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Kink Propagation in Freely Suspended SmC*
Films

R. STANNARIUS and C. LANGER

Universitit Leipzig, Fakultdt fiir Physik und Geowissenschaften Linnéstrasse 5,
D-04103 Leipzig

We present numerical simulations of ferroelectric switching in freely suspended smectic
films. Travelling 180° walls (kinks) in the film plane are quantitatively analyzed. Conditions
for the formation of such walls are discussed. In addition to the conventional viscous and
elastic torques and electric coupling terms to the external field, our model considers the
polarization charges in the walls. The ferroelectric material interacts with the electric field
produced by these charges, and the model allows for a partial screening of this field by free
ionic charge carriers in the smectic film. The results of the numerical calculations are com-
pared with electro-optic experiments performed with a polarizing microscope.

Keywords: Smectic films; Ferroelectric switching; Electro-optic effects; Kink propagation

INTRODUCTION

The formation of propagating wave fronts is a phenomenon often observed
in systems which are suddenly quenched from equilibrium into an unstable
state. A considerable number of theoretical studies has been devoted to the
analysis of the static and dynamic properties of such structures. The con-
cept of marginal stability has been developed to describe the selection of
the propagation velocity [1, 2, 3]. Liquid crystals exposed to electromagnetic
fields represent an experimental system where the properties of such struc-
tures can be conveniently studied. Different types of inversion walls have
been described for example in nematic liquid crystals under the influence of
magnetic (e.g. [4, 5, 6, 7, 8]) and electric fields (e.g. [9, 10]). These walls can
represent stationary structures between equivalent states, but they propa-
gate when the symmetry is broken for example by oblique external fields [4]
or for non-symmetric wall profiles (Bloch walls [6, 8]).

In smectic C and C* materials, similar kink structures have been pre-
dicted for the c-director. the proiection of the molecular tilt direction on
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the smectic layer plane. Schiller et al. {13] have given the first theoretical
description of inversion walls in smectic C material in sandwich cells under
the influence of electric fields. In weakly ferroelectric material, the sponta-
neous polarization provides the symmetry breaking element and travelling
walls are formed. The dynamic equations for the c-director have the form
of overdamped sine-Gordon equations, which are well known for their kink
solutions. In the geometry of sandwich cells, the direct investigation of such
structures is not easy. Inversion walls parallel to the electrode planes are not
easily detectable by optical means, and their description requires assump-
tions about the director profile along the cell normal. Freely suspended films
of smectic C and smectic C* materials provide a convenient alternative to
study the electro-optic switching processes. When an electric field is applied
in the film plane, the characteristics of the film reflectivity can be easily ex-
ploited to evaluate switching times and viscous parameters 11, 12]. Since
the smectic layers are stacked perfectly in the plane of the film, the geom-
etry of the experiment with in-plane electric fields is largely simplified. It
has been recognized earlier that the reorientation of the c-director in an
external electric field is not necessarily uniform in the film plane but can
occur in the form of domain growth together with the appearance of local-
ized travelling walls [14, 15, 16]. Spatially resolved images obtained with
polarizing microscopy allow the direct observation of these inhomogeneous
switching processes.

In this paper we analyze the switching mechanism of ferroelectric SmC*
films in lateral electric fields. We explore the conditions for uniform switch-
ing and for the formation of kinks during the director reorientation in the
external electric field. The key parameters of the model, in addition to vis-
coelastic properties of the smectic material, are the spontaneous polariza-
tion and electric conductivity of the sample. We use the results of numerical
simulations to interpret experimental observations.

EXPERIMENT

The experimental geometry where kink switching has been observed before
[16] is depicted in Fig. 1. The freely suspended film is drawn on a frame con-
sisting of two fixed and two movable holders. The film area is approximately
6 x 6 mm A homogeneous electric field in the layer plane is generated by two
plate electrodes forming a capacitor of 0.5 mm gap and 2.5 mm width. These
electrodes are carefully pierced through the film from below. This technique
allows to keep the film meniscus at the electrode surfaces very small. The
maximum voltage in the experiments was 120 V, typically the electric fields
applied were of the order of 10 to 10° V/m. The reflection images were ob-
served with a polarizing microscope (NU-2, Carl-Zeiss Jena) and recorded
by means of a CCD camera. A HAMAMATSU controller C2400 was used
for contrast enhancement before the images were digitized.

The mesogenic material investigated was ZLJ 4237-100 from Merck
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Figure 1: Drawing of the film
holder with micro electrodes
pierced into the film. Polar-
izer and analyzer orientations
are sketched at the top.

with a SmC* phase at room temperatures, a spontaneous polarization
Pg = 2-10*As/m?, rotational viscosity of the c-director v = 0.185Pa s
and tilt angle § = 24.5° (at 20°C). The conductivity of the material is
1.3-107°Q"'m~1, it may differ somewhat for the individual samples, the
dielectric constant is = 3.5..4.5.

OBSERVATIONS

In a sufficiently strong DC electric field, the sample aligns with the polar-
ization P along the electric field (x-axis), and the c-director along y. The
film becomes practically monodomain. For the material parameters of the
investigated compounds, the critical electric field nessary for the unwinding
of the SmC* helix is of the order of only 1 kV/m, therefore the helix is un-
wound for all voltages applied, even for films which are not thin compared
to the helical pitch.

After switching the polarity of the electric voltage at the electrodes, the
c-director field is in an unstable equilibrium and it reorients by 180° into
the new equilibrium orientation. This can occur in different ways. The sim-
plest case is a uniform rotation of the c-director in the film plane. This case
is usually observed in thin films (thickness s« lum). In thicker films, we

‘observe the formation of inversion walls near the lateral electrode plates.

They start to propagate towards the opposite electrode, practically with-
out changing their shapes. These structures obviously provide a classical
example for front propagation into an unstable state.

Figure 2a shows an instant image of the free-standing film taken at a low
electric field (60 kV/m) shortly after the field reversal. At each electrode a
kink is released that propagates towards the middle of the film plane. These
structures have been described in more detail in a previous publication {16].
The optical appearance of the film is quite similar behind and in front of the
kink. The corresponding domains, which obviously differ in their c-director
orientations by 180°, are optically indistinguishable at normal incidence. We
assume that the film reflectivity I is related to the director orientation (in
absence of twist) by

I{) o sin®2(© ~ ©a) (1)
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where ¢ is the angle between c-director and y-axis (or between ﬁg and
E), and @y denotes the angle between the polarizer and the x-axis. This
approximation holds when the c-director field is uniform along the film
normal (z-axis) and if the variation of ¢(z, y) occurs on a scale that is large
compared to the optical wavelength, such that plane waves can be assumed.

Figure 2: Experimental image of a 3.2 um thick film of ZLI {287-100 after
switching from -30 V to +30 V, electrodes are seen in the upper and lower
edges of the picture (top view): (a) instant image 0.34 s after field reversal,
(b) time evolution of a vertical cross section taken at the arrow position. In
the circle between both images, the orientation of the polarizers is indicated.

The time evolution of the walls is shown in Fig. 2b in a spatio-temporal
plot. This image was constructed from a sequence of cross sections of the
images taken during the reorientation (perpendicular to the electrodes at the
position indicated by the small arrow below Fig. 2a). Here one can see that
the kinks move with the same constant velocity. In the middle of the film
plane they interact with each other, forming a 360° wall. The propagation
stops. The 360° wall is finally distorted and destroyed by electroconvective
flow in the film or by defects moving in from the sides (because of the finite
electrode width), but before this happens it can be seen from image 2b that
a stationary state is reached.

We also note the change of brightness in a narrow stripe directly at the
electrodes after the switching (Fig. 2b top and bottom). Initially, the bright
edge is at the lower electrode, after the c-director reorientation it appears
at the opposite electrode. The explanation is found from the model director
field sketched in Fig. 3. At the film boundaries, the c-director tends to align
perpendicular to the electrodes, so the optical intensity increases at one
electrode where the c-director is deflected towards the diagonal between the
polarizers, at the other edge the reflection image darkens because the c-
director is deflected towards the polarizer. Immediately after field reversal,
the polarization Ps is (except near the electrodes) antiparallel to the electric
field. the electric torque is zero. The reorientation process in the film middle

0s L 1.35s
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Figure 3: Schematic view of the c-director field in the film plane before and
after switching. The spontaneous polarization Ps is perpendicular to the
c-director in the film plane.

is therefore delayed and initiated only by director fluctuations. The pretilt’
angle at the lateral filn boundaries (irrespective of its physical origin, which
will not be discussed here) initiates the ferroelectric switching there and
leads to the formation of the inversion walls.

The velocity v of the wall motion increases roughly proportional to the
external electric field with a mobility of u = v/E ~ 4.2 10"9m?y 151,
The width of the kinks is approximately proportional to E~*. Because of the
particular director configuration here, the reorientation at the two electrodes
starts in opposite directions. The kinks always have opposite signs. When
the two domains approach each other in the middle of the film plane, the
two kinks merge to a 360° wall. The wall front is not exactly parallel to the
electrodes. With increasing field strength, the kinks adopt more and more
zig-zag shape [16]. An example is shown in Fig. 4. This particular feature
is discussed below.

#| Figure 4: Zig-zag shaped
| kinks at E=120 kV/m.

MODEL

In this section we will propose a mechanism for the formation and propa-~
gation of inversion walls in ferroelectric smectic films. An exact description
of the experimental structures would require a three-dimensional analysis
of the director field dynamies. This will not be attempted here. Instead, we
will present a simplified one-dimensional model which describes satisfacto-

i3
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rily the principal features of the kinks. In our model, we assume that the
film is uniform along z, we neglect the twist term and use a one-constant
approximation for elastic in-plane distortions of the c-director field. The
dynamic equation for the reorientation of ¢ contains four terms.

vp = —PsEsing + eE%singcosg + KAy (2)
(viscous) (ferroelectric) (dielectric) (elastic)

In the high Ps (> 10nC/m?) materials studied here, and for the electric
fields used in our experiments, the dielectric term is at least two orders of
magnitude smaller than the ferroelectric term in Eq. 2, it will further be
neglected in the calculations. For the description of the in-plane uniform
reorientation after electric field reversal, the elastic term can be dropped
as well and Eq. [2] reduces to v¢ = —PgFE'sin¢ which has the analytical
solution

Lexp(—wpt) with wy= f‘;—E (3)

elt) _ 90(0)
2
For the spatially non-uniform solutions of Eq. 3 we will first assume that
the electric field is uniform in the film plane. With the substitutions

PsE T /PSE
! — rr— ’—_= —
' =wpt = " t :c:—f K:t

one obtains the dimensionless equation

%=—sin<p+<p,:,: 4)
Solutions of this type of equation have been comprehensively investigated
both analytically and numerically [18, 17, 19, 20]. Between two boundaries
with antiparallel c-director orientation, it has been shown that a kink solu-
tion exists. It is depicted in Fig. 5. Its dimensionless velocity is ¥’ = 2 which
corresponds to an actual kink velocity v = 2/Ps E K/ (17, 19].

4
Figure 5: Kink solution of Eq. 4, the
wall moveg into the unstable region
(right). The spatial coordinate is
scaled with ¢ = \/K/(PsE). Prop-
agation velocity, width and shape
of this type of kinks are not in
accordance with the experimental
structure shown in Fig. 2.

0
x/¢

However, this model is correct only in verv thin films where the con-
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tributions of the polarization charges in the wall can be neglected. These
charges appear as a consequence of the rotation of Ps across the inversion
wall. They contribute to a considerable amount to the local electric field,
and one has to take into account that the electric field term in Eq. 2 consists
of the contribution of the external electric field plus the electric field cre-
ated by polarization charges and free charge carriers in the film. Qualitative
considerations lead to the following predictions: Because of the repulsive
interactions of two adjacent domains with head-on orientations of the spon-
taneous polarizations, the inversion wall between them is broadened. The
additional electric field adds to the external electric field in front of the
wall (towards the anti-aligned domain) and it reduces the external field in
the rear of the wall. This creates an asymmetric wall profile, the front edge
will be much steeper than the rear part. Furthermore, the additional elec-
tric field will speed up the front propagation. Since the liquid crystalline
material contains free ionic charge carriers, the polarization charges will be
screened at least partially by these free charges which will be accumulated
in the wall. However, even if enough charge carriers are present in the film,
the mobility of the wall is by about one order of magnitude larger than that
of the ions, therefore this screening will be incomplete.

The long-range influences of the polarization and free charges make an
exact solution of the director equations very complicated. We solve the dy-
namic equations for c-director and charge fields using a numerical procedure.
Some simplifying assumptions are made: We consider the one-dimensional
geometry of a wall parallel to the electrodes which is finitely extended along
y. The film is assumed to be uniform normal to the plane.

d
g
a
Al

Figure 6: Schematic side
view of the inversion wall
(cross section of the film
\ in the zz plane). Thick ar-
' rows indicate the sponta-
' neous polarization, dotted
lines visualize the electric
field, the motion of ionic
charges is indicated.

The polarization charge density is given by p, = ~V Ps, in the 1D model
it is related to ¢ by )
= : P
Pp = Ps sin (pa. ('5)

The electric field of an infinitesimal line charge p(z") dz’ d2’ at (2, 2) is

p(xl) (x_zl) 'ogt
Qeen (1 — V2 + (2 — 2’V de’ dz

dE;(z, z) =

115
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where we consider only the z component. The component dE; of the electric
field normal to the film plane is irrelevant for the c-director dynamics. Now
we integrate over the normal coordinate z of the film (thickness s) to obtain
the field of a slice dz’ with charge density p. This approximation should be
justified when the wall profile is very broad compared to the film thickness,
it yields the total electric field

o o) s
E(z) = Ey +/ P arctan =) dr (6)

The electric current density j, in the film is given by Ohm’s law
J: =0k, (7)
and the accumulation of free charges is described by the continuity equation

. djy
pr= d]:l: y (8)

the charge density p is the sum of p; and p,.

In the numeric calculations, we start with an arbitrary initial profile
@(z) of the 180° wall. The polarization charges and their electric field are
calculated from the c-director profile by means of Egs. 5, 6. The electric field
determined from Eq. 6 is entered into the discretized Eq. 2 to calculate the
director reorientation in the next time step and into Eqgs. 7, 8 to calculate
the change of the free charge distribution. Then the procedure is repeated
in the next iteration step with the new electric field.

4 10600

.12 — | _ 800} b)
] £ 600} ]
[ ] ! A =
z{a’ i 400 F k
L
| / 200t .
0 i 0t
-200 -100 © 100 200 -200 -100 0 100 200
x[urmn] x[pum]

Figure 7: Calculated profile of the propagating inversion wall in a 3.2um
thick smectic film at Ep=100 kV/m external electric field, a) c-director
orientation, ) local electric field strength. At the top the optical image
calculated with Eq. 1 is shown for polarizers rotated by 15° with respect to
the (z,y) frame; (parameters of ZLI {237-100, see text).

The numerical approach uses a 1000 point discretization along z. We
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Figure 8: Calculated conductivity dependence of the c-director profile ¢(z)
across the inversion wall (a,d), the charge densities (b,e) and the electric
field (c,f), Ep=100 kV/m. The solid lines in graphs (c,d) represent the free
charges p;, the dashed lines indicate —p,. Graphs (a-c) correspond to a low
conductivity of o = 10-°Q~1m, (d-f) belong to ¢ = 4- 10~°Q~'m~1.
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Fig. 8 continued: Graphs to the left (g-i) correspond to conductivity
o = 10-8Q~'m™!, graphs on the right hand side (k-m) represent a highly
conducting sample with o = 210730 ~'m~!, In the latter, the polarization
charges are almost completely compensated by the free ionic charges, ex-
cept for a slight lateral shift of the charge density curves because of the wall
motion.
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repeat the calculation cycle until the wall profile and charge distribution
profile reach a stationary shape. Since the structure moves with velocity v
along the spatial coordinate, the coordinate system is shifted continuously
with the wall motion such that the kink remains in the middle of the dis-
cretized z range during the calculations. A typical simulated wall profile for
a non-conducting high Ps film is shown in Fig. 7. An external electric field
strength of 100 kV/m and a film thickness of 3.2 ym are assumed. Param-
eters have been taken from ZLI 4{237-100 where available. In addition to
the quantities listed above, we have assumed an elastic constant K=3 pN.
The choice of K influences the propagation velocity since it determines the
steepness of the kink front, however, its influence on the tail and the total
kink width is marginal.

It is obvious from Fig. 7 that the wall profile is considerably broader than
the structure calculated without the self-energy contributions (Fig. 5) and
the electric field is considerably changed near the kink. The effect of ionic
charges is seen in the images of Fig. 8. The c-director profiles, charge den-
sities and electric field distribution are collected for different conductivities
of the smectic material. In Figs. 8a-c, a low conductivity sample is shown
where the polarization charges are almost uncompensated, the wall profile
is nearly similar to the non-conducting case. In Figs. 8d-f, the increasing
compensation of the polarization charges is visible. It is accompanied by a
narrowing of the kink and a decrease of the extra electric field. Inside the
wall, the external field is almost completely shielded. The conductivity of
the material used in the experiments ( =~ 1.3-10~°Q~!m1!) is probably just
in the range where its influence on the wall properties becomes noticeable,
but the compensation of polarization charges is still rather small.

With a further change of the conductivity by only a factor of 2.5, the free
charge density is almost sufficient to compensate the polarization charges.
Figs. 8k-m show the highly conducting case where the free charges are of
equal strength (and opposite sign) as the polarization charges. The field of
the polarization charges outside the wall is compensated completely. Since
the wall moves towards the energetically unstable domain, the charge densi-
ties p, and p; are slightly shifted with respect to each other. Therefore, the
electric field inside the wall is very small, the external field is screened. In
the external electric field outside the wall, the charges move until they reach
the wall front, there they are accumulated and stop (in the low electric field
in the wall) until the wall has passed.

Not only the shape and width of the walls is determined by the concen-
tration and mobility of free charges in the film, but also the propagation
speed is significantly influenced. Figure 9 shows the o-dependence of the
propagation speed and the wall width. The definition of an absolute wall
width is of course somewhat subjective, we give here the range between
¢ = 0.17 and 0.97. Interesting for a quantitative comparison with the ex-
periments is the field strength dependence of wall widths and velocities.
These characteristics are presented in Fig. 10. Dashed lines indicate the ex-

119
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Figure 9: Calculated o-dependence of the kink velocity v and width d,, (see
text), Eq = 100kV/m, other parameters as in Fig. 8.

perimental results from [16]. Both velocities and widths of the calculated
structures have the same order of magnitude as in the experiment. The field
strength dependence of the velocities is not in good agreement with the mea-
surements. A comparison of Fig. 7 (top) with the images in Figs. 2a,b also
shows that the overall optical profile is not well reproduced and in particu-
lar, the narrow bright line is not resolved in the experiment. Consequently,
there is some subjectivity in the comparison of absolute wall widths.

Of course, also the experimental zig-zag shape is not considered by our
one-dimensional model. In view of the crude approximations of the model,
however, the basic properties of the experimental structures are satisfacto-
rily reproduced.

600 7 " 120877 o
500 / + 100F %
—~— ’ + I 2 \
% 400 /,’+ g 80 \\
’ [o— F \t
& 300 P - 60 ..
S 200 < 40} .
100 20} TELl
0 0 -
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0 50 100150200250 300

Efkv/m]

0 50 100150200250300

Figure 10: Calculated electric field dependence of the kink velocity v and
kink width d,, (see text), a conductivity of 10~°Q~'m ! is assumed.
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DISCUSSION

The gqualitative predictions given in the beginning of the previous section are
confirmed by the calculations. In strongly ferroelectric smectic material the
spontaneous polarization reversal in an inversion wall leads to self-energy
contributions with characteristic effects on wall shapes and dynamic proper-
ties. The kink profiles are asymmetric, the tail of the kinks is very broad, the
propagation velocity is much faster than that of kinks calculated without
the self-energy terms.

The model can also explain why the kinks are observed in the experiment
only in films thicker than about 1um. The polarization charge density is
given by the divergence of Pg, and therefore the polarization charges per
film area are directly proportional to the film thickness. In thin films, the
additional field created by these charges is too weak to take effect, and
the shape and dynamic properties of the kink solution are as shown in
Fig. 5. This structure is considerably narrower, and most important, its
velocity is nearly one order of magnitude slower than that of the kinks
described in our model. If such kinks are formed during field reversal, they
move too slowly to be observed. The uniform reorientation of the film takes
place as a competing ferroelectric switching mechanism. Initiated by director
fluctuations or interactions of the c-director with convective flow in the film
plane, the unstable antiparallel state switches uniformly towards the stable
parallel state before the kinks have noticeably moved.

Trerens - f——
B -— -
- " .. B el - e
< w
-
T e eeereenenn Py
——— —
A‘. e e menme e - —
e et
a) = .

Figure 11: Two antiparallel domains with an inversion wall parallel o) and
perpendicular b) to Ps. Dotted lines symbolize the electric field created by
one of the domains. The orientation (a) is energetically favourable.

Of course, we have neglected a number of important details. We have not
considered the zig-zag deformation of the walls so far. This characteristic
detail of the wall shape can presumably be interpreted as a static effect.
Two domains with antiparallel orientations of the spontaneous polarization
favour an orientation of the domain wall along the polarization directions, as
is sketched in Fig. 11. The kinks formed at the electrodes, however, have the
initially orientation (). A rotation of the wall lowers the interaction energy,
but at the same time the arising zig-zag deflection of the wall increases
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its length. Therefore, a compromise is adopted with a fixed equilibrium
angle that depends upon the strength of the electric interactions of both
domains. This strength, and consequently also the zig-zag angle, increases
with decreasing wall width, and is therefore a continuous function of the
external electric field. With increasing field strength Ey, the wall is quenched
and the zig-zag angle increases [16). This will also have consequences for
the propagation properties, which have to be included in a refined dynamic
model. Furthermore, we have neglected the spontaneous twist of the film
completely. This is correct as long as the electric field strength is larger than
the critical field for helix unwinding. It is obvious, however, from the graphs
in Fig. 8, that the electric field inside the wall can be very low, and therefore
we cannot exclude an additional c-director twist deformation there.

At last, we have not included the anisotropic properties of the dielectric
tensor and film conductivity in the film plane. Also, the existence of surface
charges has not been considered, and moreover all flow effects have been
neglected, in particular the electroconvective flow which may be small but
is always present in the free-standing films.

SUMMARY

We have simulated the formation of kinks during ferroelectric switching
of freely suspended smectic films. The one-dimensional dynamical model
allows for the electric field generated by polarization charges in the kink.
This additional inhomogeneous electric field has dramatic influences on the
shape and velocity of the kinks. With typical parameters of a commercial
ferroelectric mixture, the propagation speed can increase up to one order of
magnitude, the profile of the kink is very steep in the front, whereas it can
be broadened considerably towards the tail. The ionic charges in the film
can screen the polarization charges partially, thereby reducing the dramatic
effects of the polarization charge field.

A comparison with experiments reveals a considerable similarity of the
calculated patterns to structures observed in free-standing films during
electro-optic switching experiments. We propose therefore that the model
presented in this paper provides a sound basis for a qualitative and quan-
titative description of these experimental patterns, and to a general under-
standing of the role of polarization charges in ferroelectric smectics [21].
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