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The interplay between volume and surface effects in polymer-stabilized ferroelectric liquid crystals often results in the
so-called “quasi-bookshelf” or tilted layer structure. Universal description of director (the most probable orientation of long
molecular axes and the optical axis) distribution within ferroelectric liquid crystal cell, stabilized by polymer network implies
consideration of the confined volume effects. The discussed model of polymer-stabilized ferroelectric liquid crystal cell was
investigated in terms of the continuum elastic theory with anisotropic surface effects, which also account the most probable
orientation of short molecular axes. Promising applications of the biaxial surface potential for fabrication of electro-optic cells
with the desired surface parameters have motivated us to embark upon the proposed model. Our model also accounts splay
deformation of the spontaneous polarization. This enables us to calculate the applied voltage by the electric field and vice versa.
The effect of polymer stabilization on the director orientation profiles across the cell was examined. We have found that the
director-polymer network interaction coeflicient yields insignificant difference between the director orientation profiles in the
smectic C* (SmC*) phase of ferroelectric liquid crystal. We believe that this theoretical model can be useful for fabrication of
experimental cells because the issues, which follow from the biaxial surface potential allow to control bi- and monostability of
surface-stabilized ferroelectric liquid crystal cells, domain structures in electro-optical cells and the planar alignment quality.
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9¢¢deKThI ABYOCHOTO MOBEPXHOCTHOTO MOTEHI[MAJIA B TYeMKaX
CerHEeTOIMeKTPUIECKUX KUTKIX KPUCTAIIIOB,
CTaOMIN3NPOBAHHBIX MIOTNMEPHBIMU CETKAMU

Conr B.}, Kygperiko A. A.>', Murpanos H. I

'TTaHxalicKNI MTHXeHepHO-TeXHIYecKuil yHusepcutet, JIonr Tenr Poyp , 333, Illanxait, 201620, Knrair
*balkmpcKuii rocyapCTBEHHBI MeUIMHCKII YHUBEPCHUTeT, YL JIeHuHa, 3, Yda, 450008, Poccusa

B3anmocBsA3b 00'bEMHBIX 1 IOBEPXHOCTHBIX 9P (EKTOB B CETHETOIEKTPUYECKIX XKIUIKIX KPUCTaUIaX, CTaOVIIM3IPOBaHHBIX
IO/IMMEPHBIMY CETKaMM 3a4aCTYI0 IIPUBOAMUT CTPYKTYPbl CMEKTMYECKMX C/IOEB K HAK/IOHHOMY OPMEHTALIIOHHOMY
nopspKy. Pemrenve sapgaum pacrpenenenns pupekropa (Hambonee BepOATHOTO HAIlpaBIeHMs IMHHBIX MOJIEKY/LAPHBIX
oceil, KOTOpoe TakKe sABJAETCSA ITIABHOM ONTUYECKOM OCbI0) B CErHETONIEKTPUYECKON IKUIKOKPUCTAUINYECKON
A4elike, CTaOVINM3MPOBAHHON IOMMMEPHBIMM CeTKaMW, IpeflonaraeT nsydeHyue 3¢G¢eKToB OrpaHMYEHHOro OOBbEMa.
PaccmarprBaemas B JaHHOI paboTe MOfIENDb AYEHKN CETHETOSNEKTPIUIECKOTO SKMIKOTO KPYCTAIIIA, CTAaOMIN3YPOBAaHHOTO
IO/IMMEPHBIMY CETKaMy, M3y4eHa B paMKaX KOHTUHYA/JbHON TE€OPMM YIPYTOCTU C YYETOM IPOABIEHUA NBYOCHOCTHU
MOJIEKY/T Ha aHM3OTPOIHBIX MOIOKKaX. VIMEHHO MccnefoBanme BIMAHUA JBYOCHOCTHM MOJIEKYT CETHETOINEKTPUYECKNX
KVUJKUX KPYCTAa/UIOB Ha IIapaMeTpbl /IEKTPOONTUYECKUX 3P (HeKTOB MOXKET COfIe/ICTBOBATh B IONYYeHNMM IIOBEPXHOCTEI
C 3aJJaHHBIMM CBOVICTBAMM M YIIPaB/I€HUIO IOMEHHBIMM CTPYKTypaMIU B 3/IEKTPOONTHYECKMX sA4eliKaX. B mocTpoenHoit
MOJIe/IV MbI YU ThIBaeM fedOopMalVIo IONIePeYHOro cruda CIIOHTAaHHO IIO/LApU3aluyL. DTO O3HAYaeT, YTO MOXKHO PacCYMTATD
110 BeJIYVHE JJIeKTPUYECKOro MOJIA IPUKIAIbIBaeMoe K sidelike HalpsDKeHe M Hao00poT. B paboTe Taxke M3ydeHo BIUAHYE
k09 PunyeHTa B3aMOREICTBYUA MEX/Y IMPEKTOPOM M IIOJIMMEPHON CEeTKOI Ha paclpefielieHVe Npoduid AUpeKTopa
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BJIOJIb SYEVIKU. YCTAHOBJICHO, YTO KO3 (UIVEHT B3auMOJENCTBUA MEeXY JUPEKTOPOM U IO/IVIMEPHOII CETKOI HaéT JIMIIb
HEe3HAYUTE/IbHYIO PasHIILY MEeXAY IPOGIIAMI OPMEHTAIV JUPEKTOpa B (hase CeTHETONEKTPIYECKOTO XXIIKOT0 KpUCTAIIIA
tuma cMekTuk C* (SmC*). Mbl mojaraem, 9To JaHHAsI TEOPETIIeCKasi MOJIe/Ib MOXKET OBITH IIOJIe3HA IIPU M3TOTOB/ICHUN
9KCIEPVMEHTAIbHBIX A4YeeK, TaK KaK BBITEKAIOLVe U3 JIByOCHOTO MOBEPXHOCTHOTO NMOTEHIMana CHefCTBUA OTKPBIBAIOT
BO3MOXXHOCTH IIOTydeHMsi OM- U MOHOCTAOM/IBHBIX si4eeK [TOBEPXHOCTHO-CTAOMIN3NPOBAHHBIX CETHETOIIEKTPUIECKUX
SKUJIKMX KPUCTAJIOB, 4 TAKXKE OLIeHMBATh Ka4eCTBO IVTAHAPHON OpUEeHTal AUPEKTOopa.

KnroueBbie cioBa: TOHKIE T/IEHKI, CETHETOI/IEKTPNIECKIE XXM KNE KPUCTAIIbI, CTa61/UII/I3a].U/IH IIOIMMEPOM, YpPaBHEHNE Bﬁnepa.

1. Introduction

Recent advances in applications of ferroelectric liquid
crystalline materials are developing in two directions:
synthesis of new materials [1] and tailoring the existing
liquid crystalline materials by dispersing/doping dyes,
nanoparticles [2,3] and polymers [4,5]. The latter is the
promising remedy to solve the inherent stability problems.

The addition of polymer network in ferroelectric liquid
crystal (FLC) structure results in the interaction between the
polymer and SmC* molecules, which adds new constraints
on its dynamics [4]. As the result, stability of molecular
alignment to mechanical stresses can be improved. In other
words, the polymer network behaves as the template of the
liquid crystal order in which it was formed, aiding to align
the liquid crystal [5].

Pioneering theoretical studies, which suggested that
smectic C phase of liquid crystals exhibits biaxiality were
published in study [6]. Soon after this publication, the
biaxiality was experimentally confirmed [7]. The reported
values of optical biaxiality in FLCs range within 0.001 and
0.005 [8,9]. Such small values of biaxiality in SmC* phase can
lead to difficulties for its direct optical applications. However,
recently introduced biaxial surface potential allows adequate
description of the hysteresis loop, qualitatively explains
types of domain structures and methods for its control [10].
Experimental evidence of chevron structure transformation
into quasi-bookshelf layer structure [11] have motivated us to
elaborate the proposed model in terms of thermodynamically
steady effects and the biaxial structure of FLCs.

In this study we employed the biaxial surface potential
to analyze the interplay between the layer tilt angle and the
molecular orientation angle at the surface. The treatment of

this coupling enabled us to obtain the reasonable boundary
conditions for the governing equation. With the aim to
develop the model of polymer-stabilized (PS) FLC cell with
commonly observed surface and volume effects, we extend
theoretical results [12-14] for the ion-free case. Related
to this, our model accounts smectic layer tilt and spatial
inhomogeneities of the spontaneous polarization. The
effects of polymer density on the alignment structure are
also discussed. Consideration of these factors in PS FLC cell
represents the novelty of our study.

2. Electrostatic model

Fig. 1 represents the illustration of SmC* layer, confined
between the bounding surfaces, spaced by distance d. We
denote the yz-plane parallel to the bounding surfaces, whilst
the x-axis is perpendicular to the bounding surfaces. The most
probable orientation of long molecular axes is characterized
by the director n. The unit orthogonal projection of n onto the
smectic plane is conventionally described in terms of vector
¢ (c-director). Due to the anchoring effects at the substrate,
smectic layers are usually tilted from the surface normal by
an § angle [15], which is also the angle between the z-axis and
the smectic layer normal a=(sin§, 0, cosd).

The uniaxially anisotropic boundary surface causes
the director n preferably align along the rubbing direction,
characterized by the unit vector R=(0,0,1). The SmC*
molecules are confined to rotate within the smectic planes,
while the director field is constrained to tilt away from the
layer normal by angle 6. Throughout this paper we will be
referring to the director geometry introduced in ref. [16].

We can see immediately from Fig. 1 that ¢ ranges within
the interval -nt/2<¢@<m/2, and we assume that it is also time-

Fig. 1. Geometry of the FLC cell. The FLC director n lies on the smectic cone depicted by dashed lines with the smectic tilt angle 0. Electric

field E is applied across the cell.
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dependent,i.e.,=q(x, ). Itenables ustoset the sign convention
rule in such a way that the angles § or ¢ are considered negative
or positive if measured in a clockwise or counterclockwise
direction from the particular axis, respectively.

The bulk free energy density f, includes the elastic free
energy density f, , contributions from the electric energy
density f, and the polymer network stabilization f, , i.e.,
fo= Lt fiet fo The total free energy of the PS FLC system
is therefore given by

F= J'fbdx+fs (o), +/. (o), + /(o)

x=d’

where f(¢) represents interactions between the substrates
and SmC* molecules.

A commonly used term to describe f, in the one-
constant approximation is given by

P _é(aﬁj
elas 2 ax ’

where B is the elastic constant [17].

Assuming that the P-field is non-homogeneous along the
x-axis, let P=P b, where b=[nxa]/|[nxa| [19]. The splay of
the P-field due to the electric field gives rise to polarization
charge density p=—V -P. After we apply the Gauss theorem,
the polarization field is found to be

E, (x)= %cosScosG(l—coscp),

where ¢ is the absolute dielectric permittivity [17].
Consequently, the total electric field in the ion-free sample
can be found as E;OFE‘*EP (x). Then the felec- term becomes

ﬁlec = _P E

tot *

As the argument to support the ion-free model, we refer to the
experimental cell [18], which exhibits long-term bistability.

If the @-dependence is known, the voltage V across the
FLC cell can be computed by the following relation

d
V= Ed+icos65inﬁj(l—cos¢)dx. (1)
€ 0

Interaction between the polymer network and the
FLC director can be regarded as a field-like effect, which is
imposed to restore director to the preferred orientation. The
well-known form of the f, , -term reads as

Ys cin20cin2| @~ Poan
oy = —-sIn” Bsin ,
Sad > ( > j

where y_is the interaction coefficient between the director n
and the polymer network, ¢_  is the mean azimuthal angle
of the polymer network field [4].

To set the boundary conditions, we use the biaxial surface
potential [10]

fi(0)= —%[(sinScoscpsinG +c0s8c0s0)’ +
+w, sin” gcos” (8 —B) £ w, singcos(d —B)],
where W =w,/w, and W, =w, / w, are the

dimensionless anchoring energies; the (-) sign applies to
the bottom boundary, while the (+) sign corresponds to the

top boundary. The parameters w , w_, w_have the following
meanings: anchoring energy coefficient for the director
with respect to the easy alignment axis R; anchoring energy
coefficient, related to the inherent FLC biaxiality and the
polar contribution associated with the presence of the polar
axis, respectively.

It is clear that the surface treatment predetermines the
layer tilt and the director orientation angles at the surfaces.
So, we consider the torques N =-df/d¢@ and N;=-0f/dd.
Equating N(P and Nj to its maxima [13], we obtained the
system of coupled equations. Substituting the typical model
parameters (Table 1) into the system, it can be numerically
solved. Recalling the range of feasible values for § and ¢, we
can determine the layer tilt angle and the director orientation
angle at the surface ¢ The torque density fields N (¢) for a
series of W, values and value pairs (8, +¢ ) are given in Fig. 2
and its caption.

We can now write the time-dependent torque-balance
equation in the form [20]

do_d o, o, o
Yot dxop, O¢

The boundary conditions for equation (2) can be given as

e 9 g2, Y

=0. (3)
ox 0| _, ox 0| _,

b

At this point it is convenient to introduce the quantities
¢,=~eB/P,, ¢, =BsinOcosd/PE, N =7v,sin’0/4B,
&=£2/¢&%, and dimensionless variables ¥ =x/¢,,7 =1/1,
where =1y, cosdsin@/RE is the characteristic time.

Table 1. Model parameters of the PS FLC cell.

Tilt angle 0=35°
Angle of polymer stabilization ¢,,=90°
Angle between the x-axis and vector K =0
Cell thickness d=1.6 um

Spontaneous polarization P=75nC-cm™

Electric constant £,=8.85-10”F-m™'

Absolute dielectric permittivity e=deg
Elastic constant B=10""N
Rotational viscosity y,=50 mPa-s
Prime anchoring energy coeflicient w =38:10"]- m™
Polar dimensionless anchoring energy w, =0

0.0002+

0.00014

-0.00021

0257 0 0257
¢

Fig. 2. Model surface torque density N_[J/m?] for different biaxial

parameters: i, = 0.4 (solid curve), W, =0.35 (long-dashed curve)

and W, =0.33 (dashed curve). The calculated angles § and ¢, are

(-0.584, £1.15); (-0.566, £1.11) and (-0.544, £1.05), respectively.

-0.5n 05w
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3. Modelling

The two calculated value pairs (8, +¢) for each W,
indicate two possible orientations of the director field, i.e.,
either preferably along or opposite the x-axis direction.
Let W, =0.33,then §=-0.544 rad, ¢ =-1.05 rad (i.e., the
electric field is applied along the positive x-axis direction).
For the fixed director orientation angle at the surface,
(8, £¢) can be used to compute the torques applied to the
surfaces.

If angle B#0, then direct numerical computation of
value pairs (8, £ ) can represent a difficulty. However, by
using the smallness of angle {3, the multiplier cos*(5-B) of
the biaxial surface potential can be approximated as follows:
c0s?8 + Psin(28) — B*cos(28). For the model parameters of
Table 1, but with = 5° we can easily obtain that §=—-0.53 rad,
¢,=%1.07 rad. Thus, the presence of the surface roughness
plays a secondary role in the director orientation angle at the
surface and the layer tilt angle.

Once the boundary conditions are specified, the model,
represented by Egs. (2) and (3) in terms of the normalized
to the unit length variables can be handled with the material
parameters of Table 1. Inspection of the model shows that for
f >1 its solution becomes stationary.

To calculate the applied voltage, we used the following
approach: the cell width was divided into equally sized
intervals with nodes x, where i=1,2,...,20. Consequently, the
corresponding (x, @,) pair values can be obtained. This set
of points was interpolated by the Lagrange polynomial, and
substituted into Eq. (1) in terms of the normalized to the unit
length coordinates.

4. Results and discussion

The director orientation angle at the surface ¢_will be driven
further from its 0 V equilibrium position if the applied
voltage increases. This gives rise to the formation of zones
with length £, which are attached to the surfaces and
characterized by strong gradients in the P-field, exerting
the conflict between electric and elastic torques via the

boundary conditions. Elastic torque, applied by the electric
field is the largest as ¢ approaches to ¢, and drops to zero
when the c-director aligns perpendicular to the electric field
and parallel to the yz-plane.

The director field configuration is twofold. First,
the twist state near the bounding surfaces. Second, it is
rather homogeneous over the bulk. When the absolute
voltage increases (Fig.3a), the c-director tends to align
perpendicular to the electric field, so the azimuthal angle
profile asymptotically approaches zero. Consequently, the
f..,-term rapidly changes only within the zones with length
&, Once the applied voltages for several sampling electric
fields are calculated, it enables us to depict the (E, V) point
values as shown in Fig. 3b. The interpolated curve represents
a fairly linear V(E)-dependence.

If polymer stabilization energy density increases (Fig. 3 ¢),
the concavity of c-director orientation profile insignificantly
decreases because the f  -term opposes the electric field
density. As for the polymer-free FLC, the concavity of the
c-director orientation profile insignificantly increases because
the f, ,-term is considerably less than the f, -term. In other
words, the amount of bulk polymer present in PS FLC system
leads to the decrease of the dipole moment contribution.
It means that the same light transmission will be obtained
with higher voltages. At the same time, the presence of
polymer network in the bulk makes the director orientation
stable to the external influences.

The dipole field orientation organizes itself to increase
the electric field due to the polarization charge in the regions
of width §, — approximate thickness of the twist regions.
The homogeneity degree strongly depends on the boundary
conditions. This issue can be interpreted as the balance
between the bulk anchoring strength of the polymer network
and the surface anchoring strength.

A similar continuum model was developed in the earlier
mentioned study [4]. Our discussion does not contradict
the azimuthal angle distribution of this article, but rather
supports a way to link complex geometry, anchoring effects
and the alignment structure of ferroelectric liquid crystals
with the model.
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Fig.3. Azimuthal angle profiles of the PS FLC cell. For varying electric fields: E=1 MV -m™ (solid curve), E=1.5 MV -m™ (long-dashed curve),
E=5 MV -m™ (dashed curve) at yd=4.8-10"* J-m™. The computed voltages: 3.57 V, 4.07 V, 8.8 V, correspondingly (a). Applied voltage
versus the electric field. Asterisks indicate the computed sampling points by Eq. (1), while the dashed curve is obtained by interpolation of
the array point-values (E, V) (b). For varying director-polymer network interaction coefficients at E=1 MV -m™'. The curves are computed
for no polymer network interaction, i.e., y =0 (solid curve), y d=1.6-10"*] - m™* (long-dashed curve), y =4.8-10"* ] - m~ (dash-dotted curve)
Y, d=9.6-10"*]-m™ (dashed curve). The computed voltages for the input parameters: 3.48 V, 3.57 V, 3.67 V, 3.81 V correspondingly (c).
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5. Conclusions

In this letter we have presented the influence of biaxial
surface effects on the director orientation profile in PS FLC
cell. The obtained boundary conditions allowed to elaborate
the mathematical model of steady state effects in PS FLC cell.
The computations we carried out suggest that the electrostatic
energy can be low enough for surface forces to play an
important role even when the director orientation profile is
strongly stiffened within the £, -zones. Estimates of the total
free energy do not exhibit its pronounced dependence versus
the director-polymer network interaction coefficient due to
the interplay between the bulk free energy density terms.

The quality of surface treatment can inhibit achieving the
desired alignment uniformity. Consequently, the direction of
vector K can be inclined by an angle B with respect to the
x-axis. Typical values of angle [ are about (or less than) 10°.
Our estimations show that its presence in the W, -term of the
surface potential will not make significant change in angles
dand ¢,
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