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Field-induced reorientation of nematic liquid crystals with twofold degenerate alignment
on SiOx surfaces
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We show that an electric field normal to the boundaries confining a slab of nematic liquid crystals can induce
a large change of the in-plane preferred orientation~i.e., the azimuthal angle!. The degree of reorientation is
controlled by the surfaces which have been coated with obliquely evaporated SiOx . The experimental data are
compared with simulations of a theoretical model where the effects of both large and small electric fields on
the nematic orientation are considered. The reorientation phenomenon caused by the electric field appears to be
a threshold phenomenon, due to the symmetry of the initial nematic orientation. For fields larger than the
critical one, it is possible to define an effective surface energy for the system, containing the anisotropic surface
energy and the contribution from the electric field.@S1063-651X~98!12211-0#

PACS number~s!: 61.30.Gd, 78.20.Jq
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I. INTRODUCTION

The surface orientation of nematic liquid crystals is due
the interaction of the liquid-crystal molecules with the su
strate and to the incomplete nematic-nematic interaction@1#.
Since the two kinds of interactions usually depend on
temperature in different manners, it is not surprising to fi
surface orientations that are temperature dependent. The
nomena in which the nematic surface orientation chan
with temperature are known astemperature-induced surfac
transitions@2#. These kinds of transitions have recently be
investigated by many groups, mainly for their applicati
potential@3–7#. Of special interest is the temperature depe
dence of the nematic orientation on obliquely evapora
SiOx , since these kinds of aligning layers have been s
gested for bistable switching@8,9#. Devices acting on a basi
of such layers take advantage of the twofold degenerac
molecular orientation, which is a consequence of the sym
try of the evaporated surface. Thus, the switching idea
occurs between two symmetrically oriented and equa
probable orientations.

In this paper we analyze a temperature-induced sur
transition in a nematic liquid crystal, aligned by oblique
evaporated SiOx , where the liquid-crystal layer is submitte
to an external electric field applied across the sample.
shall show that the external field, oriented normally to t
substrates, may change the temperature-induced surface
sition both for the polar and the azimuthal orientation. O
paper is organized as follows: The experiment and the
served orientational transitions are described in the next
tion. In Sec. III A the elastic description of the nema
sample is presented. There we derive the bulk equilibri
equations and the relevant boundary conditions. We
show that in the presence of an electric field it is possible
introduce an effective anchoring energy. This effective
choring energy takes into account the destabilizing effect
to the applied field and the stabilizing effect due to the s
face forces. By means of this quantity, in Sec. III B the a
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tual nematic orientation is determined in general. The spe
case in which the reorientation of the director at the Six
surface occurs in a plane is analyzed in Sec. III C, where
effect of large electric fields on the nematic surface orien
tion is discussed. The effect of an electric field close to
threshold is considered in Sec. III D. Finally, the theoretic
and experimental results are compared and discussed in
IV.

II. EXPERIMENT

A. Cell preparation and characterization

The liquid-crystal samples used in the experiments w
of the standard sandwiched type of cells, consisting of t
parallel glass plates separated at a distance of about 3mm
from each other; see Fig. 1~a!. The distance between the tw
plates was kept constant by spacers made of evaporatedx
and the achieved cell thickness was calculated from inter
ence fringes measured by a spectrophotometer. The
were made from ITO covered glass~Baltracon Z20! with
aligning layers of obliquely evaporated SiOx @10#. The SiOx
was evaporated at 8 Å/s and to a thickness of 200 Å, m
sured by a quartz oscillator oriented perpendicularly to
evaporation direction. In this study the evaporation anglea
~defined as the angle between the evaporation direction
the substrate normal! was kept constant at about 74°. A
depositions were carried out at room temperature and in h
vacuum (1027 mbar, SiO source!. In order to achieve a uni-
form and undeformed liquid-crystal orientation, the tw
plates were assembled with their evaporation directions
tiparallel to each other. The filling of the cells took plac
under vacuum and with the liquid-crystal material in the is
tropic phase. We used the material E7~Merck! which has a
nematic phase in the temperature range230 °C to 58 °C
and a positive dielectric anisotropy,De5113.8 ~1 kHz,
20 °C). The observations of the textures and the electric
induced surface transitions were performed using a pola
ing microscope~Zeiss Photo microscope II Pol.! and with the
5982 © 1998 The American Physical Society
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PRE 58 5983FIELD-INDUCED REORIENTATION OF NEMATIC . . .
liquid-crystal cell kept in a hot stage~Mettler FP52! attached
to the turntable of the microscope. The hot stage controls
temperature of the cell during the observation to with
60.1 °C. With crossed polarizer and analyzer, it is straig
forward to determine the extinction angles and thereby
preferred orientation of the liquid-crystal layer at vario
temperatures and applied electric fields. The voltage was
plied to the ITO electrodes on each glass substrate and
the electric field was along the normal of the cell surface

B. Orientational transitions on evaporated SiOx

The structure of the evaporated SiOx surface depends
strongly on the evaporation angle and on the thickness of
SiOx layer @11,12#. According to Ref.@12# this is due to a
structural transition in the SiOx , from a columnarlike to a
needlelike structure. The structural change of the surfac
then followed by a corresponding transition in the orientat
of nematic liquid crystals in contact with the substrat
These transitions in the liquid-crystal orientation have lo
been studied as a function of the evaporation angle and o
SiOx thickness@3–5,11–14#.

Now, consider the geometry described in Fig. 1~b!. The
SiOx evaporation direction lies in thex-z plane, which by
definition also is the evaporation plane. For the liquid-crys
material E7, the orientational transition upon varying t
evaporation anglea occurs in the small range from 67° t
75° @5# ~the transition has been reported to be in a sim
range for other nematic materials!. For evaporation angle
lower than 67°, the nematic orientation is perpendicular
the evaporation plane and with zero pretilt@polar angleu
590° and azimuthal anglef590°, where the angles ar
defined in Figs. 1~b! and 1~c!#. For evaporation angles large
than 75°, the orientation is instead in the evaporation pl
and with a pretilt of about 20° from the substrate (0°,u

FIG. 1. Schematic sketch of the field-induced reorientation
nematic-liquid-crystal molecules on evaporated SiOx . ~a! The cell
geometry.~b! The molecular reorientation process at one of
surfaces in the cell. The plane of reorientation is tilted at about
with respect to the substrate plane and the polar angle is indic
as u, whereas the evaporation angle is represented bya. ~c! The
reorientation process as projected on the substrate plane. The
muthal anglef is measured in the plane of the sample.
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,90°, f50°). By varying the evaporation angle betwee
these two limiting values, the nematic orientation is chang
continuously, but lies all the time on aplanewhich is tilted
at about 20° from the substrate plane@3# and has its norma
in the evaporation plane@this plane of reorientation is show
in Fig. 1~b!#. In practice, these various orientations corr
spond to the liquid-crystal orientation in cells made w
different evaporation angles and thus cannot be seen a
orientational transition in one single location in a cell. Fro
the symmetry of the evaporated surface, it follows that t
equally probable orientations are allowed, each one mak
an anglef and2f with the evaporation plane, respectivel
In this study, however, we concentrate on the orientation
one of these types of domains~the behavior of the othe
domain is similar!. This type of alignment, which usually i
called the twofold-degenerate tilted alignment, has alre
been suggested for bistable switching@8,9#, as mentioned in
the Introduction. It has also been used in a study with
geometry similar to ours@15#, in order to study the anchoring
anisotropy close to the bifurcation from a monostable to
twofold-degenerate alignment.

Recently it was shown that the orientation in the twofo
degenerate anchoring is temperature dependent@5,7#. The ef-
fect of increasing the temperature is that the orientat
moves towards the position perpendicular to the evapora
plane. The initial orientation is determined by the value
the evaporation angle and is somewhere on the plane
scribed above. Then, as the temperature is increased, th
rector reorients on that plane until it reaches the posit
perpendicular to the evaporation plane. On decreasing
temperature, the director moves back to the initial orien
tion, showing a small hysteresis@5#. A measurement of the
azimuthal angle of the director in the temperature-induc
transition is shown in Fig. 2, where the small hysteresis
been neglected~the transition is shown with and without a
applied electric field!. This temperature-induced transitio
was analyzed in Refs.@5, 16# and it was shown that the
director essentially follows the same plane as upon vary
the evaporation angle, as described above and reporte
Monkadeet al. @3#. In this paper, the central point is to sho
how this temperature-induced transition is affected by app

f

°
ed

zi-

FIG. 2. The temperature-induced reorientation with and with
an applied electric field (Upp , ac voltage;f 5100 Hz). The reori-
entation saturates at a lower value off when the field is applied
than without. This orientational transition follows the plane d
scribed for the field-induced transition in Fig. 1~b!. The SiOx evapo-
ration angle isa574°, the cell gapd53 mm, and the liquid-crystal
material isE7.
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ing an electric field across the cell. The schematic sketche
Figs. 1~b! and 1~c! show the observed effect of the field o
liquid-crystal orientation at constant temperatureT
;50 °C). The arrows in Figs. 1~b! and 1~c! indicate the
reorientation occurring on increasing the field. The drivi
force of the phenomenon is the dielectric coupling betwe
the electric field and the nematic molecules which results
an increase of the tilt from the surface~decreased pola
angle! and since there is a coupling between the polar
azimuthal angle@3,5,16# also the azimuthal angle changes.
we perform our study in a large temperature range, as
picted in Fig. 2, we see that the temperature-induced re
entation starts at approximately the same temperature i
pendently if the voltage is applied or not, while th
maximum reorientation is significantly lower with the vol
age applied than without. These maximum positions~shown
for 0 and 6 V inFig. 2! for different applied fields are de
picted in Fig. 3~the circles represent the experimental valu
whereas the line is given by the theory that will be presen
below!. From the figure it is clear that the amount of th
maximum temperature-induced reorientation decreases
high fields. In this sense the effect of the field is the same
decreasing the temperature; the nematic director approa
the initial orientation given by the evaporation angle a
found at low temperatures. The reorientation shown in Fig
for different applied fields was measured at a constant t
perature which gives maximum reorientation (T;50 °C, see
also Fig. 2!. In this electrically induced transition the nemat
orientation is initially perpendicular to the evaporation pla
(f590°) and moves ‘‘upwards’’ on the plane as the field
increased. The measurements presented in this paper
obtained using an ac voltage off 5100 Hz.

The effect depicted in Fig. 3 could itself be used as
electro-optic effect@17#. The switching is in the ms rang
and has a large component in the plane of the sample e
though the field is applied perpendicular to the boundar
This and a few other possibilities will be discussed further
Sec. IV.

III. THEORY

A. Elastic theory and 3D̃ 2D reduction of the problem

Let us consider a nematic sample of the usual slab sh
limited by two plane-parallel identical surfaces. Let t
thickness of the sample bed and the average molecular or

FIG. 3. The azimuthal anglef as a function of the applied field
for the field-induced orientational transition depicted in Figs. 1 a
2 ~circles, experimental data; solid line, theoretical simulation!. The
material parameters are the same as in Fig. 2 and the temperat
T;50 °C.
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entationnW depend only on thez coordinate, which is norma
to the walls atz56d/2. The nematic directornW is defined by
means of the polar~u! and azimuthal~f! angles, shown in
Figs. 1~b! and 1~c!, as follows:

nW 5~sin u cosf,sin u sin f,cosu!. ~1!

The polar angleu is the angle formed bynW with the geo-
metrical normal to the substrate, whereas the azimuthal a
f is measured with respect to the projection of the Six
evaporation direction on the plane of the substrate. Here,
want to analyze the influence of an applied electric fieldEW

5EkW , wherekW is a unit vector parallel to thez axis, on the
nematic orientation. We assume weak anchoring conditi
on the two bounding plates. In this framework the total e
ergy per unit surface of the sample, in the one constant
proximation, is given by@18#

F5E
2d/2

d/2 1

2
kH u821sin2uf826

1

j2 sin2uJ dz12Fs , ~2!

according to the sign of the dielectric anisotropy of the ne
atic liquid crystal~the sign1 holds forea.0, and2 holds
for ea,0). In Eq.~2!, k is the nematic elastic constant,Fs is
the anisotropic part of the surface energy on the substrate
z56d/2 @19#, and j is the electric coherence length@18#
defined by

1

j2 5
ueauE2

k
. ~3!

The value ofj gives an idea of the length over which th
orienting effect of the electric field on the director overcom
the orienting effects of the walls. In Eq.~3!, ea5e i2e' is
the dielectric anisotropy of the nematic liquid crystal wi
respect toEW , wherei ~parallel! and' ~perpendicular! refer to
the nematic directornW .

The actual values ofu(z) andf(z) are the ones minimiz-
ing F given by Eq.~2!. Standard calculations@20# give for
the bulk the differential equations

u92
1

2
sin~2u!S f826

1

j2D50 ~4!

and

d

dz
~sin2uf8!50, ~5!

stating that the bulk density of torque vanishes in the eq
librium state. For the boundary conditions one obtains

2ku81
]Fs

]us
50, z52d/2, ~6!

2k sin2uf81
]Fs

]fs
50, z52d/2, ~7!

whereus5u(6d/2) andfs5f(6d/2). Equations~6! and
~7! state that the bulk torques transmitted to the surface

d

e is
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balanced by the surface torques. We note thatf850, i.e.,
f5const, is a solution of Eq.~5!. The constant value off
5fs is then given by, as it follows from the boundary co
dition ~7!,

]Fs

]fs
50. ~8!

Let us limit our analysis to the case in whichf5fs , which
means that there is no twist in the sample. In this situat
Eq. ~4! becomes

u956
1

2j2 sin~2u!. ~9!

From this equation we obtain

u8256
1

j2 ~sin2u2sin2u0!, ~10!

whereu05u(0). Trivial calculations give@21#

E
us

u0 du

A6~sin2u2sin2u0!
5

d

2j
, ~11!

from which it is possible to evaluateu05u0(us ;j). In this
case the boundary condition~6! becomes

k

j
A6~sin2us2sin2u0!1

]Fs

]us
50. ~12!

We consider first a sample submitted to an external e
tric field much larger than the critical field for the Frederic
transition, which is given by@22#

Ec5
p

d
A k

ueau
. ~13!

For usual nematic liquid crystals the critical voltageVc

5Ecd5pAk/ueau is of the order of a few volts, or smalle
In this case@22# u0→0 if ea.0, andu0→p/2 if ea,0, and
the boundary condition~12! can be rewritten as

k

j
sin us1

]Fs

]us
50 for ea.0,

~14!
k

j
cosus2

]Fs

]us
50 for ea,0,

according to the sign of the dielectric anisotropy. The
equations show that in the considered limit, the presenc
the distorting electric field can be taken into account
changing the anisotropic part of the surface energyFs to
an‘‘effective’’ surface anchoring energy defined by

F s
eff~us ,fs!5Fs~us ,fs!2

k

j
cosus for ea.0,

~15!

F s
eff~us ,fs!5Fs~us ,fs!2

k

j
sin us for ea,0.
n

c-

e
of
y

In the following we will assumeea.0 and thatFs can be
approximated by a simple expression derived from
Landau–de Gennes power series expansion@16,23,24#,

Fs~us ,fs!5
1

2
Ap21

1

4
Bp41

1

2
aq21

1

4
bq41

1

2
cp2q2,

~16!

whereA, B, a, b, andc are phenomenological paramete
which can be temperature dependent, and

p5cosus and q5sin ussin fs . ~17!

It follows that the effective surface energy, in the limit o
large fields, is given by

F s
eff~us ,fs!5

1

2
Ap21

1

4
Bp41

1

2
aq2

1
1

4
bq41

1

2
cp2q22

k

j
p. ~18!

In the limit of large electric fields the stable states can th
be deduced by minimizingF s

eff with respect tofs andus .

B. Nematic orientation induced by large electric fields

The actual orientation of the nematic at the surface
found by means of Eq.~8! and Eq.~14!, which we rewrite, in
terms ofF s

eff , as

]F s
eff

]fs
5

]F s
eff

]us
50. ~19!

By taking into account Eq.~16! and Eq.~17! we have

]F s
eff

]fs
5

]F s
eff

]p

]p

]fs
1

]F s
eff

]q

]q

]fs
5

]F s
eff

]q

]q

]fs
50, ~20!

becausep is independent offs . Equation~20! is equivalent
to

]F s
eff

]fs
5

]F s
eff

]q
sin uscosfs50, ~21!

as it follows from the definition ofq. Further, aimed to ex-
plain the above experimental data, we limit our analysis
the tilted state, whereus andfs differ from 0 andp/2. Since
we are interested in the field dependence of the tilted or
tation, we deduce from Eq.~21! that

]F s
eff

]fs
50 implies

]F s
eff

]q
50. ~22!

Hence, the boundary condition Eq.~8! is equivalent to

a1c cos2us1b sin2ussin2fs50 ~23!

in the tilted state. We have furthermore

]F s
eff

]us
5

]F s
eff

]p

]p

]us
1

]F s
eff

]q

]q

]us
50, ~24!
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which, by taking into account Eq.~22!, reads

]F s
eff

]us
5

]F s
eff

]p

]p

]us
50. ~25!

In the tilted state, Eq.~25! is equivalent to

~A1B cos2us1c sin2us sin2fs!cosus2
k

j
50. ~26!

From Eq.~23! one deduces

sin2us sin2fs52
a1c cos2 us

b
. ~27!

By substituting Eq.~27! into Eq. ~26! one has

S Ab2ac

b
1

Bb2c2

b
cos2usD cosus2

k

j
50. ~28!

If the electric coherence lengthj, given by Eq.~3!, is ex-
pressed in terms of the critical fieldEc , defined in Eq.~13!
by means of

1

j
5

p

d

E

Ec
, ~29!

then Eq.~28! is of the type

~n1h cos2us!cosus5E, ~30!

where

n5
Ab2ac

b

d

kp
, h5

Bb2c2

b

d

kp
, E5

E

Ec
. ~31!

When the field dependence ofus5us(E) is obtained from
Eq. ~30!, one deduces from Eq.~27! that

sin fs5
A2@~a/b!1~c/b!cos2us#

sin us
, ~32!

which together with Eq.~30! gives the azimuthal angle as
function of the applied field. It should be noted that Eq.~30!
is a cubic equation in cosus. It can be rewritten in the form

cos3us1~n/h!cosus2~E/h!50. ~33!

The quantity

D5~n/3h!31~E/2h!2, ~34!

in the limit of largeE, is positive. Consequently, Eq.~33! has
only one real solution given by

cosus5@~E/2h!1AD#1/31@~E/2h!2AD#1/3. ~35!

The analysis presented above is valid when the an
tropic part of the surface energy is given by Eq.~16!. In this
general case, the orientation of the liquid-crystal molecu
at the surface can change without any restriction under
action of an external fieldEW or for a temperature variation. In
the next section we will discuss a simple case in whichnW at
the surface is forced to be oriented within a plane.
o-

s
e

C. Molecular reorientation in a plane

The boundary condition represented by Eq.~23!, which
follows from Eq.~8!, can be rewritten as

~a1b!1~c2b!cos2us5b sin2us cos2fs . ~36!

Focusing on the experiment, we consider the specific c
wherea1b50. A discussion of this assumption is given
more detail in Sec. III D. The relation~36! shows that ifa
1b50, then the two anglesus andfs are connected by the
equation

tan uscosfs5e, ~37!

where

e25
c2b

b
. ~38!

Hence, if a1b50, nW moves on theplane defined by Eq.
~37!, as experimentally observed for other orientational tra
sitions on evaporated SiOx @3–5,7,16#. For this reason, we
will assume in the following thatb52a. In this framework
and by means of Eq.~37! we obtain thatq, defined in Eq.
~17!, can be expressed in terms ofp as

q2512~11e2!p2. ~39!

Consequently, when the constraint represented by Eq.~37! is
taken into account, the anisotropic part of the surface ene
Fs , given by Eq.~16!, reads

Fs~us ,fs!5
1

4
a1

1

2
~A1c!p2

1
1

4
@B2~a12c!~11e2!#p4, ~40!

and the effective surface energy is found to be

F s
eff~us ,fs!52

k

j
p1

1

4
a1

1

2
~A1c!p2

1
1

4
@B2~a12c!~11e2!#p4. ~41!

The polar angleus(E) is still given by Eq. ~30! but the
parametersn andh are instead given by

n52~A1c!
d

kp
, h52@B2~a12c!~11e2!#

d

kp
.

~42!

Equation~32! for the azimuthal angle is now reduced to th
simple expression

sin fs5
A12~11e2!cos2us

sin us
, ~43!

which contains the single parametere, given by Eq.~37!
above. Equation~43! has been used to obtain the theoretic
plot of the azimuthal anglef(E) in Fig. 3.
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Here we would like to stress that forfs→0 the tilt angle
tends to a valueQ such that

tan Q5e, ~44!

as follows from Eq.~37!. Consequently, from Eq.~30! we
have that the electric field necessary to achievef50 is
given by

Esat5~n1h cos2Q!cosQ, ~45!

where, as it follows from Eq.~44!, cosQ51/A11e2. The
field Esat is a saturation field, in the sense that forE.Esat, the
director nW at the surface does not move any longer, bu
remains along the direction defined byfs50 and us5Q.
For E→Esat, us→Q andfs→0 in two different manners. In
fact, if us5Q2Ds , then forE→Esat we have, in the small-
angle approximation, from Eqs.~30! and ~45! that

Ds5vsat~Esat2E!, ~46!

whereas from Eq.~37!, in the same limit one obtains

fs5gsatAEsat2E, ~47!
n-
s
.

is

n
e
a
-
th
it

wherevsat andgsat are two field-independent constants.
Equation~46! shows that forE→Esat, Ds→0 anddDs /dE

tends to a finite quantity. Hence,us does not have a critica
behavior forE→Esat. On the contrary, from Eq.~47! we
deduce that in the considered limit ofE→Esat, fs→0, but
dfs /dE→`. Consequently, forE→Esat the azimuthal angle
fs has a critical behavior, typical of a second-order pha
transition.

D. Nematic orientation induced by electric fields
near the critical field

The analysis presented above is valid in the limit of lar
electric fields, for whichE@Ec , and henceE@1. In that
limit, for positive dielectric anisotropy,u05u(0)→0. In this
section we want to extend the analysis presented in the
ceding section to the case in whichE;Ec , i.e., for electric
fieldsE close to the critical oneEc . By again supposing tha
the surface director is forced to lie on the plane defined
Eq. ~37!, we have that the anisotropic part of the surfa
energy which is relevant for the problem under considerat
is given by Eq.~40!. Consequently, for electric fields close
the threshold, the boundary condition represented by
~12! reads
k

j
Asin2us2sin2u02

1

2
$~A1c!1@B2~a12c!~11e2!#cos2us%sin~2us!50. ~48!
-
hold
in-
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This equation shows that the threshold fieldEc is given by
@25#

~p/2!Ec

cot@~p/2!Ec#
5

d@A1c1B2~a12c!~11e2!#

2k
. ~49!

For E<Ec , the stable state is the initial one in whichus
5p/2 and fs5p/2, which corresponds to a planar alig
ment. ForE>Ec , the initial uniform planar state become
unstable. By settingus5p/22xs , one can deduce from Eq
~49! that for E>Ec the anglexs is given by

xs5vc~E2Ec!
1/2, ~50!

wherevc is a field-independent constant. A similar analys
performed by settingfs5p/22cs and using Eq.~37!,
shows that in the considered limit the anglecs is given by

cs5exs5gc~E2Ec!
1/2. ~51!

Equations~50! and~51! show thatxs andcs , and hence also
us and fs , have a critical behavior forE→Ec , typical of
second-order phase transitions.

IV. DISCUSSION

The electrically induced transition described in Sec. II a
theoretically analyzed in Sec. III is shown in Fig. 3. Th
experimental data given in Fig. 3 were taken at const
temperature (T;50 °C) and when no electric field is ap
plied, the orientation of the molecules is perpendicular to
,

d

nt

e

SiOx evaporation plane (f590°). Then, as the field is ap
plied and the field strength increases and reaches a thres
value, the molecules start to reorient. When the field is
creased further, the reorientation continues and it can re
almost 80°. The theoretical simulations, represented by
solid line in Fig. 3, were derived from Eqs.~30! and ~43!.
The course of the action is to first find the field depende
of the polar angleu, which is given as a function of the
applied fieldu(E) in Eq. ~30!, and then to insert it into Eq
~43!, which gives the azimuthal angle as a function of t
applied fieldf(E). Since the solution described above
valid only for fields larger than the critical one, we had to u
Eqs.~50! and~51! to find the threshold inf. The agreement
between the experimental points and the theoretical sim
tions are, for this simple model, satisfying. This is especia
apparent when considering that the field dependence off(E)
@Eq. ~43!# contains only one free parameter. The most sev
disagreement between the theoretical curve and the ex
mental data can be found forf values close to zero. As th
orientation approaches the initial orientation it had for lo
temperatures, the reorientation saturates at a value a
zero ~remember that increasing the field or decreasing
temperature has the same effect on the orientation!. This be-
havior can be explained in the framework of our theo
however the specific relationa1b50 should be refused@see
formulas~36!–~40!#. To avoid cumbersome formulas we d
not give here this more complete analysis. Instead of
slow saturation off presented above, our simple theo
gives a critical behavior whenf approaches zero. The art
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ficial saturation field and the dependence off on E close to
this point is given by Eqs.~45! and ~47! above. Up to now,
no evidence of these theoretical predictions has been fo
experimentally. Another shortage of our theory is that it
unable to account for a small hysteresis that has been
served@17# ~not shown in the figures here!.

An important point is the assumption that the direc
moves on an artificial plane which is slightly tilted with re
spect to the substrate plane, see Fig. 1~b!. In the derivation of
the theoretical formulas, this was used as an assumption
it could be turned in another way. Instead, the general eq
tions ~30! and ~32! can be used to fit the data. Interesting
it turns out that the best fit is achieved just with the para
eters describing the plane given by Eq.~37!. This justifies
our assumption. Our model also gives a simple intuitive p
ture of the observed phenomenon. The effect of the elec
field is to increase the molecular tilt from the SiOx surface
and since the director is bounded to lie within the plane, a
the azimuthal angle changes. This reorientation seems t
similar to the orientational transitions upon changing
evaporation angle and the temperature@3,5,16#.

The electrically induced transition can be used as
electro-optic effect, as mentioned in Sec. II. The switching
the liquid-crystal molecules and thus also the optic axis
reasonably fast and has a character similar to the in-p
switching of nematic liquid crystals@26,27#. So far, the tem-
perature interval that can be used for our type of switchin
too narrow and too high up in temperature. One possibility
avoid this problem could be to use a nematic material w
negative dielectric anisotropy. In that case the electrica
induced reorientation should start from small azimut
angles (f;0) and increase as the field is increased. T
advantage would be that the orientation is close to the
muthal plane (f50) already at low~room! temperatures.
Another advantage would be that the birefringence wo
not decrease as the field strength is increased. The idea
fact similar to the reorientation of nematic liquid crystals
hybrid cells with gratings which recently has been repor
@28#. However, we have not yet been able to optimize
conditions ~evaporation angle, SiOx thickness, etc.! for
liquid-crystal materials with high negative dielectric aniso
ropy. Another possible application of the phenomenon co
be in devices utilizing the combination of thermal effects a
electro-optic response. The possibility to control the nem
q.
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orientation by means of a strong laser has already been d
onstrated@6#.

In our analysis, the effect of the electric field on the ord
parameter has been neglected. This is because, as sho
@29#, only very large electric fields~of the order of 50 V/mm!
are able to induce a detectable variation of nematic sc
order parameter.

V. CONCLUSIONS

We have analyzed an electrically induced orientatio
transition in a nematic liquid crystal aligned by oblique
evaporated SiOx in the range of twofold-degenerate align
ment. The driving force of the phenomenon is the dielec
coupling between the molecules and the applied elec
field. The switching of the nematic orientation occurs with
large component in the plane of the sample even though
field is applied normally to the surfaces of the substrates.
theoretical model fits the experimental data fairly well, e
cept when the orientation approaches the position clos
the SiOx evaporation plane. The theory correctly describe
threshold phenomenon at low electric fields and the co
sponding critical behavior for the polar and azimuthal angl
The simulations give support for the idea that the reorien
tion process at the surfaces occurs on an artificial pl
which is tilted at about 20° with respect to the substr
plane. The results of our theory can be considered as a
eral property of nematic liquid crystal in a geometry simil
to the one presented here, since the theory is only base
symmetry arguments and on the elastic theory of the nem
phase. Some device implementations of the reported p
nomenon are feasible.
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