- 
tion of flow cells difficult. 

Results, which were similar to those in Figure 3. were obtained using the 
method described earlier’.2 with the continuously applied electric field. 
These results showed a flow cell width that was a little narrower than those 
shown in Figure 3. Results when using p-azoxyanisole also showed that the 
flow cells were larger if one starts with a well aligned sample (director 
parallel to electrodes) and makes the measurements before the pattern 
becomes distorted. We do not have an explanation for this difference. 

MATERIAL FLOW IN THIN SAMPLES 

Flow patterns similar to those shown in Figure 1 were observed in thin 
samples of the nematic mixture with a plate separation of 135 microns. It 
was more difficult to obtain data for this separation than in the larger 
samples because of the higher electric and magnetic fields required. The 
threshold voltage across the much smaller electrode separation limits 
investigation to high electric field intensities. As was found in the bulk 
sample, flow patterns were more difficult to obtain at high electric fields. 

We were able to use high electric fields by employing the method similar 
to that reported earlier’.’ and this method was used to obtain the results 
shown in Figure 4. The life-time of flow cells that were initiated from well 
aligned samples was very short in high electric fields. 

Figure 4 shows the flow cell width as a function of electric field intensity 
for a cell with an electrode separation of 135 microns. The lower curve 
shows the flow cell width with no magnetic field and the upper curve gives 
results in an 8 kG magnetic field. The 8 kG magnetic field was applied 
perpendicular to the electric field. The results were similar to those’ discussed 
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DYNAMIC SCATTERING AND MATERIAL FLOW 99 

ELECTRIC FIELD (kV/cm) 

FIGURE 4 Flow cell width as a function of a 50 Hz electric field. Electrode spacing = 135 
microns. The results for an 8 kG magnetic field were obtained with the magnetic field applied 
perpendicular to the electric field. 

earlier for bulk samples in that the flow cell width decreased with an increase 
in electric field intensity, but was larger when a magnetic field was applied 
perpendicular to the electric field. Defects were observed for fields below 
1 kV/cm, but it was difficult to obtain good data with this method at the 
lower fields. The sample cell for these measurements was made from two 
pieces of transparent conductive coated (tin-oxide) glass which were separated 
by a teflon spacer. The pieces of conductive coated glass were in a vertical 
position so that flow patterns could be observed from the top while dynamic 
scattering was observed visually when viewing perpendicular to the elec- 
trodes. The electrodes were cleaned with acetone and rubbed in a direction 
parallel to the air-to-liquid crystal interface, but we do not believe that the 
rubbing had an appreciable effect. The wall effects did not produce either a 
good homogeneous or homeotropic alignment in this material. These 
results show that the flow cells, which are similar to those discussed earlier 
for bulk samples, are associated with the dynamic scattering mode. 

Figure 4 shows a flow cell width of approximately 50 microns (B = 0) for 
an electric field intensity of 1 kV/cm, whereas, Figure 3 shows a flow cell 
width of approximately 100 microns at this field strength. We believe that 
this difference in flow cell widths is due to the difference in electrode separa- 
tions. Earlier results' also showed that the flow cell widths depended on the 
electrode separation. 
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100 E. F. CARR, P. H.  ACKROYD AND J .  K. NEWELL 

Flow cells that were created from well aligned samples were investigated 
for an electrode separation of 135 microns. The initial alignment was pro- 
duced by a high magnetic field. This field, which was applied parallel to the 
electrodes, was quickly removed while applying the 50 Hz electric field. 
While both fields were applied the alignment was determined by the magnetic 
field. The flow cell widths were comparable to those shown in Figure 4. 
This investigation was more difficult when working at higher electric field 
strengths, but we were able to identify flow patterns at lower fields. With a 
potential difference of 7 volts (E = 520 V/cm) applied to the electrodes we 
wereable to identify flow patterns with a spacingcomparable to theseparation 
of the electrodes but at 6 volts we did not obtain any well spaced patterns. 
When viewing with a microscope perpendicular to the electrodes Williams 
domains were observed at 6 volts. Williams domains were observed at 7 volts 
but they soon started to break up. Although the domains did tend to break 
up  at 7 volts we did not observe any rapid turbulent flow but visual observa- 
tions indicated an appreciable amount of light scattering with a long rise 
time. These observations at 6 and 7 volts appear to be consistent with a 
threshold value of 6.4 volts reported by Eastman Kodak Company. 

CONCLUSION 

We have provided good evidence that flow cells are associated with the 
dynamic scattering mode for nematic materials with a sample thickness of 
135 microns and it is likely that this applies to much thinner samples. 
This work may even be related to that of Grenbel and Wolff who investigated 
the domain width as a function of the applied voltage in sandwich cells with 
thicknesses of less than 10 microns. They reported that the inverse domain 
width is proportional to the applied electric field, while “dynamic scattering” 
does not occur. The work reported here also appears to be consistent with 
other results’ in this area. We did not investigate any effects due to wall 
alignment, but we have made a few observations with other nematic materials. 
We have used p-azoxyanisole and MBBA which exhibits a homogeneous 
orientation with untreated surfaces, and also a nematic mixture from 
E. Merck (No. 5A) which has been doped to exhibit a homeotropic orienta- 
tion. The behavior of all these materials appears to be consistant with what is 
reported here. 

The results discussed here indicate that if the initial condition (before 
applying an electric field) was a well aligned sample with the nematic director 
parallel to the electrodes, the flow cells which were created by the electric 
field do not correspond to a system of mixed modes. This does not necessarily 
mean that the earlier work’V2 involved a system of mixed modes. 
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DYNAMIC SCATTERING A N D  MATERIAL FLOW 101 

Although many types of defects are created by the electric field, twist 
walls may be primarily responsible for the patterns discussed here. When 
the magnetic and electric fields are applied simultaneously we should consider 
the possibility of a splay-bend wall. If walls are present the space charge 
density should be a maximum at the wall because of the conductivity an- 
isotropy. This would tend to favor a triangular distribution for the alignment 
of the director rather than one that could be represented by a cosine function, 
which might help explain some of the magnetic resonance experiments.* 
These experiments have indicated that in a large portion of the sample the 
nematic director aligns at small angles with respect to the electric field. 
These angles were in the neighborhood of 20". The forces due to the inter- 
action of the space charge with the electric field, which act on the walls, 
would tend to shear the sample. It is interesting to note that in the first 
article on the dynamic scattering mode, Hielmeier, Zanoni and Burton 
reported that dynamic scattering could be produced by mechanically 
shearing the sample. 

Although we have suggested that flow patterns which may involve 
inversion walls are associated with the dynamic scattering mode, we do not 
intend to imply that most of the scattered light is necessarily due to the 
inversion walls. It has been suggested by Chang' and de Gennes9 that the 
disclinations may be involved with the dynamic scattering mode. This is not 
inconsistant with the presence of inversion walls because point and line 
disclinations can result from the process of creating walls. 
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