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Kink switching in ferroelectric free-standing films with high spontaneous polarization
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The dyr amies of a Sm-C* director field in an a.c. electric field has been studied by means of light
scattering. The scattering of resonance type has been observed by the variation of field frequency at
fixed temperatures. The resonance scattering is supressed in high electric fields, at low temperatures
in the Sm-C' phase, and in films thinner than a threshold value No. A theory of director switching
is proposed that consistently describes the observed anomalies. The film parameters viscosity,
dielectric anisotropy, and polar film anisotropy are determined. This work provides evidence that
the Sm-C* structure in the boundary layers and the thin films of materials with high spontaneous
polarization correspond to the weak anisotropic state predicted early.

PACS number(s): 64.70.Md, 68.15.+e

I. INTRODUCTION

Free-standing smectic films have recently experienced
a period of renewed interest because of the unique prop-
erties that make them a very convenient experimental
and theoretical object for studies of dimensional crossover
efI'ects and physics of liquids with confined dimension
[1,2]. Until recently, the investigations of free-standing
films have been restricted by achiral and low spontaneous
polarization smectic phases. Qualitatively, new prop-
erties have been recently observed in ferroelectric Glms
with high spontaneous polarization. It has been shown
that the value of spontaneous polarization influences the
phase diagram and the structure of chiral phases [3—8]. In
thick Glms, a flexoelectric stripe instability has been ob-
served, whereas in thin films a spontaneously anisotropic
state is formed. All experimental results known until
now show that the structure of the Sm-C* phase in thin
films with high spontaneous polarization (N ( 120) cor-
responds to the weak anisotropic state of two-dimensional
(2D) ferroelectric films predicted in [9,10]. In this case,
the Sm-C* layers should possess a long-range orienta-
tional order which occurs because the anomalous thermal
fluctuations are suppressed by the electrostatic dipolar
interaction.

There is a well-known correlation between the struc-
ture of ferroelectric phases and the dynamics of the di-
rector field in an electric Geld. Director field dynamics
in &ee standing Glms with high spontaneous polariza-
tion has not been investigated, to the best of our knowl-
edge. The aim of this work is to study the director
switching processes in Sm-C free-standing films with
high spontaneous polarization and to prove the struc-
ture assignments for the Sm-C* phase made in previous
works. We have observed anomalous dynamic behavior

of &ee-standing Sm-C* films which has been consistently
interpreted by the model of kink switching [11,12]. This
model assumes that, at the application of electric field E,
which is directed oppositely to spontaneous polarization
P, small areas of the film are reoriented in the first stage
(P becomes parallel to E at short distance g near the film

+

boundaries preserving the initial orientation of P), and
then such a sharply inhomogeneous perturbation with
width rI (the width of kink) runs through the initially
homogeneous Glm. Thus, it is assumed the that bound-
aries of ferroelectric Glm produce the certain anisotropic
conditions for the distribution of polarization. These re-
sults correlate with the assumption made earlier [3,6,7]
that the structure of thin ferrolectric films of high sponta-
neous polarization Sm-C* phase corresponds to the weak
anisotropic state predicted in [9,10].

II. EXPERIMENTAL RESULTS

Chiral 4-(2S,3S)-2-[chloro-3-methylpentanoyloxy]-
4-'heptyloxybiphenyl (C7) has been studied. This sub-
stance possesses the following liquid-crystalline phases:
isotropic (62'C), srnectic A(54.6 C), smectic C' (43'C),
smectic G [14]. The spontaneous polarization in the
smectic-C* phase of pure chiral C7 varies between 130
and 290 nC/cm with decreasing teinperature [14]. The
Grst order smectic-A —smectic-C* phase transition disap-
pears in &ee-standing Glms thinner than N = 15 layers
[15].

Films of C7 with dimensions 0.8xl mm were drawn
in a &arne consisting of two teflon rails and two movable
brass blades. Films with homogeneous thickness were
produced in the smectic-A. phase and cooled down to
the smectic-C* phase. The C7 &ee-standing film prop-
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erties have been studied in a broad interval of number
of layers (&om 5 to 1000). The experimental setup en-
abled simultaneous optical observations and reBectivity
measurements in the visible region of wavelengths. The
number of smectic layers was determined by the optical
difFraction measurements in the smectic-A phase as de-
scribed in [1,16]. The applied method allows the exact
determination of number of layers in a broad interval of
film thicknesses and the re&active index [16].

The conventional dielectric spectroscopy cannot be ap-
plied to detect collective modes inherent for the films be-
cause of the large amount of the substance contained in
the meniscus. To solve this problem, an optical registra-
tion method has been developed. A sine wave electric
6eld &om a function generator has been applied across
the 61m between two brass blades in the Sm-C' tempera-
ture interval. The blades were covered with polyimide to
prevent eÃects of charge injection. The presence of cur-
rents was controlled in a polarized microscope because
the charge How destroy the films texture. The used cur-
rent passivation method works no longer than 3-4 days.
After this time the currents occurrence was registered. In
this case, the experiments were stopped and a new coat-
ing produced. It was important to take care about the
substance destruction in films. At normal conditions the
C7 is very stable, but we have observed that this process
is much more faster in the electric field. To prevent this
efFect we have loaded new substance each day. The 6lms
were illuminated by a halogen lamp or laser in slightly
decrossed polarizers and the light beam was collimated
to 600 pm. The reHected intensity has been registered by
a photomultiplier connected to a lock-in at the &equency
of the electric Geld. The generator &equency change and
data acquisition in the range 10 Hz —100 kHz has been
carried out by a computer program.

Figure 1 shows the reHection intensity as a function of
the ac electric field &equency in the smectic-C' phase at
(T,—T)=0.5'C in a C7 &ee-standing film with N = 400
layers. The intensity curve possesses a maximum at f =
2.8 Hz and a half-width 4f 800 Hz. The film's texture
was homogeneous with a small number of defect lines
going &om one electrode to the other.

Figure 2 shows variation of the scattering curves on the
number of layers. The resonance dependence of N = 400
layer film becomes broader in N = 152 layer film. In 61ms
thinner than 120 layers, the resonance reHectivity disap-
pears. The scattered intensity on the N = 50 layer curve
increases in the low &equency region. Microscopic obser-
vation shows that, at the same time, quasistatic (low &e-
quency) defects are born. Such defects move with some
small velocity across the 6lms and cause the change of
the scattered intensity. At low &equencies the scattered
intensity becomes some chaotic function of &equency in
the N = 50 film (not shown in Fig. 2). The quasistatic
defects will be studied in a separate paper.

Figure 3 shows the dependence of the resonance &e-
quency and amplitude on the ac electric Geld strength
for N= 300 and (T, —T) —0.55'C. The resonance
&equency is approximately independent on the field
strength whereas the amplitude runs through a maxi-
mum at about 60 mV/pm and decreases in higher fields.
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FIG. 1. Resonance re6ectivity of a smectic-C' with
N = 4oo, AT = 0.5 c.

At V =170 mV/pm the resonance scattering disappears,
which is shown on Fig. 4.

Figure 5 shows the dependence of the resonance &e-

quency and amplitude on the offset field strength for the
61m with N = 152 layers. It is interesting that very small
electric 6elds strongly inHuence the Glm properties. In
higher dc 6elds the resonance scattering transforms to
the step form and finally disappears. The resonance &e-
quency has a maximum at approximately 8 mV/pm and
decreases in higher dc Gelds. It is important to note that,
because of the polyimide coating, the direct 6eld induces
only the reorientation of the molecular tilt planes and no
currents. The amplitude of scattering remains approxi-
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FIG. 3. ac field strength dependence of the resonance
frequency (O) and amplitude (+) for N = 300 layer and
AT=O. 55 C.

FIG. 5. Dependence of the resonance frequency (+) and
amplitude ( ) on the magnitude of bias field for N = 152
layers and AT=0.3 C.

mately constant in increasing dc field.
Figure 6 presents the temperature dependence of the

resonance &equency for difFerent film thicknesses. In
thick films (N &250), the resonance frequency shows a
maximum at the Sm-A —Sm-C* phase transition and de-
creases with decreasing temperature. In films with num-
ber of layers 250& N &160, the resonance &equency
reveals a weak temperature dependence and slowly in-
creases by lowering the temperature. In Glms with
160& N & 120, the resonance &equency increases by
decreasing the temperature. The temperature interval,
where the resonance reflection is observed, decreases by
lowering the number of layers. In Glms thinner than 120
layers no resonance has been detected. The width of re-
fIection curves, measured at a fixed temperature belowT, increases as the number of layers is decreased. In
thick Glms, the stripe texture is stable in the electric Geld
about 5 C below the phase transition and frequencies
u & 500 Hz. In thin Glms, the anisotropic texture was
observed in Geld in the whole smectic-C* temperature
interval.

Figure 7 displays the dependence of the scattering am-
plitude for N = 182 and 152 layer films on temperature.
Qualitatively difFerent behavior was registered for this
relatively small variation of the number of layers. The
value of scattering maximum increases for N = 182 and
decreases for N = 152 by decreasing the temperature.

III. THEORETICAL MODEL
I I

2 3

FREQUENCY (kHz)

FIG. 4. Disappearance of resonance scattering in high ac
electric field.

In the geometry under consideration (Fig. 8), when
the external electric field E is parallel to smectic planes
and induces the polarization vector rotation by azimuth
angle p(r, t) in these planes, we can write the equation
of director and polarization motion in the form [13]
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PEsiny —Uo sin&pcosy+ Ko = p8, (1)2 g P gP
Oy~ Bt '

where y is the angle between vectors P and E, P = p8
is the spontaneous polarization, 0 is the tilt angle, p is
the piezoelectric modulus, K is the elastic constant, and

p is the viscosity coefBcient. The quantity

++ +++++++ U=Up+e E (2)

I
I

2

(TAc-T)('C)

FIG. 6. Temperature dependence of the resonance fre-
quency for N = 400 layers (+), 182 layers (~), and 152 layers

( ).

characterizes the energy of anisotropy [12,13], the quan-
tity Up describes a possibility for the existence of pref-
erential direction of the spontaneous polarization in the
cell, for instance, due to boundary conditions, e is the
dielectric anisotropy. We shall assume that U is posi-
tive, i.e., the preferential orientations correspond to val-
ues p=O and p=vr. We suppose in Eq. (1) that angle

p changes along the y axis, which is perpendicular to
the cell surfaces (any axis is suitable). The right part
of Eq. (1) corresponds to the existence of the invariant
expression
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for the viscous torque which hinders the rotation of vector

( with components

= 0 cos p, (z = 8 slI1 p

Here ( is the order parameter of ferroelectric smectic C
[10]. Equation (1) can describe a director motion under
the action of alternating field E = E cos(art) also, but, in
such a case, we shall use the approximate expression for
energy of anisotropy U,

U = Up + s (E ) = Up + E, —
2

which corresponds to the time averaging of U, the sec-
ond harmonic in U being omitted. We think that such
an approximation is suKciently good for the qualitative
model consideration.

It is convenient to introduce the variable 8 = ~ and
parameters

(TAC-T) ('c)

FIG. 7. Temperature dependence of the resonance ampli-
tude for N = 182 (+) and N = 152 ( ).

pE d Ka=, b= —, g=
p8 g U

where d is the cell thickness. One can 6nd, under the
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mentioned assumptions, the exact solution of Eq. (1),

1
p(s, t) = arctan

sinh[8 —sp ——sin(~t)] ' (7)

1
p(s, t) = arctan

S1Illl 8 —8p —at (9)

with velocity v = ga [11—13].
Solutions (7) and (9) demand, in fact, boundary con-

ditions y = 0 or p = vr at very large values of

where sp is a constant. Solution (7) describes the solitary
kink of function rp(s, t) which is spreading along the y axis
with velocity

v = gacos(ut).

If electric field E does not change with time t, i.e., ke-
quency w ~ 0, then Eqs. (7) and (8) describe the kink
motion

(y, t)4(y, t) —&;(y, 0)&y(y, 0) (16)

and therefore the scattering intensity is proportional to
the quantity

homogeneous orientational states, i.e., an orientational
helix is absent in the case under consideration. Usually,
in chiral ferroelectric smectics C, the helix is untwisted
by the cell boundaries if the cell thickness d is sufficiently
small, for instance, at d ( 0.1 —1 p,m.

The total intensity of scattering light is proportional to
the integral of the scattering amplitude a(y, t) squared
over variables y and t. The function n(y, t) is propor-
tional to the quantity ice(y, t) f, where i and f are the
initial and final polarizations of light, and Le is the per-
turbation of the dielectric permeability tensor for a given
light &equency. In the case under consideration, the
quantity iAef is proportional to the difference of prod-
ucts of order parameter components

(y —yp) (10)

P4 sing = Ko
By

i.e., at very large kink displacements y —y0 as compared
with kink width g. In practice, the boundary conditions
for the film with finite thickness d take, for example, the
form

d

I = dt dy[(, (y, t)(y(y, t)
0 0

(y, 0)4(y, 0)]'.

According to the definition of components,

6(y t) = «os V (y t),
(2(y, t) = 8 S1I1p(y, t)

(17)

sing = 1 0(p

cosh(s —s, —A) By
'= rl

aA—:A(t) = —sin(cut)

or

(14)A(t) = at,
we conclude that condition (ll) is equivalent to the con-
dition

at values y = 0 and y = d, where 4 is an efFective electric
potential of the cell surface. Taking into account the
relation

for the light incident on the cell along the y axis and
for the electric field directed along the x axis, we can
denote x for direction 1 and z for direction 2. If the
light is polarized initially and finally along axis x, then
we obtain quantity I11 from Eq. (17):

2'

I11 ——0 dt dy[cos p(y, t)
0 0

—cos2 (p(y, 0)]'. (19)

For the initial and final light polarizations directed
along the z axis, we obtain the quantity

1 m0
cosh(s —sp —A)

d

I22 —8 dt dy[sin (p(y, t)
0 0

—sin' p(y, 0)]'. (20)
at the cell boundaries. The latest condition is fulfilled ap-
proximately if kink displacements ~s —sp~ ~A~

—are
much less than the parameter b = —" that is possible at
large frequencies. In general, we will assume, by analogy
with ordinary ferroelectrics, that the process of polariza-
tion reversal starts in certain "weak" places s0 by the for-
mation of nuclei which are the orientational kinks in our
case. Such weak places can exist at the cell boundaries
or in the bulk of the cell. If the time of nucleus (kink)
formation is smaller than the characteristic time of kink
displacements, then we can hope that solution (7) will
describe the polarization reversal qualitatively. It is nec-
essary to emphasize that we consider large reorientation
angles y m', therefore this case divers &om ordinary di-
electric measurements in principle. Besides, one should
note that we consider the polarization reversal among

2'

I» —8 dt dy[sin p(y, t) cos p(y, t)
0 0

—sing(y, 0) cosy(y, 0)] (21)

Using the relations

1
sin p(y, t) =

cos &p(y, t) = tanh(s —A),
1

sin&p(y, O) =, cos&p(y, O) = tanhs,
coshs

'

a d
A = A(t) = —sin((ut), & = —,

Cd
(22)

In the case of crossed polarizers, we have the quantity
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where the constant so is omitted, which is not a factor, one can rewrite expressions (19)—(21) in terms of (22) and
take integrals over coordinate y. For instance, we obtain

2'

I22((t)) = 8 rI dt tanh b ——tanh b + tanh A ——tanh A + tanh(b —A) ——tanh (b —A)
0 3 3 3

2 (1 —tanh A) tanh b 2
tanh b b -b 1n(1 —tanh b tanh A) ),sjnh A 1 —tanh b tanh A tanh A (23)

2m

Ir2(w) = 8 g dt —tanh b+ —tanh (b —A) + —tanh A+ ln(1 —tanhbtanhA)4 3 3 1 3 2

0 3 3 3 sinh A

2 cosh A (1 —tanh A) tanh b 2
tanh b + + ln(1 —tanh b tanh A) ).sinh2 A 1 —tanh b tanh A tanh A (24)

Integrals (23) and (24) cannot be expressed as elemen-
tary functions, and, besides, at very low &equencies u,
the limits of integration should be changed because of the
following reasons. It is clear physically that when the pe-
riod of electric field oscillations is much more than the
time of kink motion through the cell, i.e. , when —)) —",
the perturbations of dielectric permeability occur during
time —" only, and, therefore, in low &equency limit, when
A(t) at, we must take the integrals over time t between
the limits 0 and —.In fact, quantities I(ur ~ 0) tend to
finite limits effectively. At very high frequencies ~, when
the amplitudes of kink oscillations are of the order of —"

i.e., they are much less than cell thickness d, intensities I
must diminish. The decay I(~ ~ oo) can be calculated
exactly by the expansions in terms of quantity A. For
example, from (23) and (24), we obtain

I22(~ m oo) = 8 rI( s tanh b

7l a
&~')

Ir2(~ ~ oo) = 8 rI(6 tanh b —7tanh b

(ma'l
+s tanh b)~E~')

(25)

(26)

2'
4P ma2 b3

A(t)'dt =, ~ a' t'dt = —,
0 3a (27)

From Eqs. (26) and (26), at small values of parameter b,
we can estimate also the limits I(~ ~ 0) by the substi-
tution

i.e.,

40'~b'
I22((d m 0, b m 0) =

9a
2e4~b4

Ir2(ur m 0, b m 0) =

(28)

(29)

(30)

z.e.,

a
~ext )

b

&equency value ~ t corresponding to intensity ex-
tremum I = I(u, b).

The relation ~, t &
can be obtained by the rough

estimates of the integrals of tanh(b —A) and tanh (b —A)
in expressions (23) and (24). It should be noted that the
quantity

Thus, one can see from Eqs. (25)—(29) that the limit val-
ues of quantity I(w) are small at large values of parameter
a (in practice, a 10 sec ). At intermediate values of
~, we should expect the existence of a certain maximum
in dependence I(u). It is clear physically that maximum
values of the scattering intensity must correspond to such
a situation when the kink is running distance d during
the time of the order of half-cycle —,because, in such
a case, the perturbations of dielectric permeability are
large anywhere in the bulk of cell. Thus, we can make
the estimate

( a ( a
8 rI tanh(b —A)dt = 8 )7 tanh~ b ——sin(art)

~

+ tanh~ b+ —sin(ut)
~

dt
0 o ) (31)

characterizes the integral change of (z ——8 sin p(y, t), i.e. , of the square of the polarization component perpendicular
to the electric field direction, since

d

8 dt dy(sin y) = 8 g [tanh(b —A) + tanh Ajdt
0 0 0

2'
= 8 rI tanh(b —A)dt.

0
(32)

Assuming the existence of unequalities b » 1, a » 1 and 1 & (b ——+ 2bw2t2) & 0, one can estimate integral (31) as
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b82r)

a E

( a'i
w+ tabb

~

b ——
~
+ b(1 —casu) du)~)

d82

a

2 2( a'l f a)
7i + 2 tanh[b(1 —cosu)]du+ 2 —

~

1. —b+ —
) (

b ——
~

0 ~J 0 ~)
d8 const

2vr — + 2
a

( al f al
ib ——

i~J 4 ~J (33)

a

@ATE

pE K
b p8d p8d U '

84gb p85d
Imam (tb ~ezt) a p

(34)

The numerical calculations of the integral change of $22

and of integral scattering intensity Ii2 as functions of &e-
quency u are shown in Figs. 9 and 10 respectively, for the
identical sets of parameters a and b (multipliers 0 and tl
are fixed). One can see that these integral characteristics
are very similar qualitatively: the increase of parameter
a E results in the decrease of these characteristics at
Gxed thickness d b; the increase of thickness d 6 re-
sults in the increase of them and in the decrease of u
at Axed parameter a E; values u q and I are al-
most identical to the ones at the identical values of ratio
&, function I(u) has a plateau at low frequencies.

All these conclusions follow &om analytic relations

Expression (33) has a maximum at (b ——) = s, i.e. ,

&, and the maximum of integral (31) is of the
d8order of " . The same estimates are true for the integral

of tanh (b —A) and for integrals (23) and (24). Thus, we
have:

(34). Relations (34) show also that, at the fixed values
of tilt angle 8, the field dependencies of quantities u, q

and I~ ~ are different if U E, naxnely, co q is almost
constant, but I ~~ ~ =. At small values of amplitude

E, one can see &om Eqs. (28) and (29) that intensity I
decreases, at least as E at decreasing E, if a E and

g —.The temperature dependences of quantities u
and I are determined by the temperature dependence
of tilt angle 8. For example, ~ q decreases but I in-
creases at decreasing temperature T, i.e., at increasing
tilt angle 8.

.If in phase C*, due to the strong inHuence of Aim sur-
faces, the "easy" direction for the spontaneous polariza-
tion arises in a thin cell along the z axis, then quan-
tity Uo must be negative and increase at the tempera-
ture decreasing. In this case, quantity U can vanish at
a certain intermediate temperature, and, therefore, kink
width g becomes infinite and parameter 6 is going to zero
at this temperature. Thus we obtain, by the first of Eqs.
(34), that quantity u, t must diverge at such a point, but
quantity I must vanish at this temperature according
to Eqs. (26)—(29).

When direct Beld Eo and alternating field Ecos(wt)
are applied simultaneously, then solution (7) takes form

& (2 & (arb. units)

Ii2 (arb. units)

0—
3 300

FIG. 9. The frequency dependence of the integral change
of the square of the polarization component perpendicu-
lar to the direction of electric field. Numerical calcula-
tions: curve 1 (a = 10 sec, b = 10); curve 2 (a = 10
sec, b = 10 ); curve 3 (a = 10 sec, b = 10); curve 4
(a = 10 sec, b = 1). The value of ((s) is plotted in. arbi-
trary units.

0.15 1.5
~(kHz)

FIG. 10. The frequency dependence of the integral inten-
sity of scattering for crossed polarizers. Numerical calcula-
tions: curve 1 (a = 10 sec, b = 10); curve 2 (a = 10
sec, b = 10 ); curve 3 (a = 10 sec, b = 10); curve 4

(a = 10 sec, b = 1). The value of Ii2 is given in arbitrary
units.
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1
y = arctan

sinh[s + bat ——sin(~t)] '

where b = ~ and signs + correspond to various mutualE
orientations of the two electric fields. If quantity Eo is
small, i.e., b' « 1, then estimates (31)—(33) give a small
shift of quantity ur, i . w, i &(1+ —). At comparable
values of Eo and E, i.e. , at b & 1, the situation can drasti-
cally change, since during one half-cycle, when vectors Eo
and E have identical directions, the kink can rapidly run
through the film and cannot come back, which decreases
the scattering intensity. The perturbation occurs during
suKciently long time when these two fields are directed
oppositely. In such a case, the characteristic frequency
can be roughly estimated as

CD—6

(0
LU

4
I—

(1 —b)a
~ext

b
(36)

i.e., the quantity ~, & diminishes at Eo E. The es-
timate of quantity I at these low kequencies can be
done qualitatively for b )) 1 by Eqs. (23) and (24) in
which the integrals should be taken between the limits 0
and tp (,where time to is an instrument constant.~eat
One can see that, at these conditions, the maximum in-
tensity decreases in high fields as

4 1I 0 gto
~U E2 + 1E2

2

IV. DISCUSSION

The observed &equency dependence of the scattering
intensity, shown in Fig. 1, reminds one of resonance be-
havior, but, in reality, the existence of a maximum in-
tensity can be explained by the kink motion which was
discussed above. Theoretically calculated functions I(u)
(see Figs. 9 and 10) are quite similar to the experirnen-
tal ones. We fitted the observed dependence I(u) at

u, i by the law G(u + R) +; the fitting results
are shown in Fig. 11. One can see that dependence
I(ur) ~ s is most suitable in accordance with Eqs. (25)
and (26) parameter G being of the order of 10 . It should
be noted that, theoretically, G a, and the theoretical
curves were calculated for a & 10 sec

Figure 2 shows the experimental change of functions
I(u) as the film thickness decreases. The calculated
curves, for parameter a = const and for parameter b de-
creasing, show a similar change: I decreases, but u, q

increases.
Figures 3 and 4 show that I decreases, but w q al-

most does not change; when the field amplitude increases
at the constant tilt angle 0, this behavior is explained by
Eqs. (34). Figure 3 shows also that, at low voltages, I
increases with a voltage that agrees with Eqs. (28) and
(29) when o, b i7

i E.
Figure 5 shows the experimental efFect of bias field Eo

acting simultaneously with the alternating field. One can
see that quantity u, z increases to some extent at low val-

I

3
FREQUENCY (kHz)

FIG. 11. Fitting of the high frequency wing of the scatter-
ing curve of Fig. 1.

U= —const x (T, —T)+e E (38)

where const is positive. This expression for the energy of

ues of Eo, but then, at larger values of bias field, quan-
tity u z exhibits the essential decrease when Eo becomes
comparable with E. According to Eqs. (36) and (37) the
magnitude of I should also decrease at these values of
Eo. However, the data noise in Fig. 5 makes comparison
with experiment dificult.

Figures 6 and 7 display two kinds of the temperature
dependences of quantities u, & and I . For the rela-
tively thin film, we observed the vanishing of scattering
and the critical increasing of ~ q at a certain tempera-
ture below the transition temperature. For the thicker
films, such a "critical" temperature is absent, quantity
I increases, but quantity u, & decreases, with de-
creasing temperature. These data can be explained if
we assume that there is no pronouced energy of polar
anisotropy (Uo 0) in thick films, but there is the "easy"
direction (z axis) for vector P in sufficiently thin films
(Uo & 0). Therefore, the pointed behavior of thick films
is described by Eqs. (34), where quantity U is positive.
The geometry of studied thin films can provoke the ap-
pearance of the "easy" z axis and of negative quantity Uo'.

the film is almost totally homogeneous along the z axis,
whereas directions x and y correspond to inhomogeneous
changes of film properties, for example, because of the in-
fluence of the film surfaces and electrodes. The tempera-
ture dependence of Uo is determined by the fluctuational
nature of the polar anisotropy: at the phenomenological
approach, quantity Uo is the expansion in terms of tilt an-
gle squared, and we suppose that Uo —82 (T, T), — —
so that the corresponding &ee energy term and the sec-
ond term in Eq. (1) are proportional to 84. Thus, in this
approximation, we can write
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polar anisotropy results in the appearance of the "crit-
ical" temperature (for the efFect under consideration)
below the transition temperature as it was mentioned
above. In our approach we used the linear relationship
between P and 6P. For the materials with high spon-
taneous polarization this is generally not true. It can
be shown that the deviation &om the linearity does not
change the qualitative picture of the phenomena. The ef-
fects of nonlinear terms will be discussed in further pub-
lications.

Figures 9 and 10 show the computer simulation of the
scattering curves on the number of layers and electric
field according to Eq. (34) These curves demonstrate that
the simulated curves qualitatively correspond to experi-
mental behavior.

Since the kink motion is possible at values b )) 1 only,
i.e., when d )) q, we conclude that, at the cell thick-
nesses smaller than lcm and the field strength smaller
than 10 V/m, the kink width could be larger than the
cell thickness. Really, rl gK/e E 10 p, m for
E~10 V/m K~10 N andea ~10 m N/C
Therefore, we should find the preferential direction for
the kink formation and motion in plane xz, i.e. , along
the cell surface, with certain characteristic boundaries
on distances D )) g. In our experiments, such bound-
aries really exist as the boundaries of specific domains
which were observed and studied [3—8]. Quantity D, as
the width of the domains, is of the order of 100 pm. At
very small film thicknesses (d & 0.1 pm), when these do-
mains disappear, the time of kink motion becomes very
long, if the latest one is not suppressed entirely by the cell
boundaries, and, thus, we cannot expect any resonance
phenomena.

To estimate the parameters of the kink model (a and
6) and to fit the experimental data, we shall specify the
characteristic quantities in the order of value as p 10
C/mz, K 10 ii N, p 10 i Pa sec, E 10s V/m,
D 10 4 m, e 10 ii mz N/Cz, Uo ——0 (for thick
films) and 0 ~ 10 at AT ~ 1K. Thus, we can estimate
a = (tJ,E/pg) - 10 sec ', ri - -gK/e 10 m,
6 = d/rl 10, and ~, t 10 sec . In fact, quantities
p, K, and t are not known exactly, but they can be
estimated &om the experiments by the proper choice of
parameters a and 6 for the best fitting.

The study of dependence I(u) at very low frequen-
cies meets some difIiculties related to the necessity of
the proper choice of instrument constant to mentioned
above. If parameter to has an occasional value, i.e. , the
upper integration limit in Eqs. (23) and (24) can fiuc-
tuate, then the observed scattering intensity can have

occasional jumps at very low &equencies.
Another question, related to the low &equency behav-

ior of quantity I(w), arises when we study very thin films
(see Fig. 3). In this case, the maximum intensity is al-
most absent at u a/b (arl/d) ~ oo, but expansions
(25) and (26) stay valid at u )) a, i.e. , even at sufficiently
low &equencies if field E is not too strong. Therefore,
in such a case, the f'requency range, in which laws (25)
and (26) are valid (at fixed to, these laws take the form
of constxu ), is expanded, and one can observe the
increase of scattering intensity at &equency decreasing
even at u « (a/b).

V. CONCLUSIONS

The presented model is based on the assumption that
the films consist of the exterior layers, where the vec-
tor order parameter ( is spontaneously oriented due the
efFects of the dipolar interaction decribed in [9,10], and
the interior layers where the conic Sm-C* spiral with axes
perpendicular to the layers is suppressed. The contribu-
tion &om the Goldstone mode to the light scattering is
therefore neglected. The kink mechanism determines the
reorientation of the director field in the interior layers
of the films. The director reorientation starts &om the
induction of the kink on the boundary of the exterior
anisotropic layer (in thick films) or on the boundaries of
the specific domains (in thin films), which then propa-
gates with a certain velocity perpendicular to the films
surface in the case on thick films or parallel to it in thin
films. When the film thickness is comparable with the
thickness of the ordered exterior region, the kink mech-
anism does not work generally. The films dynamics is
qualitatively changed and other mechanisms have to be
considered. The model of kink switching has given a
good qualitative correlation with the experiment for the
film thicknesses N &120 and enabled the estimation of
until unknown material parameters: viscosity and polar
anisotropy.
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