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Low-frequency oscillations of domain structures of the two-dimensional mosaic type domains,
Williams-Kapustin domains, are described. Criteria for the formation of the oscillations and the
basic laws for the dependence of the oscillation frequency and domain size on the voltage are

obtained experimentally and theoretically.

In recent years there has been a significant growth of
interest in investigations of nematic liquid crystal-smectic
liquid crystal phase transitions and there has been intensive
study of the behavior of the physical parameters of the nema-
tic in the immediate neighborhood of the phase transition. It
has been discovered that in this case a “helium analog” oc-
curs, i.e., the behavior of various quantities is analogous to
the behavior of a number of parameters of helium II in the
neighborhood of the transition to the superfluid state.' For
example, the variation of the elastic moduli has the form?
bk; < (I'— T,)~“,where 1/2 <a < 2/3. The behavior of the
pitch p of the cholesteric spiral in the neighborhood of the
cholesteric liquid crystal-smectic 4 phase transition is de-
scribed in a similar way: P« (T — T,) ~ ¢, where a =0.67.
Another notable effect in the vicinity of the phase transition
is the vanishing or the change of sign of the coefficient of
viscosity a; this leads to a number of new effects in the flow
of a nematic liquid crystal. Up to the present time the exotic
nature of the above-mentioned effects consisting of the pos-
sibility to observe them only in the vicinity of the phase tran-
sition and at high temperatures, and thus they have been of
purely theoretical interest. Therefore devising methods of
producing nematics having short-range smectic order and
existing over a wide temperature range, and the study of the
dynamic effects in these materials under the action of elec-
tric fields, is an important problem, which was in fact solved
in the course of this investigation.

THE LIQUID CRYSTALS STUDIED, THEIR STRUCTURE AND
PRINCIPAL PHYSICAL PROPERTIES

For a number of nematic liquid crystals it has been
shown quite persuasively that when complexes of the type
macrocyclic polyether (MCPE)—alkali-metal salt are dis-

sovled in them at concentrations above a critical concentra-

tion, then smectic liquid crystals are formed.> In this investi-
gation we have studied mixtures of the nematic liquid crystal
4-methoxybenzylidene-4-butylaniline (MBBA), MCPE-18-
crown-6, and KCl. To change the sign of the anisotropy of
the electrical conductivity o, = oy — o, in the liquid crys-
tal we added tetrabutylammonium bromide, and to change
the sign of the dielectric anisotropy of the MBBA the nema-
tic liquid crystal was doped with 4-cyanobenzylidene-4-n-
octyloxyaniline having a substantial positive dielectric con-
stant anisotropy £, . The x-ray diffraction structural studies
carried out on a KRM-1 low-angle x-ray camera for these
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mixtures such as e.g. MBBA + MCPE + KCl indicate the
following: If the concentration of 18-crown-6 + KCl is less
than a critical concentration ¢, ~0.15%, then the structure
of the mesophase is the same as the classical nematic phase.
However, for ¢ >¢, clusters which are recorded at low angles
begin to form and diffraction maxima corresponding to the
dimensions a,~270 A, a,~125 A, and a,~57 A are ob-
served. In addition to these maxima, others are observed at
large angles (3.8° and 6.2°) corresponding to the dimensions
a,~22 A and a;~13 A. The spacing a,~22 A coincides
with the length of the MBBA molecules. Therefore these
results allow us to suppose that in the region of the critical
concentration there is a transition from the nematic phase to
a liquid crystal having a pseudolayered structure with the
dimensions of the cybotactic groups (e.g. for MBBA about
270 A) having a smectic structure. In the case of symmetric
liquid crystal molecules, as for instance in para-azoxyanisole
or the alkoxybenzoic acid series, clusters are not observed.

The investigations of the coefficients of viscosity a;
(f=1,...,6)bythe method described in Ref. 4 showed that
these coefficients differed from those of MBBA by 5-10%.
The situation is similar also for the elastic constants k ,, k5,
and k,, determined from investigations of Lorentz broaden-
ing of the spectral lines of laser radiation’: they differ from
those of the original liquid crystal by about 10-15%. The
coefficient of viscosity undergoes substantial changes with
increasing concentration of 18-crown-6 + KCI. In the pres-
ent experiments the method of measuring this coefficient
was similar to that described by Guyon and Pieranski.® The
essence of the method is as follows: a nematic liquid crystal
of a given orientation was placed in a capillary, one of whose
plates could be moved (see the insert in Fig. 1) such that the
direction of motion coincided with the initial orientation of
the director. The coefficient a; was calculated from the val-
ue of the maximum angle of inclination & of the director, this
angle being related to the coefficients of viscosity a; and a,
by the relation tan’6 = a,/a;. The angle 6 was determined
from measurements of the birefringence, equal to

d
An=d-! jAn, sin? 0 dz,
]

where Ang=~n, — n,, n, and n, are the refractive indices of
the ordinary and extraordinary light beams, respectively,
and d is the thickness of the crystal. The dependence of &3 on
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the concentration of 18-crown-6 + KClisshownin Fig. 1. It
follows from this figure that there is an abrupt change in o,
in the vicinity of the concentration ¢ ~0.1%. According to
this discussion, the variation of @, at concentrations below c,
can be due to the formation and increase in number of clus-
ters. At ¢, ~0.25% the coefficient a, changes sign and in the
vicinity of ¢, we have a; «¢c — ¢,

The dielectric constants of the mixtures nematic liquid
crystal + 18-crown-6 + KCI were measured with an R-
383 ac bridge, and the electrical conductivity was calculated
from tand, the tangent of the loss angle. To study the anisot-
ropy of the dielectric constant, the liquid crystal was orient-
ed by a magnetic field H =~ 3 kOe. As a result of the investiga-
tions it was determined that the anisotropy of the dielectric
constant in the mixtures essentially did not vary. Thus, in
MBBA ¢, =~ — 0.4, and in contrast to the pure nematic lig-
uid crystal, the value of ¢, stayed practically constant up to
the phase transition to the isotropic liquid. The conductivity
(0 and g, ) varies with the concentration of MCPE + KCl,
but its anisotropy is greater than zero, o, > 0; for MBBA,
0,/0, =1.3 for voltages U<20 V.

The domain structures of the nematic liquid crystals
were studied with an “Amplival Pol. U’ microscope, and the
photometric studies of them were carried out with an SFN-
10 photographic attachment which made it possible to study
areas down to 1 um in size. Time-dependent processes were
recorded on an N-306 plotter or a S8-11 storage oscilloscope.
The dc electric field was applied from a B5-11 power supply
and the ac field from a G3-33 audio oscillator. The nematic
liquid crystal was placed in a planar cell formed of two glass
plates having a conducting coating of SnO, and separated by
spacers of thickness d.

EXPERIMENTAL RESULTS FOR THE FEATURES OF THE
ELECTROHYDRODYNAMIC INSTABILITY OF
PSEUDOLAYERED MESOPHASES

a) Investigations of electrohydrodynamic instability of
nematic liquid crystals in the vicinity of the point a;~0

The electrodynamic instability of nematic liquid crys-
tals where the coefficient of viscosity a, < 0 has been investi-
gated quite thoroughly. There exist isolated investigations of
nematic liquid crystals for which, evidently, a;>0, but
where £, has different signs.” We have undertaken an inves-
tigation of the instability of nematic liquid crystals, pro-
duced by the methods described above and having short-
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range smectic order. In the experiments it was discovered
that when an electric field is applied to such a layer of nema-
tic liquid crystal, above a certain critical threshold voltage
U,. a banded domain structure, Williams-Kapustin do-
mains, are formed. The value of U, in the present case is
practically independent of the thickness of the sample and
the frequency dependence of U ;. is the same as that known
from the published literature for nematic liquid crystals with
£, <0 and £, =0 and it is well described by the theory of
Dubois-Violette and DeGennes.' However, the character of
the instability observed above U |, is substantially different
from the instability in nematic liquid crystals for which
a, <0. These differences depend on the anisotropies £, and
o, of the nematic liquid crystals, and under the action of dc
and ac electric fields have their own particular features,
which we should discuss separately.

Above the threshold voltage the equilibrium orienta-
tion of the director is governed by the balance of the torques:
the torque induced by the conductivity, the torque m, of the
elastic forces, and the dielectric torque m, .! The question of
the maximum angle of the steady-state orientation of the
director has been discussed by various authors. The princi-
pal criterion is the vanishing of the torque induced by the
velocity gradient S:

me=—(a; cos® 0+a, sin® 0) S.

The condition for the equilibrium orientation is tan’6 = a,/
a;, and for @; =0 we have 8 =7/2, but in fact the maximum
value of 6 will be less. This is because of a decrease in the
effective electrical conductivity caused by the appearance of
a space charge. Carrol has shown® that the saturation angle
is @ =arctan (6 /0,)"? and a change in sign of a; has no
important effect. Therefore it is possible to attain the maxi-
mum angle @ =1/2 for a;>0 only under the condition ¢,/
£,>0,/0 and a substantial positive dielectric anisotropy
£, > 0. This case evidently has been studied previously.®

b) Oscillating domain structures in nematic liquid crystals
with a3 >0 and o, > 0. DC fields

For the case a; >0 and o, > 0 the form of the domain
structures when the second critical voltage U ,. is reached
differs from that described above. (We should mention that
here we are considering only those values of o, and ¢, for
which electrohydrodynamic instabilities arise). The overall
symmetry of the domain structures at the voltage U,. de-
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FIG. 2. Oscillating domain structures indc fields: a) U = U,,, a; =~0.01 P;
b) U=10V, a;=0.01 P, and in ac fields: ¢) a;=0.01 P, U= U,_; d)
U=10V, a,=0.01 P, U>U,,.

pends to a large extent on a;. For a; >0 the Williams-Ka-
pustin domains are transformed into hexagonal domains,
and for a; =0 their symmetry is close to trigonal (Fig. 2). In
this case there is no change in the domain structure when the
voltage is increased, but when U> U ,_, turbulent motion of
the mesophase sets in.

With increasing coefficient of viscosity a; > 0 the sym-
metry of the two-dimensional structures changes and be-
comes quasitrigonal. At U= U, the two-dimensional do-
main lattice loses its stability and undamped oscillations
arise in the sample with the formation of Williams-Kapustin
domains. The orientation of the structures of the Williams-
Kapustin domains constitutes an angle of @ and 7 — a with
the initial orientation of the director (at U = 0) and coincides
with the orientations of the two systems of domain lattices.
The period of the Williams-Kapustin domains is one-half the
period of one of these systems. The dimension L of the re-

gions (blocks) of the Williams-Kapustin domains depends on
the applied voltage, the thickness d of the sample, and the
temperature 7. Under stationary external conditions (U, T,
d) = const, the structures of the Williams-Kapustin do-
mains are unstable and transform into a domain lattice and
then back into a Williams-Kapustin domain structure. A
diagram of the transformations can be written down in the
following form:

unstable Williams- hexagonal

Kapustin domain domain
g . .

structure with orien- structure

tation [010], angle

unstable Williams-

Kapustin domain "
— . . —etc.
structure with orien-

tation [010], angle 7 — a

The frequency of the domain orientation depends onthe ap-
plied voltage and the thickness of the crystal and weakly on
the temperature. These dependences are shown in Fig. 3.
Empirical formulas describing the oscillation frequency 2
and the dimension L of the domains in the Williams-Kapus-
tin domain structure showed that they depend on the voltage
in the following way:

~A[U*—(Uyta,)*]®,  L~B[U*—(U,tan)*]™", (1)
where 4, B, and a, are constants that depend on the concen-
tration of MCPE. Here, as follows from investigations of the

thickness dependence of the oscillations, 4 «d ~2and B «d 2
(Fig. 3).

c) Oscillating domain structures of nematic liquid crystals for
the case o3>0 and o, > 0. AC fields

The case of ac electric fields differs from that which has
already been examined in that at the voltage U,, the Wil-
liams-Kapustin domain structures are transformed into a
square domain lattice. When the voltage is changed to U,
the domain structures lose stability and unstable Williams-

L, um T T T T

600

400

200

FIG. 3. Voltage dependence of oscillation fre-
quency {2 (®)and domainsize L (L) inblocks for
a;>0 and o, >0. Dependence of 2 on the
thickness of the crystal (O), and the voltage de-
pendence of 2 for a nematic liquid crystal with
a;<0 and 0,<0: (I &.=-0.1, o/
0, =1.23;(A)e, =0,0, /0y =1.1;(/\) £, =0.3,
o, /o, =1.03.
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FIG. 4. Dependence of the threshold U 5. (/\) and of the size L of domains
in blocks (O) on the concentration of MCPE + KClin MBBA.

Kapustin domain structures are formed. The undamped os-
cillations in this case are similar to those in the dc field case,
with the orientation of the domains at angles of 45° and 135°
to the direction of the director at U =0 (see Fig. 2). The
diagram of the tansformations in this case looks like:

unstable Williams- [[square
Kapustin domain domain
- structure, direction lattice
[11], angle 7/4
unstable Williams- ]
Kaputsin domain
- structure, direction — ete.
[11], angle 37/2 |

The expressions for the oscillation frequency and the do-
main size L have a form similar to those presented above (1)
for the dc case, but with different coefficients 4 and B. It
should be especially noted that while in the vicinity of @; =0
the domains are stable for dc fields, in the case of ac fields the
oscillations persist to @; ~0. This behavior is evidently gov-
erned by the symmetry of the domain mosaic. In the ac field
case it was possible to measure the frequency {2 all the way to
a; = 0. It was found that L—0 as @,—0, but with increasing
a; the domain size in the oscillating structures increases and
thereafter is a weak function of a;, (Fig. 4).

By means of polarization-dependent optical studies of
the domains with an optical microscope, it was established
that when U> U, in the process of domain oscillation and
the formation of Williams-Kapustin domain structures, the
director is oriented normal to the axis of the domain, as is the
case for Williams-Kapustin domains existing at U= U,.,
i.e., there is a rotation of the director relative to the initial
orientation, by the angles @ and 7 — a for dc fields, and 7/4
and — 7/4 for ac fields.

A change in the dielectric anisotropy of the nematic
liquid crystals from — 1 to + 1 did not cause the effect to
disappear; rather the frequency of the oscillations was prac-
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tically independent of the value of ¢,. It follows from this
result that the oscillation processes described here are main-
ly governed by the sign of a; while the characteristic dimen-
sions of the domain structures that arise are determined by
£,,€,,0),and oy, the elastic moduli k;, etc. The experimen-
tal results obtained here indicate that the conclusions of
Penz,'® who regarded the formation of oscillations as a con-
sequence of the positive sign of the anisotropy of the dielec-
tric constant, £, >0, are wrong.

d) Oscillating domain structures. The case a3 <0 and o, <0

In this case, an unstable, nearly square, domain lattice
is formed as the voltage is increased to U, . The thresholds
for the formation of this lattice and for the oscillations coin-
cide, and the diagram of the formation of the Williams-Ka-
pustin domains is the same as that described above. The Wil-
liams-Kapustin domains form parallel bands oriented
normal to the initial orientation of the director. The depen-
dences of the oscillation frequencies on the voltage at various
temperatures differ from those for the case@; >0and o, > 0:
at low voltage and in the vicinity of the critical voltage the
oscillation frequency goes as the square of the voltage,
2 « U?(see Fig. 3), and with increasing voltage the frequency
saturates. Corresponding to this result, the size of the Wil-
liams-Kapustin domains is on the order of the length of the
diagonal of the initial domain lattice.

NATURE OF DOMAIN STRUCTURE OSCILLATIONS IN
NEMATIC LIQUID CRYSTALS

It follows from the material presented here that the os-
cillation effect is essentially governed by the coefficient of
viscosity a; and the anisotropy o, of the electrical conduc-
tivity. No less important is the symmetry of the domain
structures that appear at U,.; the domain structures with
symmetry close to trigonal are stable.

We shall examine the behavior of a mesophase when
there exist a stationary domain structure and perturbations
of the velocities and orientation of the director. In such a
formulation of the problem the general equations that de-
scribe the evolution of the mesophase structure in time and
space are nonlinear and in a practical sense impossible to
solve. However, if it is assumed that the perturbations are
small, then the equations for the velocity, the director, and
the field can be linearized. We shall seek a solution of a lin-
earized system of equations of the nematic liquid crystal dy-
namics for the velocity v, + v, v = (v, , v, v, ) and the poten-
tial ¥. The total potential is @ = — Ez + ¥(x, y, z) where
| ¥ |<Ed and E is the constant field applied along the z axis.
We shall assume that £, =0 and k,, = k,, = k;; = k. Then
the volume charge is

pc'r=_ (E_L/én) VZIP"

and the bulk elastic energy of the nematic liquid crystal is
k k
— 2 2
F= 5 J: (Vn) dr——2 .! (Vn)*dz.

The director

n=(cos 0 cos @, cos 0 sin @, sin 0)~(1, g, 0),
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(l@l, |6 | <1) has an initial planar orientation. Let us define
h=kV*n=—8F/6n, TI'=[n(y,N+7v,4n)],
where
N=dn/dt+!/,[nrotv], Au="/,(0v:/0zx+0v,/0x;).
ThenwehavenXh=Torl, =h,, I, =h,,i.e., theequa-
tions for the rotation of the director are

EV20=1,0,0+ 20,05+ adibr,
2
kV 2(p=Ylat(P+aﬁauvx+azaxU,,. ( )

Here and subsequently we use the notation
0.X=dX/dt, 0.m v=dm*+mv/dz" dz™.

Then we write the dynamical equations for the nematic lig-
uid crystal:
i]
divv=0, fi+—2

=0
0z,

b

_( opP opP opP E)
= 9z oy oz Peslt |, (3)

where f; is the volume force, P is the pressure of the liquid,
and
Ou” =0 N A milimiF 0ot N o5V,

Foud it asnndtasninAy
is the viscous stress tensor. After eliminating the pressure P
these equations have the form
{loutaet/s (outas—ota) 108+ (st ota) (947+040) Yo

12 (cts—cta—ts) Doy t/o (Cta—ata—0is) Bi—/20, 02t ] 0,
+1/, (ots—ats) ag:zvri- (aaafi,z—ocza;z) Q)+'a36:v,9=0,
{[*/2 (ta—oti—ats) —at—ats ] D"/ (ctsaretaus) (8524022) Y0
+/, (ats—0ats) 6,:,0,,
+[/5 (ot os—oxs) 8;+‘/za‘5:,,z+‘/2 (st —as) 8.2:1v,

+ (020 wa—0ts i2) 0— s 1. — (£, /400) E 0. V*¥ =0, (3)
000, v,+0,v,=0.

Finally we write down the Maxwell equation dpg/
dt + div j = 0, where j = oE is the conduction current. The
equation has the form

(e./4m) 0, V* W +0,(02"V —E0.8) =O0. (4)
Expressions (1), (2), and (3) comprise a system of six linear-
ized equations for the quantities 6, @, v, , v,, v,, and ¥ as a
function of x, y, z, and the time .

We shall seek a solution in the form of a wave with wave
vectork = (k,, k,, g =m/d):

{6, @, vx, Uy, U, ¥}erexpli(katkytqz—Qt)]. (5)
Then, from (1) — (3), after eliminating v, we have five alge-
braic equations.

The dispersion equation that results from this system of
equations for kK, ~k, =k (a domain net) has the form

det]aih|=0, (6)

where
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—au=mk@*+ (B,  an=nske*+(n.tns) kP,
ay = (as—a,) Qk?,

@y =n.q"+ (+P2) K2 g+ (nFms) /g,

@=n3k*q+ (n.Fns) k*/q,

a:3=“39k(], a5=0;

Ay3= (azkz—ocaqz) Q, a24=_0639kq, a25=BJ_k‘K.2E/4J'L;

a33=a5,=0, au=iko.E, a3,=0,

ass=0,¢"+ (o) Fo, ) k*—ie , On/4a;

an=i(a:k*—asq")[q, a,=iokq,

a43=iQ’Y,—k%2, au=a.,;=0;

as=iask, ap=iok, a5=0, as=kn*—iQy, a5=0;

Yi=0s—Qs  Pr=o, /(s toutas), ni='/:(atata),
Ne="l(outos—a), ns=0./2,
Br=atastoutas, x'=¢*+2k"

Letting £2— O we obtain the condition for the threshold
U,. at which this net appears and for the threshold wave
vector:

e E*

4ng®

=%k, 7

Q30q

where we introduce the dimensionless function
f(z) =z (zFa) (z+B)/(z+Y) (z—A),
z=g"/k’, a=3+tn/nstB./my, P=0ylo T, (8)
A= (a/as)/ (ni/mst1),

This function has a minimum at x, ~2A4> 1. The values of
the threshold voltage and wave vector are

Y=mn2/nsH1.

167% o, kny [y, a+B—7 )
2~ L =1
U2c -~ €, 30, A (1 + 2A ’

kg [22 (241 )] SO

as \ns L
It follows from (9) that the threshold value of the voltage for
the formation of a domain net, U,.— « as a;— 0, a result
that agrees with experiment. The characteristic dimension
of the domain net is L ~7/k_, which exceeds the thickness d
of theliquid crystal layer by a factor g/k. = L /d. The condi-
tion for the formation of a domain net with a large period is

(9

1) 6,<0, a:<0; 2) 6,>0, >0, (10)
where it is required that
ot/ >1. (11)

To determine the voltage dependence of the oscillation
frequency we write down the dispersion equation (6) for non-
zero oscillation frequency &2 in the vicinity of the critical
voltage U, :

kotik Q+E.Q%—iQ*=0,

ko~kd (B*—E.?),  ki~0®>0, ka~0,>0, (12)
,  kq*aso, 4o | kq?
~ O’ = — —
’ 4y A = @ €1 + Y1

For E = E,. we have k, = 0, and equation (12), in addition
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to the null solution (£2, =0) has two solutions that are
damped in time:

Qa2 0y 12
2,8 -z—ﬁ)o 2 .

However, for E > E ,, once a disturbance is started it begins
to grow with time, and a new solution to (12) corresponding
to this situation is

§1=—iko/(1)o.

If the disturbance increases sufficiently slowly with increas-
ing external field, then the dispersion equation (12) remains
valid, and consequently, at some value E ;. R E,. of the ex-
ternal field undamped oscillations of the domain structure
can arise, which depend on the voltage and have a frequency

ko %304 ( 4no vy
0?2 AP RA \ e kg?

-2
Q' ~ +1) (U?— Us?). (13)
According to expression (13) the oscillation frequency of the
domain structureis 2’ « U? — U2, and for sufficiently thick
nematic liquid crystal layers is inversely proportional to the
square of the thickness of the layer, which agrees with exper-
iment (see Fig. 3).

We note that all the estimates given here are for the case
a;<0 and a, <0, i.e., for the usual signs of the viscosity
coefficients of nematic liquid crystals. To extend this theory
to the case of positive values a; > 0 (see Fig. 1) it is necessary
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to have supplementary information on the sign of the coeffi-
cient of viscosity a,. In this case, generally speaking, there
are other possibilities for the appearance of undamped oscil-
lations in addition to those discussed above; specifically, os-
cillations can arise in which there are large angles of devi-
ation of the director from the initial orientation. Here the
creation and annihilation of disclinations play a principal
role. '

The authors thank S.A. Pikin for discussions of the
work and for helpful comments.

UHere and subsequently [ k /] and [4 k ] are the directions of the crystallo-
graphic axes of the domain lattice.
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