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Effect of spontaneous polarization and polar surface anchoring on the director and layer structure
in surface-stabilized ferroelectric liquid crystal cells
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We use the Landau–de Gennes model to study theoretically the effect of the magnitude of the spontaneous
polarization (PS), the ratio~r! between the equilibrium layer tilt and the smectic cone angle, the thickness of
the insulating alignment layers and the strength of the polar and nonpolar surface anchoring on the director and
layer structure in surface-stabilized ferroelectric liquid crystal cells with the chevron structure of smectic
layers. The system shows a surprising number of stable structures, accompanied by one or two metastable ones.
At PS greater than the critical value only quasimonostable structures, which can exhibit the thresholdless
~V-shaped! switching, exist at allr and both at weak and strong polar surface anchoring. At lowerPS bistable
and monostable structures can coexist. Bistable structures can be expected at highr, low PS and if polar
surface anchoring is weaker than the nonpolar one. Lowering the ratior and/or increasing the strength of polar
anchoring promotes the stability of monostable structures. Thicker insulating alignment layers also drive the
system into the monostable state. Polar surface anchoring induces a large surface electroclinic effect. As a
result the nematic deformations close to the surfaces are very strong and the stress is relieved by bending of the
smectic layers. This leads to the formation of a double chevron structure which is stable at very large polar
anchoring and due to the surface electroclinic effect it is metastable also at lower values of polar anchoring.

DOI: 10.1103/PhysRevE.68.061705 PACS number~s!: 61.30.Dk, 61.30.Hn, 61.30.Gd, 42.79.Kr
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I. INTRODUCTION

The chevron structure~Fig. 1! of the smectic layers is a
well known characteristic of most surface-stabilized ce
filled with ferroelectric smectic-C! liquid crystal@1,2#. These
cells in general exhibit two stable director states. They
be switched between them by an external voltage applie
the cell. Switching occurs only at fields stronger than
threshold field because the director rotation is accompa
by a significant increase in the elastic energy around
chevron tip@3#. The bistability of such cells does not allo
the realization of the gray scale. The latter requires thre
oldless switching, the mechanism of which is still under d
cussion. It is also debated whether thresholdless switchin
an intrinsic @4# or an apparent@5# phenomenon. At first
thresholdless switching has been attributed to antiferroe
tricity in planar smectic liquid crystal cells@6#. In theoretical
modeling the V-shaped switching was related to strong p
anchoring of the antiferroelectric liquid crystal to polym
aligning layers@7,8#. However, it has recently been show
that the V-shaped switching is a feature of the surfa
stabilized ferroelectric liquid crystal~SSFLC! cells @9#, that
it is of the electrostatic origin@10#, and that the reorientation
of the optic axis is due to the director rotation on the sme
cone@9,11#. In cells filled with materials with high sponta
neous polarization, monostable structures can be expe
due to the polarization self-interaction, accompanied by
strong surface anchoring and the influence of the insula
alignment layer. The phenomenon has recently been con
ered theoretically@12# in a bookshelf geometry of the sme
tic layers. The bookshelf geometry is a reasonable first
proximation since the layer tilt angle in such cells is usua
1063-651X/2003/68~6!/061705~8!/$20.00 68 0617
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much smaller than the optical tilt angle.
In the present work we extend the study of Cˇ opič et al.

@12# to the SSFLC cells with a chevron structure of smec
layers. We study theoretically the effect of the magnitude
the spontaneous polarization, the ratio between the equ
rium layer tilt and the smectic cone angle, the thickness
the insulating alignment layers, and the strength of the po
and nonpolar surface anchoring on the director and la
structure in such cells. We use the model put forward by
present authors and co-workers@13# and modify it so that it

FIG. 1. The chevron structure in a SSFLC cell.L is the cell
thickness,a is the thickness of the insulating alignment layer,dA is
the smectic layer thickness in the smectic-A phase,dC is the smec-
tic layer thickness in the bulk smectic-C* , n is the direction of the
normal to the smectic layer,d is the smectic layer tilt,q is the cone
angle,w determines the director position on the smectic cone. T
nematic director is presented by the thick line with a circle at
end. The arrow presents the direction of the spontaneous pola
tion.
©2003 The American Physical Society05-1
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is applicable to the systems with spontaneous polariza
and varying ratio between the equilibrium layer tilt and t
smectic cone angle. The model is presented in Sec. II
gether with a short insight into the numerical calculations.
Sec. III we discuss qualitatively the competing effects wh
determine the director and layer structure. Due to the num
ous competing effects we predict a number of possible st
tures which are subsequently obtained by the numer
analysis, the results of which are presented in Sec. IV.
nally, in Sec. V we draw some brief conclusions.

II. MODEL

The geometrical model of the cell structure is shown
Fig. 1. The cell of thicknessL is formed by two conducting
electrodes that are separated from the liquid crystal by
insulating alignment layer of thicknessa. The electrodes lie
in the yz plane. The smectic layer thickness required by
surface isdA , the layer thickness preferred by the bu
smectic-C! is dC . The smectic layer normal is denoted byn,
n is the director,q is the smectic cone angle and the anglew
determines the director position on the cone. Structure w
no director tilt in they direction is monostable. In general th
director is tilted in they direction and the structure i
bistable. In the figure the director is tilted in they direction,
however the structure with the tilt in the positivey direction
is also possible. The ferroelectric polarizationP is perpen-
dicular to the layer normal and the director,P5P0n3n,
where PS5P0sinqB is the magnitude of the spontaneo
polarization in the bulk liquid crystal. We assume that
variables are functions of the coordinatex only.

The free energy consists of the bulk and surface contr
tions. The bulk free energy densityf consists of the nematic
f n , smectic f s and electrostaticf e contributions. In a one-
constantK nematic approximation the nematic contributio
is

f n5
1

2
K„@“•n#21~“3n!2

….

The smectic contribution to the free energy density@13# is
expressed in terms of the nematic director and the com
smectic order parameterc,

f s5cuuu~n•“2 iq0!cu21c'un3“cu21Du~n3“ !2cu2.
~1!

The complex smectic order parameterc is spatially depen-
dent,

c~r !5hBexp„if~r !…,

wherehB is the magnitude of the smectic order parame
which we assume to be constant and equal to its valu
bulk smectic-C!. The phase factorf(r ) determines the po
sition of smectic layers. The smectic layer normal is defin
asn5“f(r )/u“f(r )u.

The parameterscuu , c' , andD in Eq. ~1! are related to the
smectic elastic constants. The de Gennes smectic layer c
pressibility elastic constantB is related tocuu asB5cuuq0

2hB
2
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@13#. The parameterc' is temperature dependent. It is pos
tive in the smectic-A phase and it is negative in the smecti
C! phase. The parameterq0 has to be chosen such that th
compressibility term in the smectic free energy density@the
first term in Eq.~1!# is zero both in the bulk smectic-A phase
and in the successive smectic-C! phase. In the bulk smectic
A phase the director is parallel to the smectic layer norm
and the compressibility term is zero if the layer thickne
equalsdA . In the bulk smectic-C! phase the director tilt with
respect to the layer normal isqB5arctanAuc'u/(2Dq0

2) @13#.
In general, the layer thickness in the smectic-C! phase is

dC5dAcosrqB , ~2!

where the value of the parameterr is between 0 and 1. If
r 50, the material is called an ideal de Vries material
which there is no layer shrinkage at the transition from
smectic-A to the smectic-C! phase. Ifr 51, we describe a
material withdC5dAcosqB . In our previous work we have
considered only the latter materials. Although the most co
mon values ofr are between 0.8 and 0.9, the approximati
r 51 allowed us to describe most of the important charac
istics of the surface stabilized smectic-C cells with a chevron
structure. However, in materials which exhibit thresholdle
switching r is usually closer to 0 than 1 and for a typic
material like W415@14# it is '0.2.

To meet all the above mentioned requirements for
compressibility term we choose

q05qA

cosqB

cosrqB
, ~3!

whereqA52p/dA . In the bulk smectic-C! in which the lay-
ers run along the z direction, we can expres
f(r )52pz/dC andn5(0,sinqB ,cosqB). It is then straight-
forward to show that the compressibility term in Eq.~1! is
zero if the condition~2! is satisfied.

In SSFLC cells the equilibrium layer tilt angle (dE) is
such that the smectic layer thickness at the surface isdA and
inside the cell it isdC . It is easily seen thatdE5rqB , so in
the chevron geometry the parameterr presents the ratio be
tween the equilibrium layer tilt and the bulk value of th
smectic cone angle.

The total electric field inside the liquid crystal consists
the field due to the surface charge at the electrodes~this we
call the external electric field!, the electric field in the insu-
lating alignment layers and the electric field due to the s
tially varying polarization inside liquid crystal. Since th
ferroelectric polarization is a function of thex-coordinate
only, the resulting electric field has a component along
x-axis only,EP52Px /(««0), wherePx is thex component
of the spontaneous polarization. The external electric fi
also points along thex direction and its magnitude is
Eext5s/(««0), wheres is the surface charge density on th
electrodes. The electric field strength inside the insulat
alignment layer of thicknessa is Ediel5s/(««0). We have
assumed an isotropic dielectric tensor and that the dielec
strengths of the insulating alignment layer and the liqu
crystal are the same. If different dielectric strengths w
5-2
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EFFECT OF SPONTANEOUS POLARIZATION AND . . . PHYSICAL REVIEW E68, 061705 ~2003!
chosen for the liquid crystal and the insulating alignme
layers this would merely change the effective thickness
the insulating alignment layers.

The electrostatic contribution to the free energy densit
@12#

f e5
1

2
««0Eext

2 1
Px

2

2««0
2PxEext . ~4!

The first term is the free energy density due to the indu
dipoles, the second term presents the self-electrostatic en
due to the spatial variation of the spontaneous polarizat
and the third term is the interaction of the spontaneous
larization with the external electric field. Since we have
voltageV applied to the surface electrodes, the internal el
tric field is such that

2
sL

««0
2

2sa

««0
1E

2L/2

L/2 Pxdx

««0
5V.

We thus see that even if the voltage applied to the cell is z
there is a net surface charge

s5
1

L12aE2L/2

L/2

Pxdx ~5!

at the electrodes to compensate for the electric field du
the divergence of the spontaneous polarization.

The director and layer structure inside the cell essenti
depends on the surface anchoring. We consider a comb
tion of polar and nonpolar surface anchoring,

Fsur f52
1

2
Wnp~sin2w!x56L/26WpS P• x̂

PS
D

x56L/2

, ~6!

whereWnp is the strength of the nonpolar surface anchor
which, atWnp.0, prefersw56p/2 at the surfaces, and th
polar anchoring is chosen such that atWp.0 it prefers the
polarization at the surface being perpendicular to the sur
( x̂ is the unit vector in thex direction, i.e., perpendicular to
the surface! and pointing inside the cell. The polar anchorin
is also sensitive to the magnitude of the spontaneous po
ization. Surface energy decreases with largerPS . The polar-
ity of the surface thus forces the increase in the cone angq
in order to increasePS . This is the surface electroclinic ef
fect @15# and experiments in the smectic-A phase of the
W415 @14# show that it can be very large.

With the chosen surface anchoring the surface is bista
Let us consider the function

f ~w!52
1

2
Wnpsin2w1Wpsinw,

which represents the energy due to the surface anchorin
the left surface in the case of polar anchoring which is in
pendent of the magnitude of the spontaneous polarizat
Until Wp,Wnp the energy f (w) has two minima: at
w5p/2 andw52p/2. At Wp.Wnp there is only one mini-
mum at w52p/2. It is similar at the right surface. A
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Wp,Wnp there are two minima and atWp.Wnp there is
only one minimum atw5p/2. So if polar anchoring is stron
ger than nonpolar anchoring one can expect only one st
structure and at lower polar anchoring two different stru
tures can coexist~e.g., one monostable and one bistable!.

We also note that the chevron tip can be regarded as
internal surface with nonpolar surface anchoring becaus
order to reduce the nematic deformations around the che
tip w56p/2 is preferred around the chevron tip as will b
discussed in more detail in Sec. III.

Numerical calculations

The numerical calculations are performed in thexyz co-
ordinate system. The director is expressed by its compon
along thex, y, andz axes. The director is a function of th
x-coordinate only,

n~x!5„k~x!,l ~x!,m~x!…, ~7!

where m5(12k22 l 2)1/2, becauseun(x)u51. The smectic
order parameter phase factor is

f~x,z!5qA„z2u~x!….

The layer displacement fieldu(x) describes the departur
from the planar layer configuration. The variables used
calculations are thusk(x), l (x), andu(x).

The equilibrium structure is found by minimizing the bu
free energy, taking into account the specific boundary con
tions. Here we should mention that the inclusion of the po
surface anchoring significantly complicates the calculati
In studying the symmetric chevron structures@3,13# we were
solving a set of three coupled differential equations that w
of the second order. The Euler-Lagrange equations that
low from the minimization of the free energy are actually
the fourth order inu(x) since there are second order deriv
tives ofu(x) in the smectic free energy density. The variab
u(x) itself does not enter the free energy, only its spa
derivative. So we could minimize the free energy with r
spect todu(x)/dx. The boundary condition of the layer dis
placement being zero at the surface is satisfied automatic
in a symmetric chevron becausedu(x)/dx is antisymmetric
around the chevron tip. In a nonsymmetric chevron we c
still minimize the free energy with respect todu(x)/dx, but
in addition we have to fulfill an integral condition foru,

E
2L/2

L/2 du

dx
dx50.

A different procedure can be chosen. One can work w
u(x) and a fourth order differential equation, but a simp
boundary condition of the displacement being zero at
surfaces,

u~x56L/2!50. ~8!

We have chosen the latter way.
For computational purposes we express the free energ

a dimensionless form. We introduce the following dime
sionless variables:
5-3
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j5x/L, ũ~j!5u~x!/L,

parameters:

s̃5
s sinqB

PS
, CR5

cuu

uc'u
, gp,np5

Wp,npL

K
, ã5a/L

and characteristic lengths:

l uu5AK

B
, kuu5

l uu
2

L2
,

lch5A2D

uc'u
5~q0tanB!21, kch5

lch
2

L2
,

lS5A««0K

PS
2

, kS5
lS

2

L2
.

With this choice of parameters the magnitude of the spo
neous polarizationPS acts as a scaling parameter. The ch
acteristic lengthlS presents the thickness of the deform
layer at the surfaces when the surface and the bulk condit
dictate different orientation of polarization than the elect
static energy. The parameterkS we call the stiffness param
eter and it is a measure for the relative thickness of
surface deformed layer. The characteristic lengthl uu is the
smectic penetration depth and it is of the same order of m
nitude asdA and the characteristic width of the chevron t
lch .

The dimensionless free energyG is the sum of the bulk
GB and the surfaceGA contribution. The bulk contribution is

GB5E
21/2

1/2 H 1

2
~kj

21 l j
21mj

2!1
1

kuu
A 2J dj

1
kch

kuuCR
E

21/2

1/2 H 1

2
ũjj

2 2
1

kch
B1

1

2
L2qA

2B 2J dj

1
1

2kSsin2qB
E

21/2

1/2 H l 2

11ũj
2

1s̃21
2l s̃

A11ũj
2J dj,

~9!

with

A52ũjk1m2
cosqB

cosrqB
,

B5 l 2~11ũj
2!1~mũj1k!2

and the indicesj denote derivatives with respect toj. From
Eq. ~9! we see that whenkSsin2qB is of the same order o
magnitude askuu or kch , the electrostatic contribution to th
free energy is of the same order as the nematic and sm
contributions. So monostable structures can be expecte
be stable atkSsin2qB,kch,uu .

The surface contribution is
06170
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Gsur f57
gp

sin2qB
S l

A11ũj
2D

j561/2

2
gnp

2
~sin2w!j561/2,

where sinw5l/sinq and cosq5(m2kũj)/A11ũj
2.

Minimization of the free energy gives three Eule
Lagrange equations and three boundary conditions@in addi-
tion to the boundary condition~8!#. The free energy@Eq. ~9!#
has to be minimized such that the condition~5! is satisfied.
In a dimensionless form this condition is

s̃52
1

112ã
E

21/2

1/2 l

A11ũj
2

dj. ~10!

The Euler-Lagrange equations are solved numerically us
the relaxation method@16#. After each cycle, when correcte
values to the variables are found, news̃ is calculated from
Eq. ~10! and is used in the succeeding cycle.

We study the director and layer structure inside the cel
a function of the stiffness parameterkS , the parameter
r 5dE /qB , and the magnitude of the polar and nonpo
surface anchoring. As a common set of parameters
choose:L52 mm, «510, CR510, dA55 nm, a510 nm,
B5105 J/m3, K54310212 J/m, andqB530°. With this set
of parameterskuu51025. If r 50.2 and PS5300 nC/cm2

~typical values for W415! then kch52.531025 and
kS51025.

III. COMPETING INTERACTIONS IN SSFLC CELLS

In this section we discuss the effects that determine
layer and director structure in SSFLC cells. We also int
duce the terminology used to name different structures.

The chevron geometry of the smectic layers is a resul
the competition between the surface memory effect~the lay-
ers are strongly anchored at the surface in the prece
smectic-A phase @17#! and the natural smectic-C* layer
thickness. At the chevron tip the smectic layers are dila
and the cone angle is reduced@13#. To reduce the nematic
deformation the director at the chevron tip tilts in theyz
plane (w56p/2 at the chevron tip!. At low spontaneous
polarization and low polar surface anchoring the director
sition on the cone on both sides of the chevron tip is appro
mately uniform@solid line in Fig. 2~a!#. This is a common
uniform bistable structure and we denote it byB. At stronger
polar anchoring one side of the cell remains approximat
uniform and the other side is splayed@dashed line in
Fig. 2~a!#. One half of the cell is splayed only if the rati
r 5dE /qB is high enough. At low values ofr the whole cell
is splayed@solid line in Fig. 2~b!#. We shall call such a struc
ture the S structure, to distinguish between the structur
with w56p/2 at the chevron tip~B! and the structures with
w'0 at the chevron tip (S).

The internal electric field due to the polarization char
induced by the spontaneous polarization can have a sig
cant effect on the director and layer structures. This has
ready been recognized by Nakagawa and Akahane@18# in the
bookshelf geometry. Sabater and co-workers@19# considered
5-4
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the same effect in the chevron geometry of smectic lay
Their model is built on earlier work of Nakagawa@20,21#.
Their study includes only the effects of rather low sponta
ous polarization~up to 60 nC/cm2) on theB structure with
r 50.89.

The electrostatic self-interaction, however, prefers
monostable structure in whichw50 throughout the cell. In
comparison to aB structure a monostable structure is acco
panied by a larger splay deformation in the nematic direc
around the chevron tip. Across the chevron tip the layer
changes fromdE to 2dE . The x component of the directo
changes from sin(qB2dE) to sin(qB1dE). The lower the
equilibrium layer tilt the cheaper is this splay deformatio
So we expect that lowering of the ratior 5dE /qB promotes
the stability of the monostable structure. Another candid
for a monostable structure is the one withw50 on one side

FIG. 2. Spatial variation ofw in the possible stable structure
~a! Common parameters,r 50.5, gnp50. Solid line, uniformB
(kS51021,gp50.01); dashed line, splayedB (kS51021,gp51);
dotted line, Vh (kS51024,gp51). ~b! Common parameters
r 50.2, gnp55. Solid line, S (kS51021,gp52); dash-dot-dotted
line, Sd (kS51021,gp52); dashed line,S (kS51022,gp52); dot-
ted line, S (kS51023,gp52); dash-dotted line,Bw (kS51023,
gp51). The inset shows some of the corresponding spatial va
tions of the layer displacementu.
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of the chevron tip andw5p on the other side@dotted line in
Fig. 2~a!#. In this case thex component of the directo
changes from2sin(qB2dE) to sin(qB2dE) across the chev-
ron tip. If dE'qB the splay deformation is negligible. Nev
ertheless, even atr 51, this structure is energetically ver
expensive because the cone angle at the chevron tip red
to zero. This structure we call Vh , where V stands for
V-shaped andh for high, meaning that the structure has ve
high energy. The structure is metastable at high values of
spontaneous polarization (PS.100 nC/cm2 at the chosen se
of typical parameters!.

Since the director tilt out of thexz plane is preferred a
the chevron tip in order to reduce the nematic deformati
we find that there are no perfectly monostable structure
the chevron SSFLC cells. The director is always tilted in t
yz plane, although this tilt is negligibly small in a large rang
of the surface anchoring strength, stiffness parameter
also at quite high ratios between the equilibrium layer
and the cone angle as we shall show in the following sect
According to the results obtained in the bookshelf geome
@12#, structures withw,0.1 throughout the cell would ex
hibit V-shaped switching. We expect that it is the same in
chevron geometry of the smectic layers. So in the struct
diagrams shown in the following section we shadow the
gion where structures withw,0.1 exist.

Even if w'0 inside the cell, the director tilt out of thexz
plane can be significant close to the surfaces in a region
thicknesslS due to the polar surface anchoring. In Fig. 2~b!
we show typical spatial variation ofw in such cells. The
splayed variation ofw in theSstructure at highkS ~solid line,
kS51021) becomes uniform withw'0 inside the cell at low
kS ~dashed and dotted line,kS51022 andkS51023, respec-
tively!. Because of that we denote all these structures byS.

In general, theB structures always switch with a thresho
and theS structures have the possibility to exhibit V-shap
switching if w'0 in most of the cell. In that case we call th
S structure monostable or quasimonostable to keep in m
that w(x) is not exactly zero.

At gp,gnp there can also exist a structure which is inte
mediate between theS structure~with w at the chevron tip
being close to zero! and theB structure~with w at the chev-
ron tip being6p/2). We call this structure aBw structure
and its spatial dependence ofw is shown by a dash-dotte
line in Fig. 2~b!.

At the surfaces the director position on the cone is a fu
tion of the strength of the surface anchoring. Let us supp
that the model would not allow for layer deformations. Th
the only possibility to accommodate the requirements of
surface is the one shown in Fig. 3~a!, where the director
position on the cone close to the left surface is shown for
structure wherew50 far from the surface andw52p/2 at
the surface~very strong polar anchoring!. Such spatial varia-
tion of the director position on the cone is accompanied b
strong deformation in the nematic director. This is shown
the arrows above the smectic cones: thex component of the
director changes the sign on approaching the surface, w
they component increases. Another possibility is to bend
smectic layers@Fig. 3~b!#. In this case the splay deformatio
in the director reduces, however the price is paid by

a-
5-5
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deformation due to the layer bending. In addition we m
consider that the surface electroclinic effect will tend to
crease the cone angle at the surface. The resulting stre
also relieved by layer bending. So we expect to have
situation depicted in Fig. 3~b!, especially at lowr.

Close to the right surface the situation is similar@see
Fig. 4~a!#. Here the nematic deformation can in principle
reduced by increasing the layer tilt and as long as the sur
anchoring is not too strong or/and the magnitude of the sp
taneous polarization is not too large our model actually p
dicts such a situation. However in the case shown
Fig. 4~a!, the anchoring is very strong. In this case the s

FIG. 3. Spatial variation of the director position on the co
close to the left surface in the case of strong polar surface anc
ing. The director rotation on the cone fromw'0 in the bulk to
w'2p/2 at the surface can be achieved by~a! a splay deformation
in the nematic director or~b! bending of the smectic layers. Th
arrows above/below the smectic cones present thex ~horizontal ar-
rows! and they ~vertical arrows! components of the nematic direc
tor.

FIG. 4. Spatial variation of the director position on the co
close to the right surface in the case of strong polar surface anc
ing. The director rotation on the cone is achieved~a! by a splay
deformation in the nematic director or~b! by bending of the smectic
layers. The arrows above/below the smectic cones present thx-
~horizontal arrows! and they ~vertical arrows! components of the
nematic director.
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face electroclinic effect is large which additionally increas
the nematic deformation and again bending of the layers
shown in Fig. 4~b! occurs in order to relieve the stress.

Bending of layers at the surfaces is in the opposite dir
tion @compare Figs. 3~b! and 4~b!#. Such layer bending at the
surfaces can be accommodated only by a double che
structure inside the cell@see the spatial dependenceu(x) for
the double chevron in Fig. 2~b!#. The double chevron struc
ture we denote bySd. In the following section we show tha
the double chevron structure is stable at strong polar anc
ing. Due to the surface electroclinic effect it is metasta
also at weak polar anchoring.

IV. RESULTS AND DISCUSSION

In Fig. 5 we show the structure diagram for a mater
with qB530° andr 50.2. Together with the set of param

r-

or-

FIG. 5. Stability diagram of the structures vs polar anchor
(gp) and the stiffness parameter (kS) at qB530°, r 50.2 and
~a! gnp55 and~b! gnp50. S(m), B(m), Vh(m), andSd(m) des-
ignate metastable structures. Solid curves are the limits of stab
of certain structures and the dashed curves show where the en
pies of the two structures are the same. If there are two metas
structures the one with the highest energy is written last. In
shaded region the value ofw in the S structure is lower than 0.1
throughout the cell.
5-6
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eters mentioned in Sec. II A andkS;1025 this would be the
parameters which correspond to W415. We studied the p
sible structures as a function of the stiffness parametekS
and the strength of the polar surface anchoringgp . For the
value of the nonpolar anchoring we choose a typical va
which is Wnp51025 J/m2 and thengnp55 @Fig. 5~a!#. In
Fig. 5~b! we show the same type of the structure diagram
zero nonpolar anchoring. The system shows a surpris
number of stable structures, accompanied by one or
metastable ones, denoted bym.

At low magnitudes of the spontaneous polarizati
(kS.1022) both B and S structures coexist atgp,gnp as
suggested by the discussion in Sec. II. Atgp.gnp only the
splayed structure is stable, but it becomes metastable
respect to a double chevron structure due to the surface
troclinic effect. The magnitude of the surface electroclin
effect, i.e., the value ofq at the surface at several values
kS as a function of the surface anchoring strength (gp) is
shown in Fig. 6. The cone angle at the surface increa
significantly at strong polar surface anchorings. At larger v
ues of the spontaneous polarization stronger surface anc
ing is required for the same increase ofq. The dependence i
approximately the same at allr and allgnp , both in theSand
the B structures.

At higher magnitudes of the spontaneous polarizat
(kS,1022) the thickness of the surface deformed layer is
small that it does not affect the structure of the chevron
To relax the nematic deformationw'6p/2 is preferred
around the chevron tip, so theB structure is metastable als
at gp.gnp . At low gp the compound effect of the nonpola
surface anchoring and the nonpolar ‘‘anchoring’’ at the ch
ron tip even pushes out the splayed structure completely

The presence of nonpolar anchoring enforces the stab
of the B structure atgp,gnp . This can be seen by a com
parison of the structure diagrams in Fig. 5~a! (gnp55) and
in Fig. 5~b! (gnp50). In the case ofgnp50 the area in
which theS structure is stable enlarges and it is pushed
wards lower magnitudes of the spontaneous polariza
~higher kS). However, even atgnp50, the B structure is
stable at lowkS and at lowgp and theSstructure is stable a
highergp . This is due to the nonpolar anchoring behavior

FIG. 6. The value ofq at the left ~solid lines! and the right
~dashed lines! surfaces as a function of polar anchoring (gp) at
gnp50 and r 50.2. From left to right:kS51022, kS51023, and
kS51024.
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the chevron tip. We can estimate that the effective strengt
the nonpolar anchoring at the chevron tip is'0.3 and the
corresponding anchoring strength is thus 631027 J/m2.

In the shaded region in the structure diagrams the valu
w in theSstructure is lower than 0.1 everywhere in the ce
In a bookshelf geometry such a structure would exh
V-shaped switching@12#, so we presume it is the same in th
chevron geometry. From the structure diagram we also
duce that at the parameters typical for the W415 liquid cr
tal (kS51025) and the typical values of the surface ancho
ing (gp5gnp55), the structure is practically monostab
with w'0 everywhere in the cell.

At kS,1022 the value ofw inside the cell is already clos
to zero @see the dashed line in Fig. 2~b!#. At kS,1023 the
thickness of the surface deformed layer~the region where the
effect of the surface anchoring is felt!, wherew can be sig-
nificantly different from zero, is only 3% of the cell thick
ness. In this case the structure can probably be expecte
exhibit V-shaped switching. A more detailed study of t
electro-optical response of theS structures is needed, how
ever, to find out the maximum width of the surface deform
layer such that the structures still switch without threshol

The B structure is ~meta!stable only atkS.1024. At
lower kS the high-energy Vh structure and the, practically
monostable,S structure exist. This agrees with the argume
presented in Sec. II that atkSsin2qB,kuu,ch monostable struc-
ture can be expected, because the electrostatic contributio
the free energy is larger than the nematic and smectic c
tributions. This argument is valid at allr andgp which was
also confirmed by the numerical calculations.

If kS.1024, then the monostableS structure is pushed
towards lowerkS by increasingr. This is expected, becaus
the splayed deformation around the chevron tip in theS
structure increases with increased ratior as discussed in Sec
III. Also, at larger r a double chevron structure is stable
stronger polar anchoring, because layer bending is more
ergetically expensive at higherd. Let us also point out tha
due to the surface electroclinic effect the double chev
structureSd is metastable whereverS is ~meta!stable. We
have also checked for the stability of the triple and ev
higher chevron structures. Regardless of the number of ch
ron peaks in the initial approximation the structure alwa
relaxes into a single or a double chevron structure.

Finally, we have also considered the effect of the thic
nessa of the insulating alignment layer on the structure. T
results obtained in the bookshelf geometry@12# are valid
here as well. In general the value ofw inside the cell is
reduced ifa increases, so thicker surface insulating laye
drive the system into the monostable state, as predicted
Clark et al. @9#.

V. CONCLUSIONS

We have studied theoretically the director and layer str
ture in surface stabilized ferroelectric liquid crystal cells. T
model put forward by the present authors and co-worker
@13# was used and modified so that it is applicable to
systems with spontaneous polarization. We also introdu
additional parameterr 5dE /qB into the model which en-
5-7
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abled us to study chevrons with different ratios between
equilibrium layer tilt and the smectic cone angle. We cons
ered the effects of the magnitude of the spontaneous po
ization, thickness of the insulating alignment layer, t
strength of the polar and nonpolar surface anchoring and
ratio r on the director and layer structure. Due to the num
ous competing effects in the SSFLC cells the system show
number of stable structures, accompanied by one or
metastable ones.

At magnitudes of the spontaneous polarization larger t
the critical value (PS

cr5100 nC/cm2 at the typical set of pa-
rameters chosen in the present paper! the electrostatic con
tribution to the free energy is larger than the nematic a
smectic contributions. In this case only practica
monostable structures exist withw'0 inside the cell. In a
region of thicknesslS close to the surface the anglew may
differ significantly from zero due to the surface anchoring.
PS,PS

cr both bistable and quasimonostable structures
coexist. The general rule is that the system is driven into
monostable state if~a! the magnitude of the spontaneo
polarization increases,~b! the ratior reduces,~c! the thick-
ness of the insulating alignment layer increases, and~d! the
ta

a-

S

.P
hy

i-

on
,

.
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strength of the polar surface anchoring increases with res
to the nonpolar one.

Polar surface anchoring induces a large surface elec
clinic effect. As a result the nematic deformations close
the surfaces are very strong and the stress is relieved
bending of the smectic layers. This leads to the formation
a double chevron structure which is stable at very large p
anchoring. Due to the surface electroclinic effect it is me
stable also at lower values of the polar anchoring.

To conclude, we have shown that structures which can
expected to exhibit V-shaped switching exist also in t
SSFLC cells with the chevron geometry of the smectic la
ers. In a broader context, our results which suggest an a
dance of stable and metastable structures, could perhaps
to explain the richness of the textures observed in syst
with high magnitudes of the spontaneous polarization.
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