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The in¯ uence of con® ned geometry on the smectic A± smectic C* phase transition in the
ferroelectric liquid crystal CE8 has been analysed. Using an electro-optic response technique,
the temperature dependence of elementary excitations in thin, homogeneously aligned, wedge-
type cells of thickness from 0.25 to 4 mm has been measured for di� erent thicknesses of
the aligning layer. In the case of a thin aligning layer (15nm), we observe in the smectic C*
phase an increase of the relaxation rate of the phase excitations and a decrease of the phase
transition temperature, both of which are proportional to the inverse of the cell thickness.
For a thick aligning layer (50 nm), the relaxation frequency and the transition temperature
are proportional to the inverse square of the cell thickness. This indicates that the surface
anchoring energy depends on the thickness of the aligning layer. For CE8 on nylon, we obtain
a surface anchoring energy W = 10Õ

4 J mÕ
2 for a thin aligning layer, and strong anchoring

with W > 5 Ö 10Õ
4 J mÕ

2 for a thick aligning layer.

1. Introduction [9± 13]. The dielectric experiments in thin SSFLC have
been performed in di� erent cells with thicknesses largerSurface stabilization of ferroelectric liquid crystals has

attracted much attention since the discovery of a fast than several micrometers. In this paper we present
detailed measurements of the electro-optic response oflinear electro-optic response in surface stabilized ferro-

electric liquid crystal cells (SSFLC) [1]. In SSFLC, a FLC con® ned to wedge-type cells with variable thick-
ness from 0.3 to 4 mm and with di� erent thickness offerroelectric liquid crystal is usually oriented by rubbing

a thin aligning layer which is deposited on glass plates. the aligning layer in the temperature range close to the
smectic A± smectic C* phase transition. We observe pro-The interaction between the liquid crystal molecules

and the aligning layer plays an important role because nounced e� ects of the con® nement on the dynamic and
static properties. The results indicate a strong in¯ uenceit determines the equilibrium director structure and

the electro-optical response properties of SSFLC [2]. of the thickness of the rubbed aligning layer on the surface
anchoring. This in¯ uence is re¯ ected in the dynamicalAlthough many investigations have been performed in

order to understand and control this interaction [3], properties of the submicron, con® ned ferroelectric
smectic C* phase and in the smectic A � smectic C*the aligning of liquid crystals on rubbed surfaces is not

yet completely understood. phase transition temperature. The dependence of surface
anchoring on the thickness of the rubbed aligning layerThe dynamics of the smectic A± smectic C* phase

transition in the bulk has been extensively studied by in the case of the nematic liquid crystal phase has also
been studied by Alexe-Ionescu et al. [14].dielectric measurements [4] and light scattering [5]. This

phase transition was also used to study the structures
and dynamic properties of ferroelectric liquid crystals

2. Theoryin very thin cells [6]. The thickness dependence of
In the following we analyse the in¯ uence of the cellthe dielectric response of SSFLC has been the subject

thickness d on the smectic A± smectic C* phase transitionof several theoretical [7, 8] and experimental studies
temperature and on the dynamics of the smectic C*
phase. We consider very thin cells with the material in
the bookshelf structure, where the thickness is smaller*Author for correspondence; e-mail: igor.musevic@ijs.si
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724 M. SÏ karabot et al.

than the bulk period of the helix and the helicoidal on both surfaces. Such an orientation of molecules at
smectic C* structure is unwound [15]. We therefore the surface leads to the well known splayed state. The
assume that the ferroelectric phase is inhomogeneous splayed state is stable if the polar surface energy is larger
only across the cell (x direction) and is homogeneous in than the corresponding elastic distortion energy [2].
the y and z directions (® gure 1). The smectic A± smectic C* phase transition in cells with

Using the equal elastic constant approximation, we only polar surface coupling has been analysed by RovsÏ ek
write the free energy density f as a function of the order and ZÏ eksÏ [16].
parameter n = (h sin w , h cos w): Let us estimate the in¯ uence of the cell thickness d

on the phase transition temperature Tc . The con® ning
geometry enforces elastic deformation in the cell. As af = �

i=x,y C1

2
a(T Õ Tc )j

2
i +

1

2
K Aqj i

qx B2D+ fs (1)
result, we expect that the smectic A± smectic C* phase
transition temperature T

*
c in the restricted geometry iswhere a is a positive constant and Tc is the phase

lower than the corresponding phase transition temper-transition temperature in a bulk sample. The second
ature in the bulk. Non-polar anchoring can induce aterm represents the elastic energy due to deformation of
non-uniform distribution of the tilt angle across the cell,the director pro® le and K is the corresponding elastic
and the tilt of the molecules in the middle of the cellconstant. The third term represents the surface energy,
can be di� erent from the tilt on the surface. With thiswhich is usually written as a sum of non-polar and polar
in mind, we use a simple approximation for the directorcontributions. Their relative strengths are described by
® eld, where the tilt angle increases linearly from thethe anchoring constants Wn and Wp , respectively [2]:
surface to the middle of the cell, ® gure 1 (b):

fs =
1

2
(Wnxj

2
x+Wnyj

2
y )Cd Ax +

d

2B+d Ax Õ
d

2BD
h(x )=

2 (hs Õ h0 ) |x |

d
+h0 . (3)

+Wp jyCdAx +
d

2B Õ dAx Õ
d

2BD. (2)
Here h0 is the tilt angle in the middle of the cell and hs

is the tilt angle at the surface of the cell. An additionalThe molecules of liquid crystals tend to align along the
distortion of the director ® eld can appear in cells withrubbing direction (z axis), and Wnx and Wny represent the
a splayed director structure. If we neglect the electrostaticrelative strengths of the out-of-plane and in-plane tilt of
energy of electric dipoles in the local electric ® eld, wethe molecules from the rubbing direction, respectively.
can approximate the phase pro® le in such cells withIn our experiments we cannot distinguish between the
w (x )= px /d +p/2 [17].in-plane and out-of-plane anchoring and therefore we put

After inserting expressions for the tilt h(x ) andWnx = Wny= W . On the other hand, polar interactions
azimuthal angle w (x ) into the free energy density f ,between the surface and the molecules try to rotate the
equation (1), and integrating f over the cell thickness,electric dipole moments of the molecules in a direction
the total free energy per unit surface isnormal to the surface, pointing, let us say, into the cell

F

S
=

ad

6
(T Õ Tc )(h

2
0 +h0 hs+h

2
s )+

2K

d
(h

2
0 Õ h

2
s )

+
K p

2

6d
(h

2
0 +h0 hs+h

2
s )+W h

2
s . (4)

Here, the second and the third terms represent the elastic
energy due to the variation of the magnitude and the
phase of the tilt angle across the cell thickness. The third
term is present only in cells with a splayed director
structure. The last term is the surface energy due to the
® nite value of the tilt angle at the surface.

After minimization with respect to the surface tilt,
Figure 1. (a) The coordinate system for the ferroelectric liquid qF /qhs = 0, we can write the free energy expression as a

crystal cell (h tilt angle, w azimuthal angle, n smectic order function of h0 , which has the role of the order parameter
parameter, n molecular director). (b) A possible tilt angle of the smectic A± smectic C* phase transition. At thedistribution across the cell at the smectic A± smectic C*

second order phase transition temperature, the coe� cienttransition. h0 and hs are tilt angles in the middle and at
the surface of the cell, respectively. in front of the h

2
0 term equals zero. This determines the
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725SmA± SmC* transition in submicron con® nements

shift of the phase transition temperature DTc : density is

DTc= Tc Õ T
*
c

c
qY

qt
= K

q2
Y

qx
2 (9)

=
4W

ad
+

24K

ad
2 G1 Õ C1+

dW

6K
+AdW

6K B2D1/2H+
p

2
K

ad
2 . where c is the rotational viscosity. The solutions are

plane waves with wave vector q
(5)

Y = Y0 cos(qx ) exp (Õ t/t) (10)
The last term is present only in cells with the splayed

and the relaxation rate t Õ
1 given bydirector structure which is caused by strong polar

anchoring.
t Õ

1 =
K

c
q

2
. (11)The dependence of the transition temperature on the

cell thickness is therefore determined by the competition
The wave vector q is determined by the boundarybetween the surface and the elastic energy. For strong
conditions, equation (8), through the transcendentanchoring, the surface energy is large, and the decrease
equationof the smectic A± smectic C* transition temperature is

proportional to 1/d
2 :

q tanAq
d

2B=
W

K
. (12)

W &
6K

d
[DTc=

K (p
2 +12 )

a

1

d
2 . (6)

This equation can be analysed in the limiting cases and
determines the thickness dependence of the relaxationOn the other hand, for weak anchoring, the decrease of
rate, equation (12). Similarly to the case of the shift of thethe transition temperature is proportional to 1/d :
phase transition temperature, the thickness dependence
of the wave vector and relaxation rate is determined by

W %
6K

d
[DTc=

2W

a

1

d
. (7) the competition between surface and elastic energies.

When the surface energy is large compared with the
Here we assume that in the case of weak anchoring elastic energy of the distortion, we are in the strong
there is no splayed structure in the cell. anchoring regime and the relaxation rate is proportional

Next, we analyse the in¯ uence of the cell thickness on to 1/d
2 :

the dynamical properties of the smectic C* phase follow-
ing the work of Rastegar et al. [6]. We assume that the W &

2K

d
[ t Õ

1 =
K p

2

c

1

d
2 . (13)

amplitude of the tilt angle h is constant in the whole cell
at a ® xed temperature. This CAA approximation is valid On the other hand, when the elastic energy is large
far away from the phase transition, where the changes compared with the surface energy, the anchoring is weak
in the magnitude of the tilt angle under the action of and the relaxation rate is proportional to 1/d :
external ® elds or con® nement are small. We therefore
consider here only the ¯ uctuations of the phase angle.

W %
2K

d
[ t Õ

1 =
2W

c

1

d
. (14)These ¯ uctuations represent the so-called t̀hickness

mode’, which is dominant in this phase. The director
One can see that the surface anchoring is re¯ ected in¯ uctuations at the surface are determined by the boundary
the thickness dependence of the phase transition temper-conditions. These are de® ned by the minimization of
ature and the relaxation rate of the phase mode inthe free energy at the surface and represent the torque
the same way. Both are proportional to 1/d

2 when thebalance at each interface
anchoring is strong, and are proportional to 1/d when
the surface anchoring is weak. Measurements of the cell

K
qW

qx Kx= 7 d/2
= Ô W WKx= 7 d/2

. (8) thickness dependence of the phase transition temperature
and the relaxation rate can therefore give valuable
information on the magnitude of the surface coupling inThese boundary conditions allow surface ¯ uctuations of
thin SSFLC.the phase angle, but keep the amplitude of the tilt angle

constant.
The non-equilibrium phase pro® le W is written as a sum 3. Experimental results and discussion

We have measured the temperature and thicknessof the equilibrium phase pro® le W0 and phase excitation
Y . The linearized Landau± Khalatnikov equation of dependences of the order parameter relaxation rates in

the smectic A and smectic C* phases of the ferroelectricmotion, as deduced from the non-equilibrium free-energy
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726 M. SÏ karabot et al.

liquid crystal material CE8, 4-(2-methylbutyl)phenyl of the imaginary part of the response. The observed mode
corresponds in the smectic A phase to the soft mode. In4 ¾ -n-octylbiphenyl-4-carboxylate, con® ned to ultra-thin

homogeneously aligned cells. the smectic C* phase it is the transverse phase mode,
because it is strongly thickness-dependent. This phaseThe experiment was performed in wedge-type cells

which were made of commercial glass plates with ITO mode has been observed by several authors and is also
called the t̀hickness’ mode.electrodes and nylon aligning layers. The nylon aligning

layer was deposited by dip-coating from a solution of We performed measurements on two di� erent kinds
of wedge-cells, which had two di� erent thicknesses ofnylon 6/6 in methanol. We used two di� erent concen-

trations of nylon solution and therefore obtained two the nylon aligning layer. The results obtained strongly
depended on the thickness of the aligning layer.di� erent thicknesses of the nylon coating, 15 and 50nm.

The bookshelf structure was obtained by rubbing the The temperature dependence of the relaxation rate,
as measured at three di� erent cell thicknesses for cellsnylon surface with a soft velvet cloth.

The thickness of the cell was determined by the 4 mm with the thicker nylon layer (d0 # 50nm) are presented
in ® gure 2 (a). The relaxation rate of the soft modeglass spacers at one edge and a close (proximity) contact

at the other edge of the glass. The thinnest part of the decreases linearly in the smectic A phases with decreasing
temperature and reaches a ® nite value at the phasecell was approximately 0.2 mm thick in order to avoid

direct contact between the two ITO electrodes. The transition. The slope of the soft mode versus temperature
plot depends signi® cantly on the thickness of the cellthickness of each individual cell as a function of the

position along the cell was determined by measuring and is smaller when the thickness of the liquid crystal
is small, as observed by other authors [19]. After thethe spectral transmittion. A 0.3 Ö 2.0 mm2 slit was used

to localize the measuring spot which was placed directly transition into the ferroelectric phase, we observed the
phase mode. Its relaxation rate increases with decreasingon the glass surface of an empty cell. In this way, the local

thickness of the cell was determined with an accuracy temperature and reaches a constant value a few degrees
below the transition. This anomalous behaviour justbetter than Ô 0.05 mm. The resulting wedge angle was of

the order of 1.5 Ö 10Õ
3 and had a negligible e� ect on below the transition has been also observed by Pikin

et al. [7], who explained it in terms of a rapid changethe experiment. The cells were ® lled in the isotropic
phase and then slowly cooled to the smectic A phase,
where a good homogeneous alignment of the liquid
crystal was observed.

For the determination of the relaxation rates we
used the linear electro-optic response technique, which
is better known as the èlectroclinic’ experiment when
performed in the smectic A phase. Here one measures
the real (in-phase) and imaginary (out-of-phase) parts of
the linear electro-optic response. It has been shown that
this method is an optical analogue of dielectric spectro-
scopy and can detect polar eigenmodes of the system
[17, 18]. The linear electro-optic response of samples was
measured at di� erent thicknesses and di� erent temper-
atures for two di� erent nylon coatings. The thickness
dependence was determined very precisely in a single
cell, simply by changing the position of the laser beam
which was slightly focused onto the surface of the wedge-
type cell. In this way, we avoided the experimental errors
which would be present if di� erent individual cells of
di� erent thickness had been used. In the smectic A as
well in the smectic C* phase we observed for a weak
measuring electric ® eld (E < 5 V mmÕ

1 ) a single mode
Figure 2. Temperature dependence of the relaxation rate ofresponse with a Debye-like spectrum. For stronger

the soft mode in the smectic A phase and of the phaseelectric measuring ® elds, we observed an additional
(thickness) mode in the smectic C* phase of CE8 atnon-linear mode in the smectic C* phase; this has been
di� erent thicknesses d of the liquid crystal. The upper

analysed elsewhere and is attributed to the switching graph (a) is for the cell with a thicker nylon coating
process in the cell [17]. The relaxation rate of the single (50nm); the lower one (b) is for the cell with a thinner

nylon coating (15nm).linear response mode was determined from the maximum
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727SmA± SmC* transition in submicron con® nements

in the viscosity coe� cient. We argue that this anomalous c = 0.011 kg mÕ
1 sÕ 1, which is in very good agreement

with other experimental data [20, 4].behaviour might appear because of the emergence of the
chevron structure, which e� ectively decreases the thick- The temperature dependence of the relaxation rate for

cells with the thinner nylon layer (d0 # 15nm) is pre-ness of the cell and therefore increases the corresponding
relaxation rate of the phase mode. sented in ® gure 2 (b). It can be seen that the slope of the

soft mode for the thinner coating does not depend onFor a given temperature, the relaxation rate of the
phase mode in the smectic C* phase shows a very the sample thickness and decreases only in the vicinity

of the phase transition. The relaxation rate of the phasestrong thickness dependence, as shown in ® gure 3 (a).
One can see that in the case of the thicker nylon layer, mode in the smectic C* phase is for a given cell thickness

much smaller than in the case of a thicker coating. Forthe relaxation rate of the phase mode generally increases
as 1/d

2 on decreasing the cell thickness. The only example, considering the thickness of the cell d = 0.4mm,
we observe that the relaxation rate of the phase modedeviation from this dependence is close to d # 0.7mm

(1/d
2 # 2 mmÕ

2 ), where the relaxation rate is shifted to is about ten times smaller in cells with a thin coating.
This leads immediately to the conjecture of a weakhigher rates. This shift is caused by the appearance of a

polarization-induced electrostatic charge density, and surface coupling in cells with a thinner nylon coating.
The relaxation rate of the phase mode in cells with ahas been explained elsewhere [17]. As the relaxation

rate of the phase mode is proportional to 1/d
2, we thin nylon coating is shown in ® gure 3 (b), as a function

of inverse thickness. One can clearly see that, in theconclude that we are dealing with a very strong surface
anchoring in the case of the thicker nylon layer. From case of the thinner nylon layer, the relaxation rate of

the phase mode increases as 1/d on decreasing the cellequation (13) we can determine the lower limit of the
surface anchoring energy, W > 2 Ö 10Õ

4 J mÕ
2 for the thickness, as predicted by equation (14). This con® rms

the conjecture that the molecules are weakly anchoredthicker nylon coating. Here we used K = 4 Ö 10Õ
11 N

[20] and the minimum cell thickness d = 0.4mm, where at the surface of this type of cell. Using values for the
elastic constant K and viscosity c from the previous casethis 1/d

2 dependence is still observed. From equation
(13) we can also determine the rotational viscosity we can determine the surface energy for the thinner

nylon layer; it is in this case W = 8 Ö 10Õ
5 J mÕ

2.
As an additional e� ect of the con® nement, the

phase transition temperature decreases with decreasing
sample thickness. For the small cell thickness (d < 2 mm),
where we have the phase transition into the unwound
smectic C* phase [15], the transition temperature was
determined from the minimum value of the relaxation
rate, which corresponds to the maximum value of the
static electro-optic reponse. For the larger cell thicknesses,
we have the transition into the helicoidal smectic C*
phase (d > 2mm). In this case, the transition temperature
was determined from a change of the slope of the
temperature dependence of the relaxation rate.

The shift of the phase transition temperature versus
cell thickness is shown in ® gure 4 (a) for the case of
the thicker nylon coating. One can readily observe that
this decrease is proportional to 1/d

2, which is a clear
indication of strong surface anchoring, see equation (6).
On the other hand, as shown in ® gure 4 (b), this shift is
proportional to 1/d in cells with the thinner nylon coating,
which is a clear indication of weak surface anchoring,
see equation (7). The strength of surface anchoring is
directly re¯ ected in the magnitude of the decrease of the
phase transition temperature. For example, the decrease

Figure 3. Relaxation rate of the phases (thickness) mode in of the phase transition temperature relative to the extra-
the smectic C* phase of CE8 at T = Tc Õ 8 K. This polated bulk value is approximately 4 K at d = 0.4mm
increases with the inverse square of the cell thickness 1/d

2

[this corresponds to 1/d
2 = 6.25 mmÕ

2 in ® gure 4 (a)]in the cell with the thicker nylon coating (a) and as 1/d in
in the cell with the thicker nylon layer. On the otherthe cell with the thinner nylon coating (b); the solid lines

are the best ® t to a 1/d
2 and a 1/d dependence, respectively. hand, the decrease of the phase transition temperature
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728 M. SÏ karabot et al.

4. Conclusions

In conclusion, we have observed the temperature and
thickness dependence of the relaxation rates of the soft
mode in the smectic A and the phase mode in the
smectic C* phase in ultra-thin ferroelectric liquid crystal
cells with two di� erent thicknesses of aligning nylon
coatings. Our measurements clearly show that the
surface anchoring energy depends on the thickness of
the nylon layer. The relaxation rate of the phase mode
in the smectic C* phase, as well as the decrease of the
smectic A± smectic C* phase transition temperature
are proportional to the inverse of the cell thickness for
the thinner nylon layer and to the inverse square of the
cell thickness for the thicker nylon layer. Following
theoretical predictions, this implies weak anchoring
on the surface of the thin aligning layer and strong
anchoring for the thicker nylon coating. The sur-
face anchoring energy of ferroelectric liquid crystals
varies from W = 1 (Ô 0.3) Ö 10Õ

4 J mÕ
2 for thinner to

W > 5 Ö 10Õ
4 J mÕ

2 for thicker nylon coatings. It has
been reported [14] that surface anchoring energy of
nematic liquid crystals decreases with the thickness ofFigure 4. Thickness dependence of the smectic A± smectic C*

phase transition temperature Tc in CE8. Tc decreases with the aligning layer. This was explained by considering the
decreasing sample thickness as the inverse square of screening e� ect of the polymer ® lm on the anisotropic
the cell thickness 1/d

2 in the cell with the thicker nylon van der Waals interactions between the liquid crystalcoating (a) and as 1/d in the cell with the thinner nylon
and the solid substrate. We think that polar interactionscoating (b); the solid lines are the best ® t to a 1/d

2 and a
between the rubbed layer and the molecules of the1/d dependence, respectively.
ferroelectric liquid crystal material are important for
the anchoring of ferroelectric liquid crystals. However,
the physical mechanism, which is responsible for the
di� erent surface anchoring of ferroelectric liquid crystalsat d = 0.4mm in the cell with the thinner nylon layer

[this corresponds to 1/d = 2.5mmÕ
2 in ® gure 4 (b)] is of on aligning coatings with di� erent thicknesses is not yet

completely understood, and is the subject of furtherthe order of only 0.4 K.
From the thickness dependence of the decrease of the investigations.

transition temperature, the surface anchoring energy can
be estimated. In the case of strong surface anchoring, We would like to thank S. PirsÏ and J. PirsÏ for the
the lower limit of the surface anchoring energy W can preparation of nylon coatings.
be determined, see equation (6). Following the condition
in equation (6) we obtain W > 5 Ö 10Õ

4 J mÕ
2 for the cell
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