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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 orientatiam, the azimuthal angleThe degree of reorientation is
controlled by the surfaces which have been coated with obliquely evaporatged Bi® 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 figl81063-651X98)12211-Q

PACS numbdis): 61.30.Gd, 78.20.Jq

[. INTRODUCTION tual nematic orientation is determined in general. The special
case in which the reorientation of the director at the ,SiO
The surface orientation of nematic liquid crystals is due tosurface occurs in a plane is analyzed in Sec. lll C, where the
the interaction of the liquid-crystal molecules with the sub-effect of large electric fields on the nematic surface orienta-
strate and to the incomplete nematic-nematic interadtign  tion is discussed. The effect of an electric field close to the
Since the two kinds of interactions usually depend on théhreshold is considered in Sec. Il D. Finally, the theoretical
temperature in different manners, it is not surprising to find@nd experimental results are compared and discussed in Sec.
surface orientations that are temperature dependent. The pHé/-
nomena in which the nematic surface orientation changes
with temperature are known asmperature-induced surface
transitions[2]. These kinds of transitions have recently been
investigated by many groups, mainly for their application A. Cell preparation and characterization
potential[3—7]. Of spgcial _intere_st is the temperature depen-  The liquid-crystal samples used in the experiments were
dence of the nematic orientation on obliquely evaporategy the standard sandwiched type of cells, consisting of two
SiQ, since these kinds of aligning layers have been sugparallel glass plates separated at a distance of abqun3
gested for bistable switchir{@,9]. Devices acting on a basis from each other; see Fig(d). The distance between the two
of such layers take advantage of the twofold degeneracy iplates was kept constant by spacers made of evaporated SiO
molecular orientation, which is a consequence of the symmeand the achieved cell thickness was calculated from interfer-
try of the evaporated surface. Thus, the switching ideallyence fringes measured by a spectrophotometer. The cells
occurs between two symmetrically oriented and equallywere made from ITO covered glagBaltracon Z20 with
probable orientations. aligning layers of obliquely evaporated Si{10]. The SiQ
In this paper we analyze a temperature-induced surfaceas evaporated at 8 A/s and to a thickness of 200 A, mea-
transition in a nematic liquid crystal, aligned by obliquely sured by a quartz oscillator oriented perpendicularly to the
evaporated SiQ, where the liquid-crystal layer is submitted evaporation direction. In this study the evaporation angle
to an external electric field applied across the sample. Wédefined as the angle between the evaporation direction and
shall show that the external field, oriented normally to thethe substrate normialvas kept constant at about 74°. All
substrates, may change the temperature-induced surface tratepositions were carried out at room temperature and in high
sition both for the polar and the azimuthal orientation. Ourvacuum (107 mbar, SiO source In order to achieve a uni-
paper is organized as follows: The experiment and the obform and undeformed liquid-crystal orientation, the two
served orientational transitions are described in the next seplates were assembled with their evaporation directions an-
tion. In Sec. lll A the elastic description of the nematic tiparallel to each other. The filling of the cells took place
sample is presented. There we derive the bulk equilibriununder vacuum and with the liquid-crystal material in the iso-
equations and the relevant boundary conditions. We wiltropic phase. We used the material 84erck) which has a
show that in the presence of an electric field it is possible taxematic phase in the temperature rang80 °C to 58 °C
introduce an effective anchoring energy. This effective anand a positive dielectric anisotropyye= +13.8 (1 kHz,
choring energy takes into account the destabilizing effect du0 °C). The observations of the textures and the electrically
to the applied field and the stabilizing effect due to the surinduced surface transitions were performed using a polariz-
face forces. By means of this quantity, in Sec. Ill B the ac-ing microscopé&Zeiss Photo microscope Il Ppband with the

Il. EXPERIMENT
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z X than without. This orientational transition follows the plane de-
© scribed for the field-induced transition in FigbL The SiQ evapo-

fration angle isx=74°, the cell gag=3 wm, and the liquid-crystal
material isE7.

FIG. 1. Schematic sketch of the field-induced reorientation o
nematic-liquid-crystal molecules on evaporated,Si@) The cell

geometry.(b) The molecular reorientation process at one of the<90o #=0°). By varying the evaporation angle between
surfaces in the cell. The plane of reorientation is tilted at about 205 ’ :

with respect to the substrate plane and the polar angle is indicatethese two limiting values, the nematic orientation is changing
as 6, whereas the evaporation angle is represented.bic) The ontinuously, but lies all the time onpianewhlch s tilted
reorientation process as projected on the substrate plane. The a?i'E about 20 frgm the Sul?strate plaiss and ha?’ Its. normal
muthal angleg is measured in the plane of the sample. in the evaporation planghis plane of reorientation is shown
in Fig. 1b)]. In practice, these various orientations corre-

liquid-crystal cell kept in a hot stag®ettler FP52 attached spond to the quu'id-crystal orientation in cells made with
to the turntable of the microscope. The hot stage controls thelifferent evaporation angles and thus cannot be seen as an
temperature of the cell during the observation to withinorientational transition in one single Iocatlt_)n in a cell. From
+0.1 °C. With crossed polarizer and analyzer, it is straighthe symmetry of the evaporated surface, it follows that two
forward to determine the extinction angles and thereby th&gually probable orientations are allowed, each one making
preferred orientation of the liquid-crystal layer at various@n angleg and —¢ with the evaporation plane, respectively.
temperatures and applied electric fields. The voltage was ap? this study, however, we concentrate on the orientations in
plied to the ITO electrodes on each glass substrate and th@§'e of these types of domairithe behavior of the other

the electric field was along the normal of the cell surfaces. domain is similay. This type of alignment, which usually is
called the twofold-degenerate tilted alignment, has already

been suggested for bistable switchii@y9], as mentioned in
the Introduction. It has also been used in a study with a
The structure of the evaporated {iGurface depends geometry similar to ourEL5], in order to study the anchoring
strongly on the evaporation angle and on the thickness of thgnisotropy close to the bifurcation from a monostable to the
SiO, layer[11,12. According to Ref[12] this is due to a twofold-degenerate alignment.
structural transition in the SiQ from a columnarlike to a Recently it was shown that the orientation in the twofold-
needlelike structure. The structural change of the surface igegenerate anchoring is temperature deper{@erit The ef-
then followed by a corresponding transition in the orientationfect of increasing the temperature is that the orientation
of nematic liquid crystals in contact with the substrates.moves towards the position perpendicular to the evaporation
These transitions in the liquid-crystal orientation have longplane. The initial orientation is determined by the value of
been studied as a function of the evaporation angle and of the evaporation angle and is somewhere on the plane de-
SiQ, thickness3-5,11-14 scribed above. Then, as the temperature is increased, the di-
Now, consider the geometry described in Figh)1 The  rector reorients on that plane until it reaches the position
SiO, evaporation direction lies in the-z plane, which by  perpendicular to the evaporation plane. On decreasing the
definition also is the evaporation plane. For the liquid-crystakemperature, the director moves back to the initial orienta-
material E7, the orientational transition upon varying thetion, showing a small hysteresi§]. A measurement of the
evaporation angler occurs in the small range from 67° to azimuthal angle of the director in the temperature-induced
75° [5] (the transition has been reported to be in a similartransition is shown in Fig. 2, where the small hysteresis has
range for other nematic materigld=or evaporation angles been neglecte¢the transition is shown with and without an
lower than 67°, the nematic orientation is perpendicular taapplied electric fieldl This temperature-induced transition
the evaporation plane and with zero prefifiolar angle#  was analyzed in Refd5, 16 and it was shown that the
=90° and azimuthal angléé=90°, where the angles are director essentially follows the same plane as upon varying
defined in Figs. (b) and Xc)]. For evaporation angles larger the evaporation angle, as described above and reported by
than 75°, the orientation is instead in the evaporation plan®lonkadeet al.[3]. In this paper, the central point is to show
and with a pretilt of about 20° from the substrate €06  how this temperature-induced transition is affected by apply-

B. Orientational transitions on evaporated SiQ,
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80(_ entationn depend only on the coordinate, which is normal
_ to the walls az= = d/2. The nematic directar is defined by
a560] ] means of the polafd) and azimuthal¢) angles, shown in
Zaol S ] Figs. Ab) and Xc), as follows:
© ) -

20} °© o o ] n=(sin # cos ¢,sin 6 sin ¢,cos ). 1)

0 : : : . : . S
0 2 4 6 8 10 12 The polar angled is the angle formed by with the geo-

E (V/um) metrical normal to the substrate, whereas the azimuthal angle
¢ is measured with respect to the projection of the ,SiO

FIG. 3. The azimuthal anglé as a function of the applied field - . .
for the field-induced orientational transition depicted in Figs. 1 andevaporanon direction on the plane of the substrate. Here, we

2 (circles, experimental data; solid line, theoretical simulatidine ~ Want to analyze the influence of an applied electric figld
material parameters are the same as in Fig. 2 and the temperaturessEk, wherek is a unit vector parallel to the axis, on the
T~50 °C. nematic orientation. We assume weak anchoring conditions
on the two bounding plates. In this framework the total en-
2rgy per unit surface of the sample, in the one constant ap-

ing an electric field across the cell. The schematic sketches i e BT SV
proximation, is given by 18]

Figs. 1b) and Xc) show the observed effect of the field on
liquid-crystal orientation at constant temperaturd ( di2
~50 °C). The arrows in Figs. (h) and Xc) indicate the F:f
reorientation occurring on increasing the field. The driving
force of the phenomenon is the dielectric coupling between . : . . .
the electric field and the nematic molecules which results irgqco_rdlr}g to the sign O.f the dieleciric anisotropy of the nem-
an increase of the tilt from the surfaddecreased polar atic liquid crystal(the sign-+ holds fore,>0, and — holds

angle and since there is a coupling between the polar an%ﬁr Ea<.0)t‘ In_Eq.(Zt), If(tlf? the r;emanc elastic CtﬁnSta':ﬁt'St t
azimuthal angl¢3,5,16 also the azimuthal angle changes. If € anisotropic part ot the surtace energy on the substrates a

we perform our study in a large temperature range, as de ™ +d/2 [19], and ¢ is the electric coherence lengfti8]

picted in Fig. 2, we see that the temperature-induced reorl(—jef'ned by
entation starts at approximately the same temperature inde- 1 |e,|E2
pendently if the voltage is applied or not, while the — a
maximum reorientation is significantly lower with the volt-
age applied than without. These maximum positistown
for 0 and 6 V inFig. 2 for different applied fields are de-
picted in Fig. $(th_e C|_rcles represent the exper_lmental value he orienting effects of the walls. In EqB), e,= €, e, is
whereas the line is given by the theory that will be presente he dielectric anisotroby of the nematic liauid crvstal with
below). From the figure it is clear that the amount of the S Py : 'q}“ y Wi
maximum temperature-induced reorientation decreases féBSPect tE, wherell (paralle) and.L (perpendicularrefer to
high fields. In this sense the effect of the field is the same athe nematic directon.
decreasing the temperature; the nematic director approaches The actual values of(z) and ¢(z) are the ones minimiz-
the initial orientation given by the evaporation angle anding F given by Eq.(2). Standard calculationg0] give for
found at low temperatures. The reorientation shown in Fig. 3he bulk the differential equations
for different applied fields was measured at a constant tem-
perature which gives maximum reorientatioi~{50 °C, see
also Fig. 2. In this electrically induced transition the nematic
orientation is initially perpendicular to the evaporation plane
(¢=90°) and moves “upwards” on the plane as the field isand
increased. The measurements presented in this paper were
obtained using an ac voltage b+ 100 Hz. i(sinzeqb’)zo (5)
The effect depicted in Fig. 3 could itself be used as an dz '
electro-optic effec{17]. The switching is in the ms range
and has a large component in the plane of the sample eveiating that the bulk density of torque vanishes in the equi-
though the field is applied perpendicular to the boundariedibrium state. For the boundary conditions one obtains
This and a few other possibilities will be discussed further in

1 1
—k{ 0'?+sirf0¢’'>+— sirfd dz+2F, (2)
—di2 2 3

£k

)

The value of¢ gives an idea of the length over which the
orienting effect of the electric field on the director overcomes

" 1 P /2+1)_
0" = 5 SiN26)| $72% 53| =0 @

dF
Sec. IV. k6’ +—2=0, z=-d/2, (6)
a6,
IIl. THEORY
JF
A. Elastic theory and 3D—2D reduction of the problem —k sirf0¢’ + r; =0, z=-d/2, (7)
S

Let us consider a nematic sample of the usual slab shape,
limited by two plane-parallel identical surfaces. Let thewhere 6,= 6(*=d/2) and ¢.= ¢(*=d/2). Equations(6) and
thickness of the sample lskand the average molecular ori- (7) state that the bulk torques transmitted to the surface are
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balanced by the surface torques. We note that 0, i.e.,
¢=const, is a solution of Eq5). The constant value op
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In the following we will assume:s,>0 and thatF can be
approximated by a simple expression derived from a

= ¢, is then given by, as it follows from the boundary con- Landau—de Gennes power series expanglén23,24,

dition (7),

JFg
dbs

Let us limit our analysis to the case in whigh= ¢, which

0. (8

Folls,¢9)= 5 AP+ 7Bp+ 5ad’+ 7ba'+ Sep’d?,
(16)

whereA, B, a, b, andc are phenomenological parameters

means that there is no twist in the sample. In this situatiovhich can be temperature dependent, and

Eq. (4) becomes
"=+ ! s 2 9
0 —_2—52 sm( 0). ( )

From this equation we obtain

1
6'?= igz(sinze—sinzao), (10
where 6,= 6(0). Trivial calculations give21]
fo de d
11

0, = (SirPO—_siPog) 2¢’

from which it is possible to evaluaté,= 0y(6s;£). In this
case the boundary conditid6) becomes

dF¢

76.~° (12)

g\/t(sinzas—sinzao)Jr

We consider first a sample submitted to an external elec-
tric field much larger than the critical field for the Fredericks

transition, which is given by22]

E_7T k
©d Vel

For usual nematic liquid crystals the critical voltaye

13

=E.d=mkl/|€e,| is of the order of a few volts, or smaller.

In this casgd22] #,—0 if €,>0, andfy,— /2 if €,<0, and
the boundary conditioi12) can be rewritten as

Ksi 0 s 0 f 0
ESIn S+a—as— or €,>0,

(14
k

dF¢
ECOS 05— £=O for €,<0,
s

according to the sign of the dielectric anisotropy. These
equations show that in the considered limit, the presence of
the distorting electric field can be taken into account by

changing the anisotropic part of the surface enefgyto
an“effective” surface anchoring energy defined by

F( 05, =F(0 ¢)—Ecose
S S1°/7s S\VYs1/'s f S

for €,>0,
(15
k
F( b, ps) =F (b, ps) — y sin 65 for €,<0.

17

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

p=coséds and q=sin 6:Sin ¢.

1 1 1
fgﬁ(GSyd)s): EAp2+ ZBp4+ anZ

Sht+ 2 cplai— 18
7 q+§Cpq—Ep. (18

In the limit of large electric fields the stable states can thus
be deduced by minimizing$" with respect tog, and 6.

B. Nematic orientation induced by large electric fields

The actual orientation of the nematic at the surface is
found by means of Eq8) and Eq.(14), which we rewrite, in
terms of F&' as

dF"  aF

dps 90 (19
By taking into account Eq16) and Eq.(17) we have
oF 9rt g0 xS aq  oFST g
s _ S p S q _ S q =0, (20)

dps  Ip dps 9 dps I s

because is independent ofp,. Equation(20) is equivalent
to

oFSt gFet , o 21
ab.  aq " sCOS =0, (21)

as it follows from the definition ofj. Further, aimed to ex-
plain the above experimental data, we limit our analysis to
the tilted state, wheré and ¢ differ from 0 and#/2. Since

we are interested in the field dependence of the tilted orien-
tation, we deduce from Eq21) that

0 impli afgﬁ 0 22
= implies aq O (22

Pad
dbs

Hence, the boundary condition E@®) is equivalent to

a+c coSs+b sirfésirfgp,=0 (23
in the tilted state. We have furthermore

aFS GF gp  oF g 0 ot

d0s  dp dbs 99 dbs 29
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which, by taking into account Eq22), reads

oFS oF op

05 dp dbs (25)
In the tilted state, Eq(25) is equivalent to
k
(A+B cog 6.+ C Sirffs Sirf¢p¢)cos Os— E=O. (26)
From Eq.(23) one deduces
a+c cos 6
Sint o Sirf = — TS. (27
By substituting Eq(27) into Eq.(26) one has
Ab—ac Bb-c? 2 ; k_0 -
b bco scossg—. (28

If the electric coherence length given by Eq.(3), is ex-
pressed in terms of the critical fiel,., defined in Eq(13)
by means of

1 I E 29
then Eq.(28) is of the type
(v+ 7 cog6,)cos h=E, (30)
where
_Ab-ac d _Bb—c*d _E a1
=" ks’ 7" b ka S E D

When the field dependence éf= 6(E) is obtained from
Eq. (30), one deduces from E@27) that

_V-I[(a/b)+(c/b)cos 6]

sin 6 ' (32)

sin ¢
which together with Eq(30) gives the azimuthal angle as a
function of the applied field. It should be noted that E2D)

is a cubic equation in co&,. It can be rewritten in the form
cos s+ (vl p)cos 65— (&l ) =0. (33

The quantity
D= (v/379)%+(&29)?, (34)

in the limit of large&, is positive. Consequently, E3) has
only one real solution given by

cos s=[(&/279)+DI**+[(&127)—yDI*®.  (35)
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C. Molecular reorientation in a plane

The boundary condition represented by E2g), which
follows from Eq.(8), can be rewritten as

(a+b)+(c—b)cogh=b sirfb, cog . (36)
Focusing on the experiment, we consider the specific case
wherea+b=0. A discussion of this assumption is given in
more detail in Sec. Il D. The relatiof86) shows that ifa
+b=0, then the two angle8, and ¢, are connected by the
equation

(37

tan 6,cos p=e,

where

2__

c—b
e —T.

(38

Hence, ifa+b=0, n moves on theplane defined by Eq.
(37), as experimentally observed for other orientational tran-
sitions on evaporated Sj33-5,7,16. For this reason, we
will assume in the following thab= —a. In this framework
and by means of Eq.37) we obtain thaty, defined in Eq.
(17), can be expressed in terms pfas

q’=1—(1+e?)p>. (39
Consequently, when the constraint represented by(3is
taken into account, the anisotropic part of the surface energy
Fs, given by Eq.(16), reads

101 ,
Fs(051¢s): Za+ E(A+C)p

1
+Z[B—(a+20)(1+e2)]p4, (40)
and the effective surface energy is found to be
eff 1 1 2
Fs(bs,s)=— Pt zat 5(A+c)p
1
+Z[B—(a+20)(1+e2)]p4. (41)

The polar angled (E) is still given by Eq.(30) but the
parameters and » are instead given by

d ,. d
1/=—(A+C)G, 17=—[B—(a+20)(1+e)]@.
(42)

Equation(32) for the azimuthal angle is now reduced to the
simple expression

The analysis presented above is valid when the aniso-

tropic part of the surface energy is given by Etf). In this

general case, the orientation of the liquid-crystal molecules
at the surface can change without any restriction under the

action of an external fiel& or for a temperature variation. In

the next section we will discuss a simple case in whicht
the surface is forced to be oriented within a plane.

V1—(1+e?)cosbs
sin 6,

Sin ¢g= , (43

which contains the single parameter given by Eq.(37)
above. Equatiort43) has been used to obtain the theoretical
plot of the azimuthal anglé(E) in Fig. 3.
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Here we would like to stress that fgf;— O the tilt angle  wherewg, and yq, are two field-independent constants.

tends to a valu® such that Equation(46) shows that fo€— &g, As—0 anddAg/dE
tends to a finite quantity. Hencé, does not have a critical
tan®=e, (44 behavior foré— &g, On the contrary, from Eq(47) we

deduce that in the considered limit 6f &, ¢$s— 0, but
as follows from Eq.(37). Consequently, from Eg30) we d¢s/dE— . Consequently, foE— &, the azimuthal angle

have that the electric field necessary to achig¥e0 is 4 ‘has a critical behavior, typical of a second-order phase

given by transition.
Esa=(v+ 7 COSO)COS O, (45) D. Nematic orientation induced by electric fields
. near the critical field
where, as it follows from Eq(44), cos®=1/\1+€% The ] ) o o
field £,is a saturation field, in the sense that ¥ £, the The analysis presented above is valid in the limit of large

electric fields, for whichE>E., and hencef>1. In that
limit, for positive dielectric anisotropy,= 6(0)— 0. In this
section we want to extend the analysis presented in the pre-
ceding section to the case in whi¢h-&,, i.e., for electric
fieldsE close to the critical on&,. By again supposing that
the surface director is forced to lie on the plane defined by

directorn at the surface does not move any longer, but it
remains along the direction defined ly¢=0 and 6;=0.
ForE— &g, 60— 0 and ¢p— 0 in two different manners. In
fact, if ;=0 —Ag, then forE— &, we have, in the small-
angle approximation, from Eq$30) and (45) that

A= 0ol Eea— &) (46) Eqg. (37), we have that the anisotropic part of the surface
s Tsalfsat T energy which is relevant for the problem under consideration
whereas from Eq(37), in the same limit one obtains is given by Eq(40). Consequently, for electric fields close to
the threshold, the boundary condition represented by Eg.
bs= VsatVEsar— &, (47) (12) reads
|
k — : 1 ) )
‘ Jsir?s—sir?6,— E{(A+ c)+[B—(a+2c)(1+e?)]cog b} sin(26s) =0. (48)

This equation shows that the threshold fi€ldis given by  SjO, evaporation plane£=90°). Then, as the field is ap-
[25] plied and the field strength increases and reaches a threshold
2 value, the molecules start to reorient. When the field is in-
(m/2)E = diAtctB-(at2c)(1te )]. (49)  creased further, the reorientation continues and it can reach
cof(m/2)&] 2k almost 80°. The theoretical simulations, represented by the
solid line in Fig. 3, were derived from Eq$30) and (43).
The course of the action is to first find the field dependence
of the polar angled, which is given as a function of the
applied fieldg(E) in Eq. (30), and then to insert it into Eq.
(43), which gives the azimuthal angle as a function of the
applied field ¢(E). Since the solution described above is
Xs=0(E—E)Y?, (500  valid only for fields larger than the critical one, we had to use
Egs.(50) and(51) to find the threshold irh. The agreement
wherew, is a field-independent constant. A similar analysis,petween the experimental points and the theoretical simula-
performed by settinggs=m/2— ¢ and using Eq.(37),  tions are, for this simple model, satisfying. This is especially
shows that in the considered limit the anglgis given by apparent when considering that the field dependenge Bj
_ _ 12 [Eq. (43)] contains only one free parameter. The most severe
Ys=exs= vl &= E) (52) disagreement between the theoretical curve and the experi-
Equationg50) and(51) show thatys ands, and hence also mental data can be found faf values close to zero. As the
0 and ¢, have a critical behavior fof— &, typical of  Orientation approaches the initial orientation it had for low
second-order phase transitions. temperatures, the reorientation saturates at a value above
zero (remember that increasing the field or decreasing the
temperature has the same effect on the orientatibims be-
havior can be explained in the framework of our theory,
The electrically induced transition described in Sec. Il anchowever the specific relaticam+ b= 0 should be refusejdee
theoretically analyzed in Sec. lll is shown in Fig. 3. The formulas(36)—(40)]. To avoid cumbersome formulas we do
experimental data given in Fig. 3 were taken at constanhot give here this more complete analysis. Instead of the
temperature T~50 °C) and when no electric field is ap- slow saturation of¢ presented above, our simple theory
plied, the orientation of the molecules is perpendicular to thegives a critical behavior wheg approaches zero. The arti-

For £<¢&;, the stable state is the initial one in whiah
=/2 and ¢s=7/2, which corresponds to a planar align-
ment. Foré=¢,, the initial uniform planar state becomes
unstable. By settings= 7w/2— x5, one can deduce from Eq.
(49 that for £= &, the angleys is given by

IV. DISCUSSION
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ficial saturation field and the dependencefobn E close to  orientation by means of a strong laser has already been dem-
this point is given by Eqsi45) and (47) above. Up to now, onstrated6].
no evidence of these theoretical predictions has been found In our analysis, the effect of the electric field on the order
experimentally. Another shortage of our theory is that it isparameter has been neglected. This is because, as shown in
unable to account for a small hysteresis that has been olp29], only very large electric fieldéf the order of 50 Vim)
served[17] (not shown in the figures here are able to induce a detectable variation of nematic scalar
An important point is the assumption that the directororder parameter.
moves on an artificial plane which is slightly tilted with re-
spect to the substrate plane, see Fif).1n the derivation of
the theoretical formulas, this was used as an assumption but
it could be turned in another way. Instead, the general equa- We have analyzed an electrically induced orientational
tions (30) and (32) can be used to fit the data. Interestingly, transition in a nematic liquid crystal aligned by obliquely
it turns out that the best fit is achieved just with the param-evaporated SiQin the range of twofold-degenerate align-
eters describing the plane given by E87). This justifies  ment. The driving force of the phenomenon is the dielectric
our assumption. Our model also gives a simple intuitive piccoupling between the molecules and the applied electric
ture of the observed phenomenon. The effect of the electriield. The switching of the nematic orientation occurs with a
field is to increase the molecular tilt from the SiGurface large component in the plane of the sample even though the
and since the director is bounded to lie within the plane, alsdield is applied normally to the surfaces of the substrates. Our
the azimuthal angle changes. This reorientation seems to libeoretical model fits the experimental data fairly well, ex-
similar to the orientational transitions upon changing thecept when the orientation approaches the position close to
evaporation angle and the temperati8,16. the SiQ, evaporation plane. The theory correctly describes a
The electrically induced transition can be used as anhreshold phenomenon at low electric fields and the corre-
electro-optic effect, as mentioned in Sec. Il. The switching ofsponding critical behavior for the polar and azimuthal angles.
the liquid-crystal molecules and thus also the optic axis iSThe simulations give support for the idea that the reorienta-
reasonably fast and has a character similar to the in-planigon process at the surfaces occurs on an artificial plane
switching of nematic liquid crystal6,27. So far, the tem- which is tilted at about 20° with respect to the substrate
perature interval that can be used for our type of switching igplane. The results of our theory can be considered as a gen-
too narrow and too high up in temperature. One possibility tceral property of nematic liquid crystal in a geometry similar
avoid this problem could be to use a nematic material withto the one presented here, since the theory is only based on
negative dielectric anisotropy. In that case the electricalllsymmetry arguments and on the elastic theory of the nematic
induced reorientation should start from small azimuthalphase. Some device implementations of the reported phe-
angles ¢p~0) and increase as the field is increased. Thenomenon are feasible.
advantage would be that the orientation is close to the azi-
muthal plane ¢=0) already at low(room) temperatures.
Another advantage would be that the birefringence would
not decrease as the field strength is increased. The idea is in This work has been partially supported by the European
fact similar to the reorientation of nematic liquid crystals in Union in the frame of the INCO-Copernicus Project “Novel
hybrid cells with gratings which recently has been reportedlechniques and Models for the Surface Treatments of Liquid
[28]. However, we have not yet been able to optimize theCrystals with Optical Applications” and the SALC Project
conditions (evaporation angle, SiQthickness, etg¢. for  “Surface Properties from Basics to Applications in Liquid
liquid-crystal materials with high negative dielectric anisot- Crystals.” A.K.Z. was also supported by the Politecnico di
ropy. Another possible application of the phenomenon couldrorino in the frame of the scientific collaboration between
be in devices utilizing the combination of thermal effects andthe Politecnico di Torino and the Russian Academy of Sci-
electro-optic response. The possibility to control the nematiences.

V. CONCLUSIONS
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