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ELECTROOPTICS OF A NEMATIC LIQUID CRYSTAL
IN A SPATTALLY NONUNIFORM FIELD

VLADIMIR CHIGRINOV
Organic Intermediates & Dyes Institute,
Moscow, USSR

Abstract The paper presents an original the-
Oretical approach to electrooptical effects
in a spatially ronuniform field, Various types
of initiagl orientation of IC - planar, homeo-
tropic and twist - as well as different forms
of a spatially nonuniform field,including a
harmonic field, a flat capacitor edge field,
a point potential field etc. are investigated.
The IC layer sensitivity and resolution are
shown to be significantly determined by the
IC material physical parameters. The obtained
results could be useful in designing various
electrooptical devices in which IC optical
properties vary in accordance with the spati-
ally nonuniform distribution of the exciting
electric field,

INTRODUCTION

For many cases of practical importance the opti-
cal response of a nematic Liquid Crystal (LC) de-
pends on the distribution of a spatially nonuni-
form electric field. For instance, electrooptical
effects in a spatially nonuniform field occur in
Pho toconductor-Iiquid Crystal1 -3 (PC~IC) struc-~
tures, pyroelectrlc—LC structures4 5 matrix~LC
modulators~controlled transparen01e36’7 as well
as in ILC flaw detection of IC dielectric layers
and visualization of contact windows in dielect-
ric fi1m38’9 and sO0 on, By analysing an LC elect-
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rooptical behaviour in a nonuniform field one can
estimate different characteristics of the LC lay-
er, in particular, sensitivity (i.e. the intensi-
ty of optical response at a given voltage), spa-
tial resolution (the optic image capability to
distinguish delicate details of a spatially non-
uniform electric distribution) etec.

Till recently there have been actuelly no
works on investigations of IC electrooptical pro-
perties in a spatially nonuniform field due to
cumbersome calculations involved and their expe-
rimental verification difficulties, Now a grow-
ing interest of experimentors1-9 towards this
problem is oObserved; anyhow theoretical investi-
gations are practically absent.

LIQUID CRYSTAL PLANAR ORIENTATION, PHASE CONTRAST
Optical characteristics of a planar oriented ne-
matic LC in a nonuniform electiric field are dis-—

cussed in1o-11. The nonuniform electric field

E- —?/Md— U g)= (EL, O,EL) (1)
in this case occurs in the vicinity of one of the
LC cell substrates:

Ufe., = Uslz), (2)
while on another substrate a zero potential is
maintained:

U/e-5-=0 (3)
Suppose the director bias from the initial ple-
nar orientation along x-axis,

i{': (605@10)5/})@) — (/) Q@) (4-8.)
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or along y-—-axis,

A= (0s8sin¥,cs0wss, sin@)~(£4.6) (4v)

is small,/’?/,/@/«:{. Then a nomuniform potential,
ll(x,z), inside the IC layer (0£z<L) satisfies
the Laplace equation:

Y x4
G+ Fu=0 )

with the boundary conditions of (2), (3), where
x'=(51/£//)'?f for the case (a) and x'= x/L for
the case (b), z'= z/L, & and & being IC dielec-
tric constants (Figure 1).

() U, (=)
/\/\ /\/\

Z=L

/

=0 z Z=0 Z

i /{9&) ZL
Z

(a) (b)
FIGURE 1., Two possible planar director ori-
entations in a nomuniform field

Several solutions of (5), (2), (3) for va-
rious potential values, Llo(x'), are summarized
in Table 1.
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The IC~-director bias from the initial planar
orientation in a nonuniform field leads to inten-
sity modulation, I,(or the amplitude contrast) of
the light passed through an LC cell in crossed

polaroids in the fomm Of1

I= _ro SNt R, Si)* 4¢é , (9)

where IO is the intensity of the linesarly pola-~
rized light incident on the LC cell, ¥ is an
angle between the polarization vector of the in-
cident light and the LC-director.

A= %’—T L an (10)
is phase difference (phase contrast) between an
ordinary beam with the birefringence value of n;
and an extraordinary one with the birefringence
value of ny:

= 12yl (Hisin®@ +c0s6) 7

an= 1 JTirmn)dz (1)
is birefringence, L is the ILC lsyer thickness.
Substituting 68(x,z) into (11) and integrating
over z~coordinate, we obtain distribution of
phase contrast, a®P(x'), (10) and intensity of the
light passed through I(x')(9) in the region of
the field nonuniformity variation. We note that
in approximation of the LC-director small defor-
mations (/6/41) the phase contrast according to
(10)-(11) will be

D~ oDy tg

APy = %’/:L(//,,-/'QA §=- gq‘z'-/l// (’%"0(92>)(12)
<O = 1) ‘O xz)dx

is an average square of director bias angle along
the 1C layer!.

where
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Let us consider variation of amplitude I(x')
and phaseg(x') contrast for various types of spea-
tially nonuniform field. For the harmonic poten=-
tiel +the phase contrast, 8 y 18 a periodical fun-
ction x' with a period of Tsrzgg—‘ (Figure 2). The
phase contrast curve, 0(x'), during one spatial
voltage period, ao(x'), has two maxima corres-
ponding to the maximal value of the 2 deriva-
tive, and two minima in which -%‘,’zo (Figure 2),.
The phase contrast amplitude increases asﬁ':
% decreases and the external field, 5~Yg',
grows, Such a law is characteristic of an IC di-
electric destabilization, Dependence of phase
contrast on spatial frequency, (ds, will be dis-

cussed later.
78]

15t

[/
05

At

1
FIGURE 2. The IC phase contrast, 5(%% Vi,
vg gpatial frequency, Z . On top: harmonic po-

tential (6), V =0.7 V,"m=1, I=20ﬁ,ﬂ=0.63}4, ny =
1.654‘9 n_L=105099 K11=Oa675'1o—6dyn-e9 é;,=319 £‘L=
9,26, P':KBBE_L/K,].]E/I .
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The phase contrast shown in Figure Q also in-

creases with modulation depth (m) of the driving
voltage (6).

Variation of phase ocntrastjazT, from maximm

MUEEJ to § =0 was numerically calculated for the
potential of the (7) type induced by a semi-infi-
nite flat capacitor edge and was compared with

the experimental one for two different LC layer
thicknesses, namely: L = QQﬂand L = 4?/}0 (Frigu-
re 3).
Ry 1Bl

#\I..

054 L

0250 025 05 T 0S 05 05 T/p
AT holly

FIGURE 3. Phase contrast distribution near the
"flat capacitor edge" for two different pla-~
nar LC orientations A :Ro) x perpendicular %o
the capacitor edge) and ﬁ;ﬂg (parallel to
the capacitor edge)., The so0lid lines indicate
the calculated curves; (0),(X) denote experi-
mental data for L= 4%}1and L= 20-@ respectlvely
The calculated parameters of1o are as follows:
(=31, 5229426, K, 1=0.765+10 6, K,,=1.05+1075,
K33=1.51-1o" y n;=1.509, n,=1.654 CGSE units.
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The IC layer was selected such as to provide mi-
nimum intensity of the transmitted light at zero

field:
A¢max= 2’TK’ K = O’i1,i2,.o-

In this case one could consider I=Io'sin2672
end relate phase contrast variation directly with.
intensity variation I(I8/s=1)=I_, I(§ =0)=0.
Phase contrast was numerically calculated1o for
IC planar orientation both perpendicular (4a) and
parallel (4b) to the flat capacitor edge, Maxi-
mal deviations of the numerically calculated
phase contrast curve from the experimental one
at the length 1=44 Mmdid not exceed 12%. As the
length decreased to L=ZQﬂ, the deviation incre-
ased. This fact can be explained by limited appli-
cability of LC small deformations model used. The
smaller the LC layer thickness is, the larger di-
rector bias angles must be in order t¢ achieve a
fixed value of the phase contrast, %y = 1.

Figure 3 demonstrates spatial dependences of
the phase contrast in the transient region for two
cases Of the director planar orientation relative
t0 the voltage variation axis (x-axis). It can be
seen that in case of the I.C orientation along y-
axis (ib“y) the transient region width is signi-
ficantly smaller than in case of the LC orienta~
tion along the potential axis x (R lx). Thus the
phase contrast variation in the transient region
(near the flat capacitor edge) in case of IC pla=-
nar orientation along x~axis (perpendicular to the
capacitor edge) in fact determines a spatial reso-
lution of the given IC structure. As can be seen
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from FPigure 3, for x-orientation of IC-director
the phase contrast variation region extends to
the distance of §%~O.1 under the electrode and to
the distance of §%~O.5 from the electrode edge.
Thus, according to ( 7 ) the transient region
width, ”i:ﬁ(:“{’T+:’c”2)L is about double thickness of
the 1C layer.

HOMEOTROPIC ORIENTATION OF LIQUID CRYSTAL, THE
ROIE OF PFLEXOEIECTRIC EFFECT

Normally,when describing the LC behaviour in a
nonuniform field it is implied that the director
reorientation takes place due to the effect of a
destabilizing moment proportional to Sfw/gy, whe-
re c:-%,(éﬁ)z'( Ea-dielectric an;'.sotropy):l'Sa cont-
ribution to the free ILC energy. Anyhow, the LC
response 10 a spatially nonmuniform electric field
could be induced by a flexoelectric ef:f‘ect.11 In
this case the destabilizing moment is proportio-
nal to 8J/§f, where fes-(e ABdivn +eslrwtici ) E) is
the corresponding contribution to the free ener-
&Yy €44 and e44 8re flexoelectric coefficients.

For _ ~
B < ‘_’ﬁﬁ"_‘éjﬁaﬁ (13)

a ?

where g — 1is a director deformation wave vector,
the flexoelectric effect fully determines all the
electrooptical characteristics of IC in a nonuni-
form field., We investigated a general case of
flexoelectric and dielectric destabilization of

8 homeotropically oriented LC in a nonuniform

111
field varying according t0 a harmonic law (6)5% 3
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In spproximation of small director deviations &

from the homeotropic orientation we have:

o= (sin®,0,c050) ~(8 0 L) /8]« (14
The equilibrium condition for three torques - elastic
dielectric and flexocelectric - takes the form

K33 ?)—;% Kot %‘i +C33 %@‘ + s % - i—‘—ﬁ—'r 5E=0  Q
where E = (Exy Oy E;) is a nonuniform electric field,
K11 and e,q are LC elastic and flexoelectric moduli,
respectively, On the IC layer boundary at z = 0,L it
also necessary t¢ consider the surface polarization,

m and the substrate-~LC anchoring energy, W.:

p? o

{‘/33 %—Exkfng/)?a).f %8 2=, O:O . (1

In'2 14 ap average square of defomation,(@27, ob
tained from (15),(16) is taken as an IC layer diffrac
tion modulation characteristic (a function representi
a relative transmission efficiency of various image
spatial frequencies). The LC layer resolution
and sensitivity are characterized by the magnitude of
the spatial frequency, w ., for which the value of {¢
is maximal and the proper value of this maximum .is
<@1’max accordingly.

Figure 4 demonstrates the dependences of the Rela
tive Modulation Characteristic (RMC) & (ws)= <<9">/(04% on
reduced LC-substrate anchoring energy,awzz;? It can
be seen that with rise of 8y, the curveidu%)bécomes
smoother and its maximum shifts towards larger values
ofal. Note that for low anchoring value ¢, — 0.5 the L
deformation amplitude,<€ﬂzwb drastically increases (F
gure 4), so the linear model of the effect we assumed
in (15),(16) becomes invalid. For anchoring energies
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d, >5 the curve has an inflection and the shape
of the i1(ws) curve starts to undergo the oppo-
site change (Figure 4). At 4w 2150 the RMC,i(w ),
comes to the saturation point and further varies
no more.

FIGURE 4. Relative Modulation Characteristic
(RMC), i, (wg), of LC vs electric field spati-
al frequency, wg for different IC~substrate
reduced anchoring energies ¢4,/ . For Curve 1
the anchoring strength coefficient is Qy=0.133
(\!@10'4erg/cm2); 2: Gy =0.665 (W;5'10'4erg/cm2);
31 Qu=1.33 (We10 Jere/om?); 4:Gy=6.65 (We5e
10-3érg/cm2); 5: Qy =66.5 (\1(;-5‘10"2erg/cm2);
6: @w=133 (Wr0.1 erg/cmz). The IC parameters
are as follows: @ K11=10_6, K33=1 .5-10-6,

e =107, ey =2.8.107%, ¢ 25,6, €, =6.6
CGSE units, T=20 » Vo=1 V, m=0.5.
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The plots given in the right top corner of
Figure 4 show dependences of Wy oy 804 <9z7max
on 1gly.

- The modulation characteristic depends on the
LC dielectric anisotropy, €q=£4~&. The "isotropic™
point, g,=0, is not singular, as the LC-director
in the nonuniform electric field reorients due to
the flexoelectric effect. For the positive o va-
lues the dielectric torque, induced by a nonuniform
field,is added to the flexoelectric one, the re-
sult being a growth of the maximal deformation,
<GDpaxe With the decrease of & the RMC maximum,
Wyexs 18 shifted towards the larger values, i.e.
the spatial resolution of the structure increases
at low LC dielectric anisotropy, &, Vvalues.

The LC splay and bend elastic moduli, K11 and
K33, also play an important role in determination
0f an LC layer sensitivity and resolution in a
spatially nonuniform electric field. The lower
the elastic moduli magnitudes, the larger is the
LC deformation amplitude at a given V, voltage
(IC layer sensitivity)e. This effect is particular-
ly evident for low K11 values. The decrease of K1%
leads to a marked improvement of the ILC layer spa-
tial resolution. On the other hand, it would be
unreasonable to drastically decrease the K33 value,
as in this case the LC resolution,&)max, becomes
worse, Consequently, we come to the conclusion,
that optimal sensitivity and resolution of an LC
layer with a homeotropic aligmment can be achieved
at K 410'6 dyne and the highest possible elastic

337
moduli ratio, K33/K11'
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A.V.Parfenov12’14

experimentally verified the
dominating influence 0f flexoelectric effect on a
homeo tropic LC deformation in a spatially nonuni-
form harmonic electric field. Measurements were
made in a photoconductor-ILC structure using the
holographic technique., The controlling light sig-
nal was formed by the interferometric method and
was Observed to undergo a spatial harmonic change
and to be transformed into a harmonic driving vol-
tage distribution on the IC layer. In the experi-
ment a relative intensity I1/IO of the reading-off
light first diffraction maximum on the deformed LC
periocdic structure was measured vs spatial frequ-
ency, &, of the controlling optoelectronic signal,
The amplitude, Vo’ and the modulation depth, m, of
the nonuniform electric field were chosen small to
provide the condition of low IC deformation (the
first order diffraction intensity did not exceed
8-10% of the zero order intensity). The signal spa-
vial frequency variation was performed using the
Michelson interferometer.

The important role of flexoelectric effect for
LC deformations in a nonuniform electric field can
be experimentally proved as follows.

1e The "isotropic" point,&,=0, where the dielec~
tric torque is zero, has no specific features. The
experiment with an IC having &.—.012 gives the same
qualitative modulation characteristics of i1(a&) as
for LCs having &# O.

2. In an AC electric field with the time fre-~
quency, &, at a low V, amplitude value the opti-
cal signal of I1/IO modulates with the frequency
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of 2a%, the constant signal component being absent,
This meens thal the director bias angle is direct~
1y proportional to the applied voltage and that is
characteristic of a flexoelectric effect. As the
electric field amplitude in optical modulation
11/10 increases, there appears a frequency compo-
nent of 4a%, typical for the Fredericks effeot.12
Finally we would like to point out that by the
type of a modulation curve, 11(&%), one can esti-
mate the anchoring energy of a homeotropic NLC,
Thus, according to our evaluation the anchoring
energy of a homeotropic NIC containing ebout 1 %
of lecithin amounts %0 approximately 5’10-4erg/cm2,
while in the absence of lecithin it amounts to

about 10—4erg/cm2.

a5 +

FIGURE 5. Comparison of the LC modulation curves
obtained by different procedures: a) treating
the substrate by lecithin; b) spontaneous ho-
meotropic orientation,(x) indicate experimen-

tal data, sclid lines represent the calcula-
ted values,1
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We assume L=5_ﬂ, E,/=5-47,&=5.35,£a=0.02,
the other LC parameters being the same as in
Figure 4. The anchoring energy values, W, =
5'10'4erg/cm2 (a) and Wé=10-4 erg/cn? (b) are
obtained by the LMS method (Figure 5),.

HOMEOTROPIC LC IN A RADTAL-SYMMETRICAL NONUNIFORM
ELECTRIC FIELD, OPTICAL LC VISUALIZATION OF SUR-
FACE DETECTS

Let the nonuniform electric potential near an LC
substrate be presented in a cylindrical coordinate
system ( P, 2 ) as follows:?
— - (Vo p2awo
Ve TP {5 P,
Ulz=0=0

This type of a nomuniform electric field oc-
curs, for instance, in those cases when the applied
t0 the IC field is zero everywhere except for a
finite circle with a radius of 8, being a surface
defect.8’9

Figure 6 shows the averaged LC deformation
propertional to the relative phase contrast in the
field nonuniformity region.9 The deformation is
seen 0 be zero at the centre of the defect and
reaches its meximum on its edge,where the field
nonuniformity is most evident. The maxinum smpli=-
tude of the phase contrast at a given voltage is
proportional to the sensitivity of the LC surface
defect optical visualization method,8s9 At the
same time the steepness of the phase contrast
curve in the vicinity of the defect defines the
method resolution, i.e. its capability to distin-
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guish closely located defects. As can be seen from

Figure 6, the sensitivity is maximal forﬁ =K 3&/
115// =1, while the resolution deteriorates with de-

crease ij3 o The magnitude of the deformation,
(B>, (0T sensitivity) grows proportional to a

square of the coefficient, ﬂf em-C?} and at V,< 4’—15——%)

is entirely determined by a flexoelectrlc effect

in a nonuniform electric field.,

<t 21
ao0y | 2

0002

7 2 3 Y., /Qo

FIGURE 6. Averaged IC deformation, <@, in

the vicinity of the surface defect region
with the radius of a . P/2, is a relative dis-
tance from the defect centre, The numeric cal-
culations were made for the following LC para-
meters: e11=e33=10-4, K11=10“6 CGSE units,
a,/1=0.05, VO;B V., For Curve 1: ﬁ':éﬁi‘:f}.é};

Arza
2:ﬁ'=1; 3: ﬁ'=0-24-
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IC TWIST STRUCTURE. OPTICAL TRANSFER FUNCTION
AND RESOLUTION

Calculations of ILC twist structure regolution in
a nonmuniform field are very cumbersome and for
this reason have not been attempted till recent~
lye The direct minimization algorithm of LC free
energy functional proposed by us together with
SeNo.ILevov et al. stimulated progress in the
rield. 1218 me obtained Optical Trensfer Function
(OTF) of a twist structure can be used in model-
ling of linear optical systems containing an LC
twist cell as a unit,.

The results of the calculation of the twist
structure resolution depending on the IC physical
paramete - and layer thickness are summarized in
Table 2.

TABLE 9  Resolution of IC twist structure, V.

Item No. ILC parameter Resolution
1e Layer thickness, L, 3 6 12
V%, (1ine/wm) 54 26 12
2e Relative dielectric
anisotropy, Qe 0.5
Ye (Line/mm), L=3 65 54
3e Optical anisotropy, Oel 0e?2 0.3
¥ (line/mm), L=6 27 26 24
4 Elastic moduli ratio, 1 1.5 2.5
K33/K4q,
V; (line/mm), L=3 54 52 48

The following average LC parameters are used in
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the calculations: K33/K11=1.26, K22/K11=O.85,

€afg, =0.5 , an=0.2 .

Table 2 reveals that the most important para-
meters affecting spatial resolution of the LC twist
structure prove to be the layer thickness, L, and
the relative dielectric anisotropy, &4,/&. The de-
crease of L or Szﬁl considerably improves the re-
solution. The resolution was shown to be practi-
cally independent of the elastic moduli ratio,
K22/K11, on the range O.5£](22/K1T£1 which is ty-
pical of LC materials.,

075

OFf--~mmmm e —m -

025

G- ———— -

Q
-
N
«
&

b3
1y "
[+ )]
~ |
o}
QX
3
|
.

FIGURE 7. Experimental (solid lines) and cal-
culated (dotted lines) absolute values of the
twist-structure Optical Transfer Functions,
for two LCs: L0-1 end 1C-2.' "2 L=20y, A=
3#54 The halfwidﬂlik(line/mm) of the curve
indicates the IC spatial resolution,

Pigure 7 presents comparative results of ex-
perimental and calculated OTFs for two different
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Los: 119713 1,0=1 (the mixture of azoxycompounds)
and LC-2 (the mixture of tolanecompounds). In the
experiment the output spatial intensity variation
of the IC twist-structure (placed between paral-
lel polarcids) was measured as a function of x
and y distances from the edge of the transparent
electrode,made in the form of a sector (a physi-
cal equivalent of the Hewiside function'?), The
subsequently obtained intensity distribution was
used for calculation of the twist-structure OTF,
The experiment was carried out in the spectral
range A~ 3 & 5.5pmfor the LC layer thickness
L=20}u It is evident, that the gpatial resolution
of the 1€ twist structure obtained in the experi-
ment equals to 4 ¢ 6 line/mm, which is in a qua-
litative agreement with the theory,

CONCLUSION

A theory for calculation of nematic liquid crys-
tal optical characteristics in a spatially non-
uniform electric field is presented. The IC lay-
er sensitivity and resolution are investigated
depending on various types of a spatially nonuni-
form field, the LC physical parameters and its
initial orientation, layer thickness and the IC-
substrate anchoring energy. An important role of
flexoelectric effect in LC electrooptics in a
gpatially nonuniform field is demonstrated.

The msin results are sos follows:‘lo-14
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1. In a spatially nonuniform field an IC is
first of all affected by the field coordinate va~-
riation rather than the magnitude of the field
itself (Pigure 2).

2, The extent of the region where the edge ef-
fect cccurs and which determines the resolution
of the homogeneously orienfed LC layer is maxi-
mal when the director lies in the field nonuni-
formity~variation plane and is about double LC
layer thickness in size (Figure 3).

3. The flexoeleciric effect contribution to
the LC layer deformation is decisive,when the LC
dielectric anisotropy, €., is sufficiently low (13)

4, Variating the LC-substrate anchoring ener-
8Ys W,s dielectric anisotropy, £, end elastic
moduli, K11 and K33’
sensitivity and resolution of the LC layer in a
spatially nonuniform field (Figure 4).

5. Maximal sensitivity and resolution of the

it is possible to increase

T.C material used for visualization of surface de-
fects in an electric field are achieved at K33/
Kﬂ=5///@_ =1 (Figure 6).

6. A nematic LC twist structure resolution
can be improved by decreasing a dielectric aniso-
tropy, Ego and an LC layer, L. The IC twist struc-
ture resolution is only weakly influenced either
by elastic enisotropy, K33/K11, or by optical
anisotropy, an, (Table2).

The theoretical results are in a good agree-

ment with the experimental evidence and could be
used in selection of optimal IC materials in such
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systems as photocconductor-IC and pyrocelectric-IC

as well as in IC flaw detection etc,
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