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Solitonlike dynamics in submicron ferroelectric liquid-crystal cells

M. Škarabot, I. Musˇevič, and R. Blinc
J. Stefan Institute, Jamova 39, 61 000 Ljubljana, Slovenia

~Received 14 October 1997; revised manuscript received 10 February 1998!

Using a linear electro-optic response technique we have determined the phase mode dynamics of a chiral
ferroelectric smectic-C* liquid crystal confined in a wedge-type cell. Below the smectic-A–smectic-C* phase
transition we have observed two polar phase modes. The relaxation rate of the higher-frequency mode scales
as the inverse square of the cell thickness and is identified as a transverse solitary wave in the splayed
ferroelectric structure. The relaxation rate of the slow mode is on the other hand nearly thickness independent.
By increasing measuring voltage, this mode shows a nonlinear crossover to the collective switching of the
polarization of the cell as a whole. The observed dynamics is described within the Landau-Khalatnikov theory,
where the polarization renormalized dynamics and the effects of confinement are taken into account.
@S1063-651X~98!04806-5#

PACS number~s!: 61.30.2v, 64.70.Md, 77.22.Gm
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I. INTRODUCTION

When a ferroelectric liquid crystal is confined betwe
two polymer-coated surfaces, separated by a distance o
order of a micrometer, one usually observes a wide variet
textures@1–7#. These textures result from the interplay of t
effects of confinement, which is dictated by the surface a
the intrinsic behavior, which is imposed by the bulk liqu
crystal. The nature and physical properties of these text
have been the subject of intensive research, which was
marily motivated by the potential use of ferroelectric smec
phases in fast switching electro-optic devices@8#. Here we
show that a solitonlike dynamics, characteristic of inco
mensurate crystals, can be observed when a ferroelectric
uid crystal is confined in a bookshelf geometry between t
parallel plates with equal and polar boundary conditions.

If the thickness of the cell is much smaller than the bu
helical period, the helix of the ferroelectric smectic-C*
structure in a thin cell is unwound by the surface forces@8,9#
and the phase is homogeneously ordered in thez direction,
i.e., normal to the smectic layers. Very often, ‘‘splayed
states of the director field are observed in real samp
where the electric dipole moments of liquid crystalline m
ecules have a preferential orientation at the surface, as sh
in Fig. 1~a!. The splayed texture is unwound and homog
neous along the layer normal, but is inhomogeneous in
transverse direction due to the polar surface coupling@2,6#.
In fact, polar anchoring of liquid-crystalline molecules
quite widely observed@10–13#. The fundamental reason fo
the surface polarity is not necessarily related to the surf
electrical properties, but is a general result of symme
breaking by the wall. As a consequence, the surface inte
tion energy of a chiral molecule depends on the angle
tween the polarization and the surface normal, resulting
polar anchoring.

The dynamics of splayed states has been extensively s
ied in the past in the limit of strong external electric fiel
~for a review see Refs.@14# and @15#!, where a collective
switching of the cell as a whole takes place. However,
systematic analysis has been done in the very low-field lim
571063-651X/98/57~6!/6725~7!/$15.00
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where the ‘‘intrinsic’’ dynamics of the system should be o
served. Exceptions are studies of the dynamics in wed
type cells in a range of thickness larger than several
crometers@16–18#. Here we report on the dynamics o
splayed, ultrathin wedge-type cells using the linear elec
optic response technique. The cell thickness could be va
between several micrometers to less than half a microme
The electro-optic response of the cells was measured ov
large range of measuring voltage. In this way we could f
low the dynamics from the intrinsic, linear response regi
at very small testing fields to the nonlinear regime in t
limit of very large fields. In our experiments we have o
served two modes and both have been identified as the p
modes, i.e., collective excitations of the molecular moti
around the cone of the tilt angle. The relaxation rate of
faster mode is strongly thickness dependent and repres
excitations of the phase profile in a direction perpendicula
the confining surfaces. The thickness dependent relaxa
rate of the fast mode indicates the solitonlike nature of t
mode, which is a result of confinement and polar bound
conditions. The relaxation rate of the slower mode is nea
thickness independent. By increasing the measuring volt
this mode shows a crossover into a switching of the po
ization of the cell as a whole.

II. THEORY

Let us consider a ferroelectric liquid crystal, confined in
bookshelf geometry between two parallel plates, separa
by a distanced, as shown in Fig. 1~a!. The boundary condi-
tions are polar and fixed on both confining surfaces, wh
leads to the well-known splayed~twisted! states. The director
field is homogeneous in they-z plane, and is inhomogeneou
in the x direction due to this polar anchoring. The spla
distortion of the director field is accompanied by the sp
distortion of the polarization field@2#. This results in an in-
duced space charger induced(rW)52div PW , which has substan
tial influence on both the dynamic and static properties
splayed states.
6725 © 1998 The American Physical Society
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The free-energy density in the constant amplitude~tilt !
and equal elastic constant approximation is@19,20#

g~x!5g01 1
2 Ku0

2S dF

dx D 2

2 1
2 DW EW 2PW EW . ~1!

Here F(x) is the phase profile across the cell,DW (x)

5««0EW (x) is the electric displacement field,« is the dielec-

tric constant of a liquid crystal at high frequencies, andPW

5P0(cosF,sinF,0) is the polarization. We have taken th
dielectric constant at high frequencies in order to exclude
contribution of the permanent dipoles. The second term r
resents the elastic energy due to deformation of the dire
profile. The third term represents the electrostatic energ
induced dipoles and the last term represents the electros
energy of permanent dipoles in the local electric field. H
the local electric field can originate either from extern
sources or from the induced charges. By introducing

electric potentialEW (x)52¹W w(x) and minimizing the free
energy (1/d)*g(x)dx with respect toF(x) and w(x) we
obtain a set of coupled equations for the stationary ph
profile and the electric potential:

d2F0

dx2 1
P0

Ku0
2 sin F0

dw

dx
50, ~2a!

d2w

dx2 1
P0

««0
sin F0

dF0

dx
50. ~2b!

FIG. 1. ~a! The ‘‘splayed’’ state of a ferroelectric liquid crysta
in very thin homogeneous layers for polar surface anchoring.
dipole moments prefer an ‘‘outward’’ surface direction, pointin
into the cell. This results in a splayed state: if one moves along
cell thickness, the direction of polarization is rotated by 180° fro
one surface to another. This rotation can be either clockwise
anticlockwise.~b! Crossover from the plane-wave modulation
splayed director field at small thickness to the solitonlike modu
tion for large thickness of the cell. The equilibrium phase profile
different cell thickness was calculated from Eq.~3! for the polar-
ization coherence lengthjP50.22mm, which corresponds to CE-8
ferroelectric liquid crystal withK54.1310211 N @29#, «53.2, P0

55.131025 A s/m2, andu0520°.
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Here the second equation is in fact the well-known Pois
equation, which relates the charge distribution to the co

sponding potential, ««0¹W 2w( r̄ )52r(rW)5div PW (rW). The
above set of equations can be solved analytically in the c
of zero external field and numerically for the case of a fin
field @19,20#. After integrating Eq.~2b!, we obtain the sine-
Gordon equation for the stationary phase profileF0(x):

d2F0

dx2 1
P0

2

2««0Ku0
2 sin 2F050, ~3!

whereas the local electric field is Ex5dw/dx
5(P0 /««0)cosF0. The above equations show that the pre
ence of a splayed spontaneous polarization generates a
ternal local electric field. This field has the same role as
external homogeneous magnetic or electric field applied
chiral structures. It has a tendency to induce a solitonl
deformation of the phase profile, and finally, for a very hi
polarization, to flatten the phase profile across the cell. I
easy to understand the origin of this field: any splaylike
homogeneity of the polarization field results in the appe
ance of local induced charges. These tend to repel each o
via the Coulomb repulsion forces and tend to make the ph
profile locally homogeneous. As a result, the induc
charges balance in a such a way that the phase profile ac
the splayed cell obtains a soliton form, which is therefore
profile of minimum elastic and electric energy.

Similarly to the magnetic or electric field induced solito
lattice, the solution of the sine-Gordon equation, which s
isfies fixed boundary conditions,F0(x52d/2)5F0(x5
1d/2!50 is a soliton phase profile@21#

sin F05sn~u,k!, ~4!

where u5x/jPk1K is a reduced coordinate,jP

5A««0Ku0
2/P0

2 is the polarization coherence length,K(k) is
the complete elliptic integral of the first kind and modulusk
of the Jacobi’s elliptic functions is given by the transcende
tal equation

k5
d

2jP

1

K~k!
. ~5!

Let us note that the magnitude of the modulusk determines
the type of solution: fork→0 we are in the plane-wave
regime whereas fork→1 we are in the soliton regime. W
have therefore a crossover from the plane-wave modula
to the solitonlike modulation of the phase of the order p
rameter in splayed cells. For small electric polarization,
polarization coherence length is very large and we are in
plane-wave regime becausek→0. This means that there i
no internal electrostatic field to impose a distortion of t
director field. On the other hand, for a very high spontane
polarization, the polarization coherence length is very sm
and k→1. This means that there is a very strong intern
electrostatic field that expels the soliton wall to a regi
close to the surface and sustains rather uniform alignmen
the middle of the cell, as shown in Fig. 1~b!.

Let us now consider the dynamics of this soliton structu
The nonequilibrium free energy, which determines the d
namics of soliton-splayed structures, depends on both
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57 6727SOLITONLIKE DYNAMICS IN SUBMICRON . . .
elastic distortion energy and the electrostatic energy.
shall use here the so-called adiabatic approximation, wh
the local electric potentialw(x,t) is at all timesin equilib-
rium with the director field. This means that the only sourc
of the electric potential in the system is the electric cha
distribution, which arises from the divergence of the pol
ization field. This approximation obviously breaks down
there are ionic impurities in the sample, which follow th
motion of the polarization field and screen the resulting lo
electric potential.

The nonequilibrium phase profile is

F~x,t !5F0~x!1Ce2t/t, ~6!

where C is the amplitude of the phase excitation and t
equilibrium phase profileF0 satisfies the sine-Gordon equ
tion ~3!. The linearized Landau-Khalatnikov equation of m
tion, as deduced from the nonequilibrium free-energy d
sity, appears in the well-known@21# form of the Lamee’s
equation of order one:

d2C

du2 1@h22k2sn2F0# C50. ~7!

The eigenvalueh of Lamee’s equation is

h5k2 S 11
g««0

P0
2t D ~8!

and determines the relaxation rate of the phase excita
The eigenfunction, which satisfies the fixed boundary con
tions, is selected from the general solutions of Lamee’s eq
tion @21#

C5sn~u,k! and h511k2. ~9!

The corresponding relaxation rate of the lowest-order m
is

t215
P0

2

g««0k2 5
4K

g

K2~k!

d2 . ~10!

Let us remember that the transverse wavelength of these
citations is equal to a double cell thickness 2d, i.e., the cor-
responding wave vector isq5p/d. The above expressio
can also be understood as a ‘‘dispersion’’ relation for so
tonlike excitations in a cell with variable thickness and
shown in Fig. 2.

One of the surprising features of the dispersion relat
for solitary waves in splayed cells with a variable thickne
is the appearance of a gap in the long-wavelength limitq
'1/d2→0. This is similar to the magnetic field and electr
field induced gaps in helical phases and is related to
symmetry breaking by the external field@21#. In our case,
this symmetry breaking field is the Coulomb field of th
induced charges, which induces a solitonlike distortion of
stationary phase profile and drives the dynamics of spla
cells into the solitary-wave regime.

The nature of this phenomenon can be further clarified
considering the limiting values of the dispersion@Eq. ~10!#.
For zero spontaneous polarization we always have the pl
wave regime and the dispersion is parabolic:
e
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P050⇒k50: t215
K

g S p

d D 2

. ~11!

For a finite polarizationP0 we can have either a plane wav
(k→0) or a soliton (k→1) regime, depending on the rati
d/jP . If the thickness of the cell is much smaller than t
polarization coherence length,d!jP , we are in the plane
wave regime. The relaxation rates are now renormalized
the spontaneous polarization, which is shown as an a
tional, thickness independent term in the expression for
relaxation rates:

P05const, d/jP→0 and k→0:

t215
K

g S p

d D 2

1
K

g

1

2jP
2 . ~12!

On the other hand, for thickness much larger than the po
ization coherence length,d@jP , we have a solitonlike dy-
namics, which is polarization renormalized. The dispers
has now a finite gap atq50:

P05const, K~k!→` and k→1:

t21~q50!5
K

g

1

jP
2 . ~13!

We see that the presence of a spontaneous polarizatio
ways increases the relaxation rates of the excitations. T
increase can be interpreted as a renormalization of the el
constant for bend fluctuations of the director, which rep
sent splay fluctuations of the polarization field. The effe
was extensively studied in the past both theoretically@22,23#
and experimentally@24#. The elastic constant increases as
square of the spontaneous polarization and this is reflecte
the increase of the relaxation rate of phase excitations. T
apparent increase of the elastic constant is due to the app
ance of a fluctuation-induced electrostatic charge density
a consequent increase of the total free energy of the sys
due to Coulomb repulsion. This represents an additional th

FIG. 2. Thickness dependence of phase excitations in a t
splayed cell. For zero polarization we have a plane wave limitk
→0) and parabolic dispersion. For large polarization we hav
solitonlike limit (k→1) and the appearance of a gap atq50.
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6728 57M. ŠKARABOT, I. MUŠEVIČ, AND R. BLINC
modynamic force, which drives the system back to equi
rium and results in an apparent increase of the liquid cr
talline elastic constant.

Let us conclude this section with a brief note on the d
namics of thin ferroelectric liquid crystalline films in th
limit of very large measuring fields. In this regime, a switc
ing of a cell takes place, where the electric dipole field
forced to align into the direction of the external electric fie
This is a dynamical phenomenon that is substantially diff
ent from the intrinsic dynamics discussed so far. The exp
mental observations@25# and simulations@14# indicate that
the switching process in thin ferroelectric liquid crystal ce
is of nucleation character and the switching starts at a nu
ation site. At this site, the favorable phase is created by
field and then propagates into the unstable phase.
spreading of an energetically favorable state proceeds
form of a wave front, which propagates into the unsta
state. This problem of front propagation into unstable liqu
crystalline states has been extensively studied in the pas
van Saarloset al. @26#, Maclennanet al. @14#, and others
@27#. Maclennanet al. @14# have analyzed the nonlinear dy
namics of a solitonlike distorted helical smectic structure
numerically solving the equation of motion of the direct
field for arbitrary electric fields applied in a transverse dire
tion,

h
]F

]t
5K

]2F

]z2 2PE cosF. ~14!

Here, thez axis is along the helical axis and the electric fie
is applied in a transverse direction. They have shown tha
very small fields, the response is linear, i.e., the relaxa
rate of the excitations is independent of the field and equ
t215(K/g)q2, where q is the wave vector of the elasti
distortion. For fields slightly above the threshold for switc
ing, the relaxation rate of excitations grows ast215PE/g
and asymptotically approaches square root dependencet21

'AE, characteristic for solitary wave propagation at ve
high fields.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In our experiment, we have measured the thickness
pendence of the order parameter relaxation rates in the
coidal and the unwound phases of CE-8. The thickness
pendent measurements can be also considered a
measurement of a dispersion relation of order parameter
citations, because the wavelength and correspondingly
wave vector of the eigenmodes is determined by the
thickness due to the fixed boundary conditions.

The experiment was performed in wedge-type ce
which were nylon coated and undirectionally rubbed w
soft velvet. The thickness of the cell was determined by th
mm glass spacers on one edge and a close~proximity! con-
tact on the other edge of the glass. Due to the irregularitie
the nylon layer, the thinnest part of the cell was appro
mately 0.3mm thick. The thickness of each individual cell a
a function of the position along the cell was determined
measuring the spectral transmission. A 0.532.0 mm2 slit
was used to localize the measuring spot, and it was pla
directly on the glass surface of an empty cell. In this way,
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local thickness of the cell was determined with an accur
better than60.05mm. The resulting wedge angle was of th
order of 1.531023 and had a negligible effect on the expe
ment.

After cooling down into the ferroelectric phase, a strip
like texture was observed under a polarizing microsco
with cross polarizers. For large thickness,d.1 mm, we
could clearly identify two different kinds of stripe-shape
domains with different colors. The domains were rather lo
whereas their lateral dimension was of the order of sev
tens of micrometers. The color of a single domain depen
on the orientation of the polarization of the incident light a
changed from blue to yellow when the angle of the inp
polarization was changed froma'23° to a'13° with
respect to the rubbing direction. This is illustrated in the tw
photographs in Figs. 3~a! and 3~b! and suggests that we hav
a splayed structure, which is a result of a strong polar c
pling of the molecules to the nylon surface. A similar kind
structure was discussed, for example, by Maclennanet al.
@28# and was identified as a splayed chevron structure.
two kinds of domains correspond to either left or rig
handed twisting of the in-plane director throughout the c
which both represent splayed polarization field. This was f
ther confirmed by the application of a strong electric fie

FIG. 3. Photographs of a structure of a ferroelectric liquid cr
tal CE-8 under a polarizing microscope with polarizer and analy
in crossed position. The thickness of the sample is'2 mm. The
color of the two kinds of domains depends on the angle between
polarization of the incident light and the rubbing direction. T
rubbing direction is nearly horizontal and is observable as a w
modulation of the intensity.~a! polarizer is ata'23° with respect
to the rubbing direction.~b! polarizer is ata513° with respect to
the rubbing direction. Note the inversion of the color contrast
both domains. Field of view: 7503540mm2.
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57 6729SOLITONLIKE DYNAMICS IN SUBMICRON . . .
which clearly induced an increase of the ‘‘apparent’’ t
angle, thus ‘‘unwinding’’ the internal twist of the in-plan
director.

The stripe texture disappeared for thicknesses sma
than 1mm and was replaced by an irregular arrangemen
domains of several hundred micrometer sizes. Howe
even for the lowest thickness of 0.3mm the angle of maxi-
mum color contrast of these domains was close to the
bing direction. This indicates that the splayed states are
energetically favorable even for such a small thickness
cause of very strong polar boundary conditions.

In our linear response experiment~which is better known
as the ‘‘electroclinic’’ experiment, when performed in th
smectic-A phase! one measures the real~in-phase! and
imaginary~out-of-phase! parts of the linear electro-optic re
sponsex~v! of a sample to a small measuring electric fie
EW 5(E0,0,0)eivt. This field couples to those collectiv
eigenmodes of the system that have a finite space avera
fluctuating electric polarization̂dPW (rW,t)&. Because of the
interconnection between the polarization and the direc
field, this results in a finite value of the space-averaged
rector field ^dnW (rW,t)&. The dielectric tensor for the optica
frequencies« i j has the same symmetry as the tensorn̄^ n̄,
and the changêdnW (rW,t)& will be reflected in the dielectric
tensor field. For small external electric fields and con
quently small local distortions of the director field, th
change of the dielectric tensor« i j can be expanded in term
of the excess polarization. It is straightforward to show t
in the case of a mirror-symmetric director field in a splay
cell, the field induced change of the dielectric tensor is

^d«I &'F 0
0
0

0
0

^dPx&

0
^dPx&

0
G ~15!

and is therefore linear in the electric field. This change of
dielectric tensor can be detected with a suitable optical te
nique. It is therefore clear that in a linear electro-optic e
periment we detect polar eigenmodes of the system, i.e.
dielectric eigenmodes. The method is therefore an opt
analog to dielectric spectroscopy.

The linear electro-optic response of wedge-type sam
was measured at different thickness and different temp
tures and we shall here present the results of the meas
ments below the phase transition into the ferroelectric ph
The measurements in the smectic-A and close to this phas
transition will be reported elsewhere.

In the ferroelectric phase we observe for all thicknes
two relaxation modes, a high- and a low-frequency one
shown in Fig. 4. We identify them as two phase modes,
the fluctuations of the phase of the director field, and
reason for this will be clear from what follows. The fir
mode has relatively very high relaxation rates in the k
region. It is nearly temperature independent except v
close toTc , and shows a very strong thickness dependen
The relaxation rate of this phase mode, as observed in C
filled wedge-type cells in the splayed ferroelectric smec
C* phase is shown in Fig. 5 as a function of 1/d2. The
relaxation rate was here determined from the maximum
the imaginary part of the signal. One can see that, in gene
the relaxation rates of this mode increase as 1/d2 by decreas-
er
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ing the cell thickness. This is therefore the so-called ‘‘thic
ness’’ mode, first reported by Glogarova@16# and corre-
sponds to transverse excitations~i.e., perpendicular to the
confining surfaces! of the director phase. The experiment
data, however, reveal fine details in this thickness dep
dence. For small thickness~large 1/d2!, the relaxation rate
follows the predicted 1/d2 dependence, as indicated by th
upper solid line in Fig. 5, but is shifted to higher frequencie
If this part of the data is extrapolated to 1/d2'0, one can
clearly observe a frequency gap of approximately 10 kHz
1/d250. There is, however, an obvious crossover at interm

FIG. 4. Real and imaginary parts of the linear electro-optic
sponse in the smectic-C* phase of CE-8 atTc2T53 K. The thick-
ness of the cell is 0.7mm, and the measuring field isE0

50.15 V/mm for the upper andE050.6 V/mm for the lower curves.
The relaxation rates of the two excitations were determined fr
the maximum of the imaginary part of the response.

FIG. 5. Relaxation frequency of the fast transverse phase m
~thickness mode! in the smectic-C* phase of chiral CE-8 in ultra-
thin cells with splayed phase profile~full dots!. Empty dots repre-
sent thickness dependence of the relaxation frequency for the tr
verse phase mode in a mixture of 90% of racemic and 10% of ch
CE-8. The solid lines are the best fit to the Eq.~10! with K54.1
310211 N, «53.2, P055.131025 A s/m2 and u0520° for the
chiral sample andP050 for the mixture. A crossover in the dynam
ics is clearly visible atd22'2 mm22, which corresponds to a thick
ness of 0.7mm.
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6730 57M. ŠKARABOT, I. MUŠEVIČ, AND R. BLINC
diate thickness of approximately 1mm. Here, the observed
data approach a line through the origin of the coordin
system, so that there is in fact no frequency gap at 1d2

50.
The dynamics at small thickness can be interpreted wi

the predictions of the theory of solitonlike dynamics. T
upper solid line in Fig. 5 represents the best fit to Eq.~10!,
using the physical parameters that are known@29# for chiral
CE-8. The agreement with theory is fairly good for thickne
smaller than approximately 0.7mm. For larger thickness, th
data obviously deviate from the predictions of the solitonl
dynamics. This indicates the presence of a physical me
nism that ‘‘screens out’’ the induced charges due to the fl
tuations of the polarization field. The assumption of a scre
ing mechanism was further confirmed by measuring
thickness dependence of the relaxation rate of this thickn
mode in a mixture of a pure and racemic CE-8, which has
times smaller spontaneous polarization than pure CE-8.
data are shown in Fig. 5 and clearly indicate that there is
detectable renormalization of the relaxation rates in t
sample because the spontaneous polarization is very sm

The observed crossover can be explained by the pres
of ions, which screen out the electrostatic field in a liqu
crystal. The ions follow the collective excitations of the d
polar field in a liquid crystal and screen out the Coulom
field, which is generated by the splaylike excitations of t
polarization. If the thickness of the cell is much smaller th
the Debye screening length, the screening will not be e
cient and we will have a solitonlike, polarization
renormalized dynamics. On the other hand, for large thi
ness, the screening will be efficient and we will have a pla
wave-like dynamics with no polarization renormalization
the relaxation rates. The expected mobility of the ions ism
5d/(tE), where d is of the order of a Debye screenin
length,d'1027 m, t is the relaxation time andE is of the
order of the local electric fieldP0 /(««0)'1 V/1 mm. This
gives an ionic mobility ofm'5310210 m2 V21 s21, which
is in reasonably good agreement with other experime
data@30#.

The relaxation rate of the low-frequency mode is of t
order of 20–30 Hz and is nearly independent of the c
thickness. For low measuring fields, the amplitude of t
mode is very small and the mode is observable only a
low-frequency ‘‘shoulder’’ of the imaginary part of the sig
nal, as shown in Fig. 4~a!. By increasing the measuring field
the amplitude of this mode grows first linearly with fiel
whereas the relaxation rate remains unchanged, as exp
for a linear regime. At some critical fieldEc , the relaxation
rate of this mode starts to increase with a driving fie
whereas the amplitude grows nonlinearly. Finally, in t
limit of very strong fields, this mode represents a switch
of the polarization field over the entire cell. This is notic
by observing the cell under a polarizing microscope and
ing a very low frequency of the applied electric field.
similar mode was observed recently by Panarinet al. @18#.

The observation oftwo relaxation modesin thin cells of
ferroelectric liquid-crystalline material has some implic
tions for our understanding of the onset of switching in th
ferroelectric cells. It tells us that there are two independ
collective motions, which can couple to an external elec
field, applied to a thin ferroelectric liquid-crystalline laye
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Whereas the first kind of motion is strongly thickness dep
dent and field independent, the second kind of motion
thickness independent, but depends strongly on the app
field. This suggests that the first motion is just the excitat
of transversely confined splayed ferroelectric smectic sta
reminiscent of soliton dynamics, whereas the second mo
is a mode that gives rise to the switching of polarization
the cell as a whole. In this sense, we conjecture that in
linear regime, the observed low-frequency mode repres
small fluctuations of the director field around the nucleat
site. In view of rather low frequency of this excitation, it
clear that the site is elastically very weakly coupled to t
overall structure. Using a relationt215(K/g)q2 we get an
estimate for the wavelength of this collective excitation
the order of'10mm, which is of the order of the domain
width. The excitation would then correspond to a slo
movement of the domain walls, interacting over a length
several micrometers.

Our measurements clearly indicate nucleation and a cr
over from the intrinsic dynamics of a slow mode at sm
measuring fields to the solitonlike dynamics of this mode
large fields. The dependence of the relaxation rate of
slow mode as a function of the amplitude of a measur
electric field is shown in Fig. 6 for a temperature close to
smectic-A–smectic-C* phase transition. The relaxation ra
is first constant up to a certain threshold electric field a
then starts to increase with a driving field. Slightly above t
switching threshold, the relaxation rate increases linea
with a driving field and approachesAE dependence at very
high fields. The threshold field therefore corresponds to
onset of nucleation of an energetically favorable state and
field dependence of the relaxation rates is in good qualita
agreement with theory. At lower temperatures, the thresh
for switching is not so well defined and the critical fie
increases considerably.

IV. CONCLUSIONS

In conclusion, we have observed two independent or
parameter relaxations in ultrathin ferroelectric smectic-C*

FIG. 6. Relaxation frequency of the slow phase mode as a fu
tion of a driving electric field in the smectic-C* phase of CE-8 in
ultrathin splayed cells. Hered50.5mm, Tc2T51.5 K and the
threshold for switching isEc50.28 V/mm. The inset shows the
same data in the log-log scale.
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layers. They have been identified as the two phase mo
the first one corresponds to transverse excitations of
phase, pinned by fixed boundary conditions to the bound
walls. These excitations exhibit strong thickness depende
they are virtually independent of the measuring field, a
show a solitonlike character for very small thickness. T
second type of relaxation is closely related to the nuclea
of switching. This motion is very slow for low measurin
fields and clearly shows a threshold field where the intrin
linear dynamics changes into the collective, nonlinear re
v.
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entational dynamics of the polarization of a cell as a who
The fact that this branch of excitations emerges continuou
and is present even at very small fields indicates that
nucleation sites for the switching dynamics are inheren
present in the structure. We conjecture that these sites ar
domain walls, which are observable in our samples. T
leads to a conclusion that the switching process is m
likely to nucleate at the interface of two domains. T
switching seems to proceed throughout the sample via
bulk reorientation with an indication of solitary-wave cha
acter at very high strengths of applied electric fields.
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