
undergo total internal reflection. According to  (ll), (15), 
(22), and (23), we have for r1 = re 

We recall that by hypothesis m,, >ml . Therefore & f 0 
for all Y and q, whereas El # 0  only for those values of 
the quasimomentum for which (m,, /ml - 1) * (re/qe) < 1 
(see above). We note that El and tZ a r e  of opposite 
signs, whence i t  follows that the electromechanical 
force density in the two crystallites also has opposite 
signs (Fig. 3). Calculation of ( and ( &) for arbi- 
trary m,, /ml (see (26)) is possible only by numerical 
integration. We shall restrict  ourselves to calcula- 
tion of the limiting values for m,, /ml >> 1 and for m,, =ml 
If m,, >> ml , then 

and for m,, =ml, 

The estimate of ( 5,) shows that the electromechanical 
force density, as was to be expected, is smaller in the 
case of a specular boundary than in the case of a diffuse 
one. 

The sensitivity of 9k) to the electronic energy spec- 
trum of the metal should be  noted. The electromechani- 
cal  forces naturally have their maximum value on a dif- 
fuse crystallite interface (.%;,,). It is convenient to ex- 
press  this force (see (13)) in terms of the current densi- 
ty. On omitting dimensionless factors (usually close to 
unity), we get 

whence FaU, [dyn/cmz]= j [A/cme]. In some experi- 
ments the current density reaches a 10' A/cme; in such 
cases Fa., 10' dyn/cme. 

"1n the case of two different metal specimens with diffusely 
scattering surfaces, the boundary conditions would coincide 
with (5). 
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The electrotropic cholesteric-nematic transition and the 
storage effect based on it 

V. N. Chirkov, D. F. Aliev, and A. Kh. ~ehally 
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(Submitted March 30, 1977) 
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The threshold, contrast, and time characteristics of the cholesteric-nematic phase transition induced by an 
electric field have been studied in compensated mixtures of cholesteric liquid crystals with nematic-liquid- 
crystal admixtures (up to 10%). A storage effect has been observed which consists in the prolonged 
preservation of the homeotropic orientation of the molecules near the cholesteric-nematic transition 
temperature. Judging by the principal electro-optical parameters, the investigated system surpasses the 
well-known nematic-cholesteric system in which the storage effect is due to texture transformations under 
conditions of dynamic scattering of light. 

PACS numbers: 64.70.Ew, 78.20.Jq 

The twistedness of the hypomolecular structure deter- on the structure of the individual molecules of the cho- 
mines the unusually strong optical activity of the choles- lesteric compound. By mixing in definite concentration 
teric liquid crystal (CLC). In this case the plane of proportions dextro- and levo-rotatory CLC, we can 
polarization of polarized light passing through the CLC compensate the optical act i~i ty .~"  The compensation 
may rotate either clockwise or  anticlockwise, depending occurs a t  a definite-for each mixture-temperature 
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T,, at which the mixture acquires the characteristic 
properties of a nematic liquid crystal (NLC), i. e., a t  
which the cholesteric-nematic phase transition occurs. 
As we approach the phase-transition temperature, the 
helix pitch of the cholesteric mixture increases and be- 
comes infinitely large at T, (this corresponds to the 
structure of a nematic compound). The neutralization 
of the rotatory power is observed not only in a mixture 
of two CLC with opposite directions of rotation of the 
plane of polarization, but also in a mixture of a dextro- 
rotatory CLC with a NLC, as well as in a three-compo- 
nent mixture of a compensated cholesteric compound 
and a nematic compound. 

If we apply a constant or  a low-frequency alternating 
electric field to a cell containing a two-component com- 
pensated mixture, then a t  T, and in its vicinity the 
molecules a re  easily aligned perpendicularly to the sur- 
faces of the electrodes, forming a homotropic nematic 
structure. A necessary condition for this electric-field 
induced (electrotropic) cholesteric-nematic phase tran- 
sition to occur is that the value of the anisotropy in the 
permittivity of the mixture should be positive.c21 After 
the field is switched off, the molecules relax to the ini- 
tial planar state. But if to the compensated mixture we 
add a definite quantity of a NLC, then the molecules of 
the nematic compound will hinder the relaxation of the 
cholesteric molecules, and the homotropic orientation 
will be preserved for some time after the field has been 
switched off. Thus, a storage effect based on the elec- 
trotropic cholesteric-nematic transition can obtain in 
the three-component compensated mixture. 

In spite of the fact that a number of t h e o r e t i ~ a l ~ ~ * ~ ~  
and experimentalc5"" investigations have been devoted 
to the study of compensated CLC, no paper has s o  far 
been published in which the storage effect due to the 
above-described phenomenon is considered in detail. 
The aim of the present paper is to investigate the indi- 
cated effect. 

AS the cholesteric components, we chose a compen- 
sated mixture of dextrorotatory cholesteryl chloride 
(CC) and levorotatory cholesteryl laurate (CL); a eutec- 
tic mixture of p-methoxybenzylidene-p'-n-butyl aniline 
(MBBA) and p-ethoxybenzylidene-p'-n-butyl aniline 
(EBBA) served as the nematic component. The choles- 
teric phase, in both the CC-CL mixture and the three- 
component compound, formed only upon cooling from 
the isotropic melt, i. e., it was monotropic. Therefore, 
in the course of the preparation all  the samples were 
heated to a temperature somewhat higher than the criti- 
cal temperature of the transition into the isotropic liquid; 
they were thoroughly mixed in this state and then cooled 
to the experimental temperature. 

The measurements were performed on an electro-op- 
tical apparatus constructed on the basis of a binocular 
polarizing microscope. To one of the tubes of the micro- 
scope was attached a photomultiplier, the signal from 
which was fed to recorders. Such a system allowed us 
to directly observe the changes in the textures of the 
liquid crystal and at the same time record the corre- 
sponding optical characteristics of the sample. The cell 
with the sample was placed in a thermostat, which was 

FIG. 1. Variation of the critical temperature of the choles- 
teric-nematic transition (the curve 1) and that of the transition 
into the isotropic liquid state (the curve 2) of compensated CLC 
mixtures with the NLC concentration. 

fixed on the stage of the microscope. The thermostatic 
control was realized to within * 0. 5 "C. 

The cholesteric-nematic transition temperature was 
determined from the change in light transmission by the 
cell in crossed polaroids. In this case the transmission 
T,, changed by a factor of several  tens. To attain max- 
imum contrast, we used thin (-8 p) samples, and the 
surfaces of the electrodes were covered with a layer of 
lecithin, which facilitated the homotropic orientation of 
the molecules. 

The neutralization of the rotatory power in the CC- 
CL mixture occurred when the CL content was between 
32 and 38% by weight. For this concentration interval 
the T,, lay in the region of existence of the mesophase 
and moved toward the region of higher temperatures as 
the CL content was increased. The NLC was added to 
the compensated mixture in amounts of up to 10% by 
weight, and, as it was increased, the T, also shifted 
monotonically toward the region of higher temperatures 
(Fig. 1). In this case the critical temperature for the 
transition into the isotropic liquid virtually remained 
unchanged. 

Let us note that an increase in the NLC and levorota- 
tory CLC contents in the compensated mixture has a 
similar effect on T,,. It should also be noted that a 
mixture of a NLC and a small quantity of a cholesteric 
compound is 'always levorotatory, irrespective of the 
sign of the optical activity of the CLC itself. A compar- 
ison of these factors indicates that a NLC, an optically 
inactive material, behaves in mixtures with twisted 
structures like an optically active levorotatory element. 
It is well knownc111 that the screw sense of a cholesteric 
structure is connected with the distinctive features of 
the structure of the CLC molecule, namely, owith the 
length, d, of i ts  side radical. For dc2.08 A there is 
formed a dextrorotatory structure, while for d>2.08 A 
a levorotatory structure is formed. Therefore, it can 
be assumed that the orientation of the NLC molecules in 
a compensated mixture is equivalent to  an increase in 
the length of the side radical of the cholesteric molecule. 

The induced cholesteric-nematic transition in a three- 
component mixture occurs a t  a definite threshold volt- 
age potential, U,,, of the constant or  low-frequency al- 
ternating electric field. The quantity U,, depends on 
the temperature of the sample and the thickness of the 
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FIG. 2. The temperature dependence of the threshold voltage 
potential Uthr (the curves 1, 2) and of the switching-on time 
rm (the curve 3) of the electrotropic cholesteric-nematic 
transition. The sample thickness: 1). 3) 8 p ;  2) 32 p .  The 
switching-on time was measured for U =  50 V. The arrows 
on the right and on the left mark the transitions respectively 
into the isotropic-liquid and solid-crystal states. 

layer under investigation. In Fig. 2 we show the tem- 
perature dependences of U,, for a compensated mixture 
containing 4% of a NLC. A sample of this concentration 
proportion is suitable for investigation, since i ts  T,, 
(=39 "C) lies in the middle of the existence interval for 
the mesophase. Near T,, the quantity U,, has its small- 
est value, which decreases with decreasing layer thick- 
ness. 

It should be noted that, in thin samples, the molecules 
of the mixture can, a t  temperatures near T,, sponta- 
neously align themselves perpendicularly to the electrode 
surface without the application of a field (the segment 
AB of the curve 1). A similar phenomenon in two-com- 
ponent compensated mixtures has been named the self- 
orientation effect."' The spontaneous orientation of the 
molecules occurs in cells with electrodes whose sur- 
faces a re  covered with lecithin, or  are, in general, not 
specially treated. But if the treatment of the surfaces 
is such a s  to prescribe a planar orientation, then the 
spontaneous alignment of the molecules is not observed, 
and U,, can be determined in the entire mesophase re-  
gion. 

For a fixed voltage potential the switching-on time of 
the induced cholesteric-nematic transition has its mini- 
mum value near T,, and increases with increasing AT 
=IT - T,, I (the curve 3). An increase in the applied 
voltage potential leads to a decrease in the switching-on 
time. It should be noted that the switching-on time of 
the cholesteric-nematic transition is considerably short- 
e r  than the r i se  time of the dynamic-light-scattering 
effect.c121 Accordingly, for the system with a memory 

t,, sec 

FIG. 3. Temperature depen- 
dence of the memory-preser- 
vation time t ,  for a cell with 
untreated electrode surfaces 
(the curve 1) and with elec- 
trode surfaces grated in one 
direction (the curve 2). The 
sample thickness was 15 p . 

40 45 
r, "c 

FIG. 4. The spontaneous erasure of the memory produced as  
a result of the electrotropic cholesteric-nematic transition 
(the curve 1) and the texture transformation in the dynamic- 
light-scattering regime (the curve 2). 

under consideration, this time is shorter than the 
switching-on time for the well-known NLC-CLC memory 
system,c131 in which the confocal texture arising as a 
result of the turbulent motion in the dynamic-scattering 
regime is preserved. 

After the applied voltage potential is siwtched off, the 
molecules of the three-component mixture for some time 
remain aligned perpendicularly to the electrode surfaces, 
i. e., storage of the established texture occurs. In the 
present case the preservation time for the homeotropic 
orientation of the molecules can be called the storage 
time, t,. As we approach the transition temperature, 
t, increases sharply (Fig. 3), and at T, the storage 
can last for an infinitely long time.. For a cell with un- 
treated electrode surfaces (the curve I), t ,  is longer 
than in the case of planar orientation of the molecules 
(the curve 2). 

The contrast, K, of the cell during the entire t ,  virtu- 
ally does not change, and the spontaneous erasure of 
the memory occurs a s  a rapid return to the original 
structure (Fig. 4, curve 1). In the same figure we show 
the curve of spontaneous memory erasure for the NLC- 
CLC system (the curve 2).t131 The contrast, K, of such 
a system is significantly lower, and decreases notice- 
ably in the first  few seconds after the switching off of 
the voltage potential. 

The sharp threshold for the electrotropic cholesteric- 

t,, sec 

FIG. 5. Dependence of the 
memory-preservation time 
on the grid bias at a tempera- 
ture of 33" C (the curve 1) and 
at 28" C (the curve 2). The 
sample thickness was 8 p . 
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FIG. 6. Dependence of the memory-preservation time on the 
applied voltage potential (the curve 1) and on the time, t,,, the 
sample is kept under the influence of the voltage potential (the 
curve 2); T =  46" C. For the curve 1) ta= 15 sec; for 2) U 
= 250 V. 

nematic transition allows us to apply to the cell in addi- 
tion a constant, o r  an alternating (f < 3 kHz), grid bias 
Ub. In this case the storage time increases sharply, 
starting from some value of Ub (Fig. 5). . The applica- 
tion of a Ub whose strength is close to U,,  allows us  to 
increase t, by three to four orders of magnitude. As 
AT decreases, the magnitude of the voltage potential 
Ub necessary for the attainment of the same t, decreases 
substantially. At a fixed temperature the voltage poten- 
tial Ub is directly proportional to the sample thickness. 
The erasure of the memory in the considered case is ac- 
complished simply by switching off U,. 

The storage time depends on the strength of the excit- 
ing voltage potential and on the time this potential acts 
on the sample (Fig. 6). As the applied voltage potential 
is increased, t, monotonically increases with a tendency 
toward saturation. An increase in the time interval 
during which the sample is kept under the influence of 
the voltage potential (the holdup time) at f irst  leads to 
quite a sharp increase in t,, which subsequently stabi- 
lizes. Such a behavior of t, is due to the specific nature 
of the storage mechanism in question. The effect under 
consideration is connected with near-surface phenomena 

in the cell. After the voltage potential has been switched 
off, the molecules in the near-surface layers remain 
aligned perpendicularly to the electrode surfaces owing 
to the elastic forces of the interaction with the material 
of the backing. The near-surface molecules strive to 
maintain in the perpendicular direction the molecules of 
the deeper-lying layers. At the same time the re-es- 
tablishment of the cholesteric structure occurs in the 
volume, which leads to  the destruction of the ordering. 
As T, is approached, the forces of the interaction be- 
tween the molecules in the cholesteric layers weaken, 
the re-establishment of the structure proceeds slowly, 
and t, increases accordingly. It is clear that t, is di- 
rectly determined by the number of molecules aligned 
perpendicularly in the near-surface layers. This con- 
nection is confirmed by the nature of the observed de- 
pendences of t, on temperature, the strength of the ex- 
citing voltage potential, and the duration of the applica- 
tion of this potential to  the sample. 

'G. Friedel, Ann. Phys. (Paris) 18, 273 (1922). 
'P. G. De Gennes, Solid State Commun. 6, 163 (1968). 
3 ~ .  N. Keating, Mol Cryst. Liq. Cryst. 8, 315 (1969). 
%. Chandrasekhar, G. S. Rangaanath, U. D. Kini, and K. A. 

Suresh, Mol. Cryst. Liq. Cryst. 24, 201 (1973). 
'E. Sackmann, S. Meiboom. L. C. Snyder, A. E. Meimer, 

and R. E. Dietz, J. Am. Chem. Soc. 90, 3567 (1968). 
6 ~ .  Baessler and M. M. Labes, Phys. Rev. Lett. 21, 1791 
(1968). 

'H. Baessler and M. M. Labes, J .  Chem. Phys. 51, 1846 
(1969). 

'H. Baessler, T. M. Laronge, and M. M. Labes, J .  Chem. 
Phys. 51, 3213 (1969). 

%. Sato and M. Wada, Jpn. J.  Appl. Phys. 11, 1566 (1972). 
"s. Sato and M. Wada, Jpn. J. Appl. Phys. 11, 1752 (1972). 
"L. B. Leder, J. Chem. Phys. 55, 2649 (1971). 
"E. Jakeman and E. P. Raynes, Phys. Lett. A39, 69 (1972). 
1 3 ~ .  H. Heilmeier and J.  E. Goldmacher, Proc. IEEE 57, 34 
(1969). 

Translated by A. K. Agyei. 

400 Sov. Phys JETP 46(2), Aug. 1977 Chirkov et a/. 400 


