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The threshold value for the electrical Friedericksz transition in
a nematic liquid crystal cell with the periodic energy of director
anchoring with the cell surface has been derived, and the above-
threshold spatial distribution of the director in the applied electric
field has been determined. The threshold value was shown to de-
pend nonmonotonously on the number s of anchoring energy peri-
ods across the cell length. The above-threshold distribution of the
director at integer s traces a periodic variation of the anchoring
energy. The amplitude of the director’s periodic deviation grows
with the reduction of the ratio between the cell thickness and the
anchoring energy period.

1. Introduction

A considerable interest in the uniform threshold reorien-
tation of the director in nematic liquid crystals (NLCs)
by external fields is associated with a widespread use of
nematic cells as basic components in electron-optical de-
vices [1-3]. In an external electric or magnetic field,
there can also emerge a threshold spatially periodic
structure of the director field in an NLC cell. In par-
ticular, in works [4, 5], the emergence of a spatial peri-
odic structure of the director was studied at its thresh-
old reorientation from the planar into the homeotropic
state in a flexoelectric nematic cell with infinitely rigid
boundary conditions. The influence of the finite energy
of anchoring of the director with the surface in a flexo-
electric NLC on the threshold and the period of a spatial
distribution of the director that arises at the director re-
orientation in an electric field from the planar state into
the homeotropic one [6] and wvice versa [7], as well as
at the planar-planar director reorientation [8], was con-
sidered. It was also found that, depending on the ratio
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between the Frank elastic moduli K7 and K5, the thresh-
old spatially periodic structure of the director can arise
in the absence of flexoelectric properties as well, at both
the planar-homeotropic [6,9-12] and planar-planar [13]
director reorientations. The threshold periodic-in-space
reorientation of the director in a homeotropic nematic
cell in a light field with spatially modulated intensity
was considered in work [14]. In work [15], a possibility
to obtain a spatial periodic structure of the director at
its planar-planar reorientation in a light field was demon-
strated. The appearance of spontaneous spatial periodic
distortions of the director in a planarly oriented NLC
cell and the influence of the elastic constant K94 on them
were considered in works [16-18].

Although the spatial periodic reorientation of the di-
rector is a bulk effect, its character depends, however,
considerably on the strength and the type of NLC in-
teraction with the cell surfaces. In the works mentioned
above, the conditions imposed on the director were as-
sumed uniform, with either finite or infinite anchoring
energy. In work [19], the influence of a modulation of
the easy-orientation axis of the director at the cell sur-
face on the spatial periodic distribution of the director
field in a flexoelectric nematic was studied. In work
[20], spontaneous transitions between two orientational
states in a semiinfinite nematic with periodically alter-
nating planar and homeotropic boundary conditions at
the surface were studied. The influence of a periodicity
in the energy of director anchoring with the cell surface
on the phase transition nematic—isotropic liquid was con-
sidered in work [21]. The interaction between substrates
in an NLC cell with periodically alternating planar and
homeotropic boundary conditions was studied in work
[22], and the influence of the anchoring energy periodic-
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ity and thermal fluctuations of the director on this in-
teraction in work [23]. In work [24], the emergence of
domain structures in thin nematic films with periodic
homeotropic planar boundary conditions was examined.

In this work, the emergence of a spatial periodic struc-
ture of the director in an NLC cell with a periodic dis-
tribution of the anchoring energy, which is induced by a
constant electric field, has been considered.

2. Director Equations

Consider a plane-parallel cell with a nematic liquid crys-
tal confined by the planes z = —L/2 and z = +L/2.
The initial planar orientation of the director is along the
axis Ox. The cell is embedded into an external uniform
static electric field; the field strength vector Eq is di-
rected along the axis Oz. We assume that the anchoring
energy of the director with the cell surfaces at its re-
orientation in the plane zOy (the azimuthal energy) is
infinitely high, and the anchoring energy connected with
director deviations in the plane Oz (the polar energy) is
a periodic function of the coordinate y. For definiteness,
it can be presented in the form

2
W(y) = Wy + V cos %, (1)
where Wy and V' are constants (0 < V' < Wy). Then,

in the one-constant approximation, the free energy of an
NLC cell can be written down in the form

F=Fg+Fg+Fgs,

Fo =5 /{K ((divn)? + (rot n)2) —

\%4

— Koy div(ndivn + [n x rot n])}dV,

Ea 2
14
1 2
Fs =2 [W()(me)? ds )
S

where Fy) is the Frank elastic energy, Fg is the contribu-
tion to the free energy from the electric field, Fyg is the
surface free energy of a nematic selected in the form of
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the Rapini potential [25], K and Koy are the elastic con-
stants of the nematic, n is the director, ¢, = ¢ —e1 >0
is the anisotropy of the static dielectric permittivity, and
e is a unit vector of the easy-orientation axis of the di-
rector at the cell surface (e || Ox).

As was shown in work [6] in the one-constant ap-
proximation, the Friedericksz transition occurs in the
plane “external electric field—initial director orienta-
tion”provided that the flexopolarization is absent and the
azimuthal anchoring energy is infinitely large. Therefore,
we assume below that the reorientation of the director
occurs in the plane zOz. Since the system is translation-
invariant along the Oz-axis, the director in the NLC bulk
can be searched in the form

n =icosf(y,z) + ksind(y, z), (3)

where i and k are the unit vectors of the Cartesian co-
ordinate system. Minimizing the free energy (2) with
respect to the angle 6, we obtain the equation

0%0  02%0

87y2+@+6E§Sin9COSGZO (4)

and the corresponding boundary conditions

[iKae+<WO+Vcos27Ty> sin@cos@] =0,
0z d —
(5)

where € = 487(1}( As is seen from Eq. (4) and boundary

conditions (g), the elastic coefficient K54 gives no con-
tribution to the spatial reorientation of the director in
the adopted geometry of the problem.

Equations (4) and (5) for the director must be solved
together with the electrostatic equations rot E = 0 and
div D = 0 for the electric field E = (0, Ey, E.) in the
cell bulk.

3. Electric Field Threshold

Let the linear dimension D of a cell along the axis
Oy be much larger than the cell thickness L, so that
the boundary effects at the lateral cell surfaces can be
neglected. We impose the cyclic boundary conditions
with respect to the coordinate y on the function 6:
Oy + D,z) = 0(y,z). Since the function W(y) is even
(see Eq. (1)), the function 6(y,z) can be taken in the
form

e(yv Z) = Z On (Z) COS(Qny) ) (6)

n=0
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where ¢, = 2mn/D.

To determine the threshold value for director reori-
entation, it is enough to confine the consideration to
the linearized problem. Substituting expansion (6) into
Egs. (4) and (5) linearized in the angle 6 with regard
for the mutual linear independence of the functions
cos(gny), we obtain the equation for the unknown co-
efficients 6,(z2),

d?o, 9 9
1.2 +(eEf —q,)0, =0 (7)
and the corresponding boundary conditions
:I:Kden—l-W@ +V§: 6 =0
dz oYn AnmUm — Y
m=0 z=+L/2
n=20,1,2,..., (8)
where
s
nm = —(2- 671
G (5) = 52 = o) %
—1 n+m —1)yn—m
X sin(ms) (=1 =) ) (9)

s$2—(n+m)?2  s2—(n—m)?

and s = D/d is the number of anchoring energy periods
contained along the cell length.

Substituting the general solution of Eq. (7), 0,(z) =
an, cos(y/eE? — g2 z), into the boundary conditions (8),
we obtain the following system of homogeneous algebraic
equations for the unknown coefficients a,,:

2 . >
(cos & — — & sin §n) an +v E Apmm €08 €y = 0,
€

m=0

n=20,1,2,.... (10)
L
Here, the notations ¢ = V[;O{ ,

v
—Wo,fn—

AN T Ey
p*— R and p = 5 g were used, and Fo =

%[ is the threshold value for the Friedericksz transition
€

at the infinitely rigid uniform anchoring of the director
with the cell surface [1, 3].

A condition for the system of equations (10) to have a
nontrivial solution brings about a determinant equation
for the electric field threshold,

Lo vQp1 Vv&p2 .-
V10 L1 12 ...
Vhgp V91 L2 LT O?
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2
where L, = 1 4+ vay,, — — &, tan§,.
€

We consider small nonuniformities in the anchoring
energy, which satisfy the condition v < 10¢L?/D?2.
Then vay, <€ g1 < g2 < gg < ... for all m,l =
0,1,2,3,... . We seek the solution of Eq. (11) in the
form p = pg + &, where pg is the solution at v = 0, and
|6] < po. Supposing the quantity § to be of the same
order of magnitude as va,,;, we present the diagonal el-
ements of Eq. (11) in the form

Ly = vagy — fod — h0(52 + 0(52) ~ VOO0,

L, = gn +vap, +0(5), if n>=1,

(12)
where
2

€ 2 4p? 2 €
=—(1+=-+=2 ho = =(1 14—
fo 2p0< +E+ = ) ho E( +e) +4p

2 L\ > L\ >

Consider the determinant A of the N-th order in
Eq. (11). Expanding it along the bottom row, we ob-
tain
N-—2
Ay =Ly 1An_1+v Z (—D)N T oy My,
i=0
(15)

where M;; is the complementary minor of the ij-th ele-
ment in the determinant. It is easy to see that the minor

MNfl,O = (—I)N’UOéO’Nfl Lny_oLn_3...L1+ O(UOéml)

is a quantity of the first order of smallness in vag n—1,
and all minors My_1,; (1 <4 < N — 2) are small quan-
tities of the order of v?a?2 ;. Confining expansion (15) to
the terms of the order of v2a? ;, we obtain the recurrent
formula

Ay =Ly 1AN_1—

_U204N71,0040,N71 L1L2 . LN72 + O(UQOégnl) (16)

which connects the determinants of the N-th and (N —
1)-th orders. After applying the obtained recurrent re-
lation N times to expression (15), the latter looks like

N—-1
Ay =ILiLy... Ly <L0 —2 Y @o%) _

(17)
i i
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Finding the solution of Eq. (11) and taking Eq. (17) into
account, we obtain the value for § and the threshold of
orientational instability for the director,

Q00 hoOé%O 2 > Oé(z)i
— — 0 + — ,
fo ( B Zl 9

. (18)

2v
Eotn = Ewy+— Eoo

where Eyw, = 2ppE~ /7 is the threshold for the Fried-
ericksz transition in the case of uniform finite anchoring
energy Wy, and pg is the minimal positive root of the
equation pgtanpy = €/2. As our calculations demon-
strate, the sum over 7 in expression (18) converges; there-
fore, we may confine the consideration to a finite number
of terms with an arbitrary prescribed accuracy.

In Fig. 1, the dependences of the dimensionless
threshold field Eg,/Es on the number s of anchoring
energy periods contained along the cell length calculated
numerically by formula (18) are depicted for various ra-
tios L/D at ¢ = 100 and v = 0.1. One can seen that
the electric field threshold oscillates as the parameter s
grows, with the oscillation amplitude diminishing to the
threshold value Eyy, for the Friedericksz transition ob-
tained in the case of uniform (s — oo) finite anchoring
energy Wy. At s 2 5, the threshold values become prac-
tically independent of the L/D-ratio at the fixed param-
eters € and v. The threshold value is maximal at s = 0
(in the case of uniform finite anchoring energy Wy + V)
and, in accordance with expressions (18) and (9), can be
presented in the form

2F v hov?
Ew, V:(p0+_ )7 19
0+ T f() fg ( )
where the parameters fy and hg are defined by expres-

sions (13).

If the cell length includes an integer number of anchor-
ing energy periods, i.e. if s = k € N, then ag(k) = 0,
a?.(k) = d;; /4, and, in accordance with expressions (18),

the threshold is
v2Eo

7 fogk ’

Eon = Ew, — (20)
where the quantities fy and gy are determined by formu-
las (13) and (14), respectively. Unlike the case of arbi-
trary s-values, only the terms that are quadratic in v give
a contribution to the threshold value. As is seen from
Fig. 1 and formula (20), the threshold values FEg (k)
turn out lower by magnitude than the value Eyy, for the
case of uniform finite anchoring energy Wy. If the in-
teger number k& of anchoring energy periods across the
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Fig. 1. Dependences of the electric field threshold Egp/Foo on the
parameter s at ¢ = 100, v = 0.1 (solid curve) and various L/D =
0.03 (1), 0.04 (2), and 0.05 (8). The squares mark the threshold
values at integer s. Dashed line corresponds to the threshold in
the case of the uniform finite anchoring energy Woy

cell length increases, the threshold value Ey, (k) grows
monotonously, and, at k > 1, it is approximately deter-
mined by the formula

v2E .
7 fo (1 + 2%%)

Eoin = Bw, —

Again, in the case of integer values s = k, the angle of
a director deviation from its nonperturbed orientation is
determined by only two terms in series (6), namely,
0(y,z) = 0p(2) + 61(2) cos(2my/d). (21)
Hence, there arises a spatial periodic structure of the

director along the axis Oy, and the structure period is
equal to that of the anchoring energy.

4. Spatial Distribution of a Director

Now, let us find a spatial distribution of the director in
the cell, provided that the Friedericksz transition thresh-
old is exceeded a little. Let the electric field E in the
nematic bulk be expressed in terms of the potential
oy, z) = —(z+¢(y, z)) Eo, where ¢(y, z) is an unknown
function. From the equation div D = 0 and the bound-
ary conditions for the electric field at the cell surface,
we obtain an equation for the function v (y, z) and the
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corresponding boundary conditions,

0% 821/J 00

8y + — 5.2 25 Slnecosﬁ&

% =0. (22)
0z z=%L/2

Consider the case where the cell length includes an in-
teger number of anchoring energy periods, i.e. D/d =
k € N. If the anchoring energy nonuniformity is low,
so that the condition v < 10eL?/d? is satisfied, we take
the function 6(y, z) in the form (21), where |0;| < |09].
Imposing the periodic condition ¥(y + d,z) = ¥(y, 2)
on the function ¥(y, z), we seek it in a form similar to
expression (21),

W(y, z) = Yo(2) +11(2) cos(2my/d), where |i1| < |l

(23)

According to the problem symmetry, the following re-
lations must be satisfied: 0(y,—z) = 0(y,z) and

Uy, —2) = ¥(y, 2).

Substituting Eqgs. (21) and (23) into expressions (4),
(5), and (22) and confining the consideration to the
terms of the order of #, we obtain the following equa-
tions and boundary conditions for the unknown func-

tions:

for 04(2),

420 i

— teby (90 - 90 + 260, 0) =0, (24)

by 2 .\ 1 )
K0 “Ve(1— -

{i = +WO(9 390)+2V91( 290)] o 0,
(25)

for 1o(2),

d2’(/)0 Ea deo

dZQ — _259057 (26)

o o, (27)

dz |, +L/2

for 61(z2)

d201 2 471'2

2+ (B =)o =0, (28)
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x| e + VHO} —0, (29)
dz z=+L/2
and for 11 (z2),
d21/)1 47T2 d91 doo
_ 2 = 40
PN <9° dz ' Mdz > (30)
W ~0. (31)
dz z=+L/2

Integrating Eq. (24) once over z, and taking systems (26)
and (27) into account, we obtain

L* (dby\?
() =+ a6~ ) - 20 -6 2

where 0ys = 09(z = £L/2), 6pm = p(z = 0) is the
maximal value of the function 6y(z) reached at the cell
center (z =0), a =2— “a

g1’

Integrating Eq. ((32), we find

. (33)

02 0o 0o+/02,, — 03
= <1+ 1+ at2) 3760m )) arccos—+—7 0 0

4(1 + a3, 0o 4(1+ ab3,)

Provided that v < 10eL?/d?, the amplitude 6;(z) of the
first harmonic, which is determined by system (28) and
(29), looks like

vlos 2812
S

91(2'):—008& cos ——

(34)

Consider the case of strong anchoring between the di-
rector and the cell surface (¢ > 1). From the boundary
conditions (25) with regard for Eq. (32) and expressions

(34), we obtain, to an accuracy of quantities linear in
1/e,

Bos = @ (1+ “;) (1 - fegm).

Substituting this value into Eq. (33) written down for
the cell surfaces z = +L/2, we obtain, in the linear in
1/e approximation,

g2 4 ( Eo
om
37 \ Eotn

(35)

- 1) ) EO 2 E()tha (36)
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Fig. 2. Director deviation angle at the cell center, z = 0, as a
function of the coordinate y for various L/d = 0.1 (1), 0.2 (2), 0.3
(3), 0.4 (4), and 0.5 (5)

2
where Eoin, = Ew, [ 1 — U> is the threshold value (see
€

Eq. (20)) for the electric field, written down to an accu-
racy of linear in 1/e quantities. In the limiting case of
absolutely rigid anchoring between the director and the
substrates (W = o0), the value of 6p,,, as follows from
Eq. (36), coincides with that found in work [26].

Substituting expression (35) into Eq. (33) and keep-
ing small terms up to the order of 63, we obtain the
expression for the function 6y(2)

00(z) = Oy, cos ( mzEo ) +

LE
v03.. . (WZE()) mzEy . (szo)
+ g sin TE. GLEoo + sin QLEOO ) (37)

where 6., is given by formula (36).

From systems (26), (27) and (30), (31), taking expres-
sions (34) and (37), respectively, into account, we find
explicit forms for the functions ¥y (z) and 11 (2):

() = 0 (og(TE0) 22 Bex gy (202E0
O The E./) L 7E, LE. /)’

(38

=

equpLO2, 2 cos p cos
n(z) = — SavP “ peoséy

epecoséy (wL/d)?
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Fig. 3. Dependences of the quantities 6y (a) and 61 (b) on the
reduced cell thickness 2z/L at ¢ = 100, v = 0.1, Ey = 1.01Ey;,
and various L/d = 0.1 (1), 0.2 (2), 0.3 (3), 0.4 (4), 0.5 (5), 1 (6),
2 (7), and 5 (8)

o cos(p—&)  cos(p+&) o
(p— &)+ (wL/d)*  (p+&)? + (wL/d)?

wLsh(27z/d)

" (p— &) sin(2(p — &)z/L)
deh(nL/d)

(p— &) + (7L/d)?

(p+&)sin(2(p + &)2/L)
(p+&)?+ (nL/d)? '
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Formulas (38), (39), and (23) describe the distribution
of the electric field potential in the cell bulk.

Formula (21) together with expressions (34) and (37)
describe the distribution of the director field above the
threshold of orientational instability. In Fig. 2, the di-
rector distributions at the cell center are depicted for a
number of ratios L/d. In calculations, we put ¢ = 100,
v =0.1, and Ey = 1.01 Eyp,.

The function 6y(z) in formula (21) for the solution
0(y,z) depends implicitly (through 6y, (36)) on the
nonuniformity parameter v. Therefore, this function
cannot be considered as corresponding to the uniform fi-
nite anchoring energy Wy. The function 6y(z) describes
the director field at W(y) = Wy only in the limiting
case v — 0. Note also that the function 6y(z) does not
depend on the ratio L/d at any parameter v and has a
profile depicted in Fig. 3,a.

The amplitude 61(z) of the spatial periodic director
distribution (see formula (34)), which arises along the
axis Oy, is linear in the parameter of anchoring energy
nonuniformity v and essentially depends (through the
parameter &) on the parameter L/d (the ratio between
the cell thickness and the period of anchoring energy).
In Fig. 3,b, the dependences 6;(z) calculated for various
values of this parameter are shown. As is seen from the
figure, the absolute value of #; monotonously grows, as
the ratio L/d decreases. The most substantial depen-
dence of 6; on L/d is observed at small values of this
parameter.

The authors express their gratitude to I.P. Pinkevich
for his useful remarks, while discussing the results of this
work.
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Translated from Ukrainian by O.I. Voitenko

EJIEKTPUYHUN ITEPEXIJ ®PEJEPIKCA B HEMATUYHIN
KOMIPHI 3 NTEPIOANYHOIO ITOJIAPHOIKO EHEPTIEIO
SYEITJIEHHSA

M.®. Jleoweti, O.C. Taprascoruii
PeszmowMme

OTpuMaHO 3HAYEHHS [IOPOra i 3aII0POrOBUil IPOCTOPOBUN PO3IO/ILT
JIUPEKTOPA B €JIEKTPUIHOMY I10JIi B HEMATHYHI#l KOMIpIIi 3 iepiomu-
YHOIO €HEPTri€lo 34eIyIeHHsI qupekTopa 3 i1 nosepxuero. [lokazano,
10 3HAYEHHsI IOPOra HEMOHOTOHHO 3aJIeXKUTh BiJ 4ucia s mepi-
OZIiB eHepril 34YelIeHHd, 110 BKJIAJAIOTHCA Ha JOBXKUHI KOMIpKH.
3a1oporoBuii Po3MOiJI JUPEKTOPa MPHU IIJIUX 3HAYEHHSAX S BiJ-
CJIIKOBY€ NEPIOAUYHY 3MiHY eHepril 34erieHHs. AMILITY1a 1nepi-
OZMYHOIO BiIXMJIEHHS AMPEKTOPAa POCTE 31 3MEHIIIEHHSIM BifHOIIE-
HHSI TOBIIMHYU KOMIDKU [0 I1epiojly eHepril 34yerieHHs.
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