
PHYSICAL REVIE& A VOLUME 34, NUMBER 4

Light scattering from a small nematic droplet
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The scattering matrix, differential cross section, and the total cross section for a smaH nematic

droplet are derived in the Rayleigh-Gans approximation. Different nematic director configurations
are considered for the droplet. Those studied are the configurations which result in a spherical
droplet from different molecular anchoring angles at the droplet wall. Configurations both in the
absence and presence of an applied field are derived and their scattering properties are examined.

Some simple cases are treated in detail and the results presented in closed form. In other more prac-
tical cases numerical results are presented for the differential and total cross section. Strong depen-

dencies on the impact and scattering angles are found. The possibilities of determining droplet size

and nematic director structure from experimental light scattering data are discussed, as well as
features relevant to electro-optic light shutters.

I. INTRODUCTION

Scattering from small droplets is a classical problem ex-
tensively studied in the last hundred years. Most studies
have been devoted to isotropic objects. ' Besides the
well-known Mie solution for a sphere and the more re-
cent solution for the ellipsoid, s there are several approxi-
mate approaches. ' The famihar ones are the Rayleigh-
Gans approximation (RGA) (Refs. 6 and 7) for small
(compared to the wavelength), weak refracting (soft) drop-
lets, the anomalous diffraction approach (ADA) (Ref. 1)
for large weakly refracting droplets, and the geometrical
optics approach for very large droplets. ' There are rela-
tively few studied where the optical anisotropy of the
droplet material has been taken into account, 2'i and these
are mostly devoted to small objects such as macro-
molceulesz's'9 or cases when the symmetry of the optical
constants coincides with symmetry of the droplet
shape. '

Materials consisting of a random dispersion of nematic
liquid-crystal microdroplets embedded in isotropic solid
polymeric media have recently been developed for use in
optical and electro-optical devices. ' ' %'e present here a
theoretical study of the dependence of light scattering on
the orientational director configuration in small droplets
of nematic liquid crystal. The droplet size which is usual-
ly relatively uniform throughout the sample can range be-
tween 0.1 to 10p,m. In most nematic phases the two prin-
cipal values of the index of refraction n, and n, differ by
at inost 15%.' Therefore a nematic droplet in an isotro-
pic medium with an index of refraction n approximately
equal to n, or n, of the liquid crystal represents a "soft"
scattering object. It should be stressed that the amount of
light scattered by order director fluctuations in a nematic
phase is negligible as compared to the amount of light
scattered by micron-size droplets. In this contribution we
deal only with the submicron droplets where the use of
RGA is justified, in which case,

i
(nic/n —1)

i
((1,

where nL~ is neither n, or n, ; and also the maximum
phase shift induced by a diametral crossing of a droplet is
small,

2kR
i
(n Lc ln —1)

i
((1 . (2)

II. DIRECTOR CONFIGURATION

A nematic liquid crystal confined to a small spherical
volume where surface-to-voluine ratio is relatively high,
exhibits a specific director configuration resulting from an
interplay between elastic forces, a possible external field,
and surface interactions. In our droplets (larger than 100
nm) surface-induced changes in the value and anisotropy
of the nematic order parameter can be neglected. ' We
further will suppose that we are below the critical field for
the nematic-isotropic phase transition so that field-
induced increases in the nematic order parameter can also
be neglected. Therefore a constant nematic orientational
order parameter approximation will be used. The nematic
director, n, configuration is then obtained after minimiza-

Here k is the wave vector in the medium and 8 is the ra-
dius of the droplet. For light with A, =6SO nm and

n~ =1.5 the droplet diameter should not exceed 0.3 pm
or even 0.2 pm if we want a reasonably good description,
even for temperatures well below the nematic-isotropic
phase transition where nqc has its largest value.

In Sec. II we calculate nematic order director configu-
ration in a spherical droplet for different external fields
and different molecular anchoring angles on rigid spheri-
cal boundaries. In Sec. III we derive in the RGA the cor-
responding scattering matrix, the differential cross sec-
tion, and the total cross section. In Sec. IV some simple
cases will be treated in detail. In Sec. V numerical results
for scattering patterns and cross sections are presented.
The possibilities for determining droplet size and nematic
director structure from a comparison with experimental
data are discussed, as are features of significance to
electro-optic shutters used in displays or optical process-
ing.
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FIG. 1. Schematic representation of the nematic director configurations in a liquid-crystal spherica~ droplet embedded in a solid
for different external fields (8 /g'=0, 5, 11). (a), (h), and (c) correspond to the tangential surface alignment and (d), (e), and (f) to the
normal alignment.
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tion of the orientational part of the droplet free ener-

gy.
' In the case of equal elastic constants

(Kii ——Ki2 ——Ki3 ——K) and strong molecular anchoring on
the droplet surface, the free energy of the spherical drop-
let in an external magnetic field 8 is given by

F= ,' f—J(.[(V n)'+(VXn)'] — (&.n)' dV, (3)
Po

where the anisotropy of the magnetic susceptibility bg is

usually positive and typically -10 . Minimization of F
results in a partial differential equation which in a
cylindrical coordinate system (p, P,z) has the following

rm:

V 8„——2+—
2

cosH„sin8„=0.1 1

p'.
Here H„stands for the angle between the local director n
and the direction N of the symmetry axis of the director
configuration (in further treatment called droplet direc-
tor). In the presence of the external field N is always as-
sumed to be parallel to the field direction. The parameter

g is the correlation lengthen of the orientational order in-

duced by an infinitely strong anchoring planar surface in
a bulk nematic liquid crystal with positive magnetic or
electric anisotropy if the preferred orientation induced by
the external field is not parallel to that induced by the sur-
face. In the presence of the magnetic field correlation
length g is given by the well-known relation

1/2

and in an electric field (for insulator regime ) by

III. RALEIGH-GANS APPROXIMATION

r=
&m

0 0

0 ej 0

0 0

is the same everywhere in a droplet where ez and e~~ are
eigenvalues of the dielectric tensor e. The local direction
of the principal axis corresponding to e~~ is given by the
direction of the nematic director n(r„).

Starting with Maxwell's equations one can easily
derive the following exact expression for the scattered
electric farfield ( kr »1):

&kr

E, = f(k, k')

where the scattering amplitude f(k, k'), is given by

f(k, k'}=— f k&(k'X I[a,(r„)—1] E(k,r„)I

In a droplet surrounded by a medium with an optical
frequency dielectric constant e~ (Fig. 2), the part of the
induced polarization Ps(r ) which causes scattering is
given by

Ps(r„)=cot [e,(r ) —1]E(r ),
where E stands for the local electric field and e, for the
relative (optical frequency} dielectric tensor defined as the
ratio a'/e between the local dielectric tensor of the liquid
crystal e and the dielectric constant of the surrounding
medium. In our uniaxial orientational order-parameter
approximation the relative dielectric tensor e„(r) written
in its local principal frame

1/2

E' (5b)

~ g

xe "dV.

where he stands for the low-frequency anisotropy of the
liquid crystalline dielectric constant. For a typical liquid
crystal with K=4X10 ' N, M=4X10 ', b,@=0.45,
and the correlation length g equals 1 pm, for an electric
field E=l V/pm or magnetic field 8=3.5 T.

The nonlinear partial differential equation (4) can be
solved by the well-known numerical relaxation method.
Solutions which ean have point or line defects " strongly
depend on boundary conditions and droplet size. For
droplets (R &100 nm) with tangential molecular align-
ment on the surface, the bipolar configuration ' with two
boojum-type surface singularities at the poles is charac-
teristic for each value of g [see Figs. 1(a), 1(b), and 1(e)].

In a droplet with orthogonal molecular surface anchor-
ing (R & 100 nm), a radial director configuration with a
hedgehog-type defect in the center of the droplet is
characteristic for /~4 [see Fig. 1(d)]. At a critical field
which corresponds to /=4 there is a phase transition '

from a structure with a central defect to a structure with
an equatorial disclination line. The director configuration
in the case of orthogonal surface anchoring in strong
fields (g&4) is illustrated in Figs. 1(e) and 1(f) for two
values of the correlation length g.

FKJ. 2. Schematic representation of the scattering from a
droplet defining symbols used in the text.
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Here the wave vector It of the incoming light and k' of
the scattered light (see Fig. 2) have the same magnitude,
2mn /A, , with A, being the wavelength in a vacuum;
n =+@ is the refractive index of the surrounding
medium. Unfortunately the internal field E(r) is un-

known. In our case where the condition expressed by Eqs.
(1) and (2) are satisfied, the internal field can be well ap-
proximated ' by the undisturbed incident plane-wave
field,

e, = 3 Tr(g„) .

Introducing i=k/k, i'=it'/k, and the polarization vec-
tor e= Ep/Ep (see Fig. 3), we can write

f(lt, lt') = Vk2Ep I ge —i'[i' (De)]I, (12)

where V is the volume of the droplet and

E(lt, r„)=Epe

This RG approximation is analogous to the well-known
Born approximation in quantum mechanics. The scat-
tered farfield is thus the total of dipole radiation emerging
from nonuniformly oriented molecules in the droplet.
Each dipole is assumed to be excited only by the light
from the external source, while the effect of the scattered
light from the neighboring molecules and droplets is
neglected. If one wants to extend the range of the validity
of this approach, correction fields are added to Eq.
(10). ' Performing an iteration process one finds that
the first correction field can be approximated by the fac-
tor (e„—1)(kR) Ep/3 which is much smaller than the in-
cidence field as long as the RGA conditions are satisfied.
Here e, stands for the average relative dielectric constant,

I

'k
I
' fZ
I

I

SP
I

I

I

I

Ii I
Ql

FIG. 3. Schematic representation of the scattering geometry
with the notation used in text.

1 0 0

Pp ——0 1 0
0 0 2

and where Q ($„,8„) stands for the matrix which
transforms from the local frame to the frame fixed to the
symmetry axis of the nematic director configuration, i.e.,
to the direction of the external field if it is present (see
Fig. 2). Using Eq. (14) and cylindrical coordinates
( k,&,P„k~) for the description of the vector It„ the tensor
D given by Eq. (13) can be rewritten in the following

D= —f (e„—1)e
' ""dV (13) rm:

is in fact a three-dimensional (3D) Fourier transform of
(g„—1), where lt, =it' —k. Separating the isotropic and
anisotropic part we can write

where

0

j=0,+1,+2
Pj.u/(k, p, P„k ),

0 0 0
e„1=[+1+rIQ ($—„,8„)PpQ ($„,8„) '],

with

(14) 0 0, P
0 0

0 0

0 0 1

0 1 0

0 1 0
(18)

(15a) p+2 ——0
0

1 0, p 2——— 1 0 0
0 0 0 0 0

u (k,R)= [sin(Rk, ) —Rk, cos(Rk, )],3

(Rk, )

p(s)
up(Rk, p, Rk~ )=Sp& SZ y" 0 0

(1——,
' sin28„)Jp(k, ~„)cos(k z„)p„dp, dz„,

cos4's
, (Rk, ,P„Rk )= ',.

~
' sin(28„)J, (k,~„)sin(k z„)p„dp„dz„,

(19a)

(19b)

(19c)
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4 cos(2$, )
' s

0+2(Rk,p, pg, Rk~) = ' .
2~

' f f sin 8„J2(k,~„)cos(k~z„)p„dp„dz„. (19d)

Here Jo, Jt, and Jz are Bessel functions. The com-
ponents of the wave vector ks written in terms of angles

8, 5, and y (see Fig. 3) are

k,&
k I (——1 —cos5) [cos 8(1—cos5)

of the incoming beam. The symbols
~ ~

and i stand for a
direction parallel and orthogonal to the scattered plane,
respectively (see Fig. 4.) Taking into account it=i' one
can represent the elements of the scattering matrix in the
following way:

+2(1—sin5 cos8 cosy )

+(1+cos5)stn 8cos y] I 4~ i~ (Di~~) it.(Dit) (24)

k~ =k [cos8(1—cos5) —sin5 sin8 cosy],
—sin5 siny

P, = arctan .
sin5 cos8 cosy+ sin8(1 —cos5)

'

and its absolute value is given by

k, =2k sin(5/2) . (21)

and more explicitly taking into account the structure of
Eq. (17},

S~, = g(i~.i, )u +rl g [i~(P,i, )U;]
(kR)

J

It is convenient to decompose the scattered electric field
E, into a component (E, )~~ parallel to the scattering plane
defined by vectors k and k' and a component (E, )t
orthogonal to this plane which enables us to rewrite Eq.
(8} in the following form:

(E )[~ likzEO &ikr i~['(De)
(22}«.4 4tr r it.(De)

where iz ——iz and iI~ are unit vectors orthogonal to the
direction of the scattered wave vector, perpendicular and
parallel to the scattering plane, respectively (see Fig. 4).
Introducing a van Hulst scattering matrix S' one can
write

The distribution of the scattered light is usually represent-
ed by the differential cross section which is defined as

(26)

Using the previous separation of the scattered field into
its

~~
and j. component, the differential cross section

decomposes as well,

Sll li

(E, )t St
~~

St t e it kr
(23)

der d 0'

dQ dQ

do'
+

d Q l
(27)

Here unit vectors i~~ and it are orthogonal to the direction where

~&i
OL

FIG. 4. Schematic representation of the separation of the electric field of the incident and scattered light into parallel ~~
and

orthogonal l components with respect to the scattering plane.
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dH

,
dQ

do
dQ

0'c
) SII II Cosa+SIIi Sliia

J

~(kZ)
[ S, II

c~a+S» sina
~

2X 2

)O6

a (kR)' ~ 'iI (De)
~

i 4 (De) ['.
Here a stands for the polarization angle between vectors

iII and e (see Figs. 3 and 4) and oc for the geometrical

cross section of the droplet. Further, it is worthwhile to
write expressions for light intensities measured in a
small-angle scattering experiment (SAI.S). ' There are

two common arrangements: VV type with incoming po-

larization parallel to the transmission direction of the

analyzer so that the transmitted scattered electric field is
r h

cosa S
I I I I

S
I Ii cosa Ec

sina Si
I I

S» sina

and the corresponding relative intensity

Iyy= 2 ~ SII II
Cos a+ 1 (SIIi +Si II

)sill(2Q)1 1

(kr)2

C)
li

) O4

0

+Si 1 sin'a
~

' . (30)

(Eg )yH ——

and its relative scattering intensity

1
IyH ——

2 ) SIIi S1ll a —Si II
COS a' 2 2

(kr)

VH arrangement is where the analyzer is perpendicular
to the direction of the polarization of the incoming beam.
Here the transmitted electric field of the scattered light is

sina cosa
I'kr 31—cosa sina kr

FIG. 5. The kR dependence of the total cross section for the
case of: high external field (Rlg= ao ), curve a corresponding
to 8=m/2, ap ——0 and curve e to H=ap=0 or H=ap ——m/2; zero
external field in the case of tangential surface alignment, curve
b corresponds to 8= @/2, ao ——0, curve f to 8=QO=O, and curve

g to 8=ap ——m./2; zero external field for the case of normal sur-

face alignment, curve c; values )=0.04 and g=0.08 were used

except in the isotropic case (curve d) where g is zero.

integration of the differential dcrldQ cross section over

the whole solid angle,

+(SII II
—Si 1 ) sina cosa

~

(32) a= I „dn. (33)

Because of our approximate description of the internal

field the optical theorem cannot be used' for the evalua-

tion of the total scattered power. The total scattering
cross section, therefore, must be calculated simply by an

In the calculation of the total cross section the separation

into
~ ~

and l parts has no use, and we can directly use the
following expression for the complete differential cross

section:

(kg)~ (x[1—(i' e} ]n +2gu $ u~[e. (p e)—(i'.e)i'.(pje)]+g gujui{(pje} (pie) —i' (p~e}[i' (pie)]J
j j,l

(34)

In general the double integral in Eq. (33) must be per-
formed numerically. Section IV discusses scattering on
some previously mentioned nematic structures +here sim-

ple geometry enables us to simplify the treatment.

IV. SIMPLE CASES

In some cases symmetry allows us to perform a part of
the calculation analytically.



34 3379

sin(k, R)
uv(k, R)= —cos(k, R) —3 si(k, R)

(35)

(1). Radial nematic director configuration .This case is

schematically presented in Fig. 1(d). The dielectric con-
stant is everywhere in the radial direct~on equal to etl and
to ez in any tangential direction. Such a type of optical
anisotropy has been treated already' ' and we shall only
briefly summarize the results. A properly chosen coordi-
nate system enables us to get U+& ——U+2 ——0 and

and

(kR)S» —— (ug —guv) .
3

(37)

In agreement with the results of Champion et al. ,
' the

evaluation of the total cross section reduces to a single nu-

merical integration,

where si is the integral sinus. The only two nonzero ma-

trix components are

S~~ ~~

—— [ugcos5+ —,(3+ cos5)i/uo]
(kR) (36)

II lI

kRo=&o 1 ItiV(1+ cos 5) 2iig—r/uo(1+ —, cos5 ——,
' cos 5)+r/ vii[1+ 4 (3+ cos5)i]Id(cos5) .

9
(38)

(2) Incident beam parallel to the symmetry axis of the
director configuration This .situation is often realized in
optical displays, where an electric field orients droplet
directors. In this case only the diagonal components of
the scattering matrix are different from zero,

(Rk)
3 I [gu —r/(vo —u2)]cos5+r/v, sin5I (39a)

and

T

ACT

dQ
(kR)4

=0'p I [gati
—i/(up —u2 )]cos5

9m

—'7/ui si115I cos Cx, (40a)

terns as in previous cases are expected. The resulting dif-
ferential cross sections

(Rk)'
Si i —— [gati

—r/(uo+up)],
3

(39b)

do (kR) 2 ' 2=o, [gu —r/(uo+u, )] sin a, (40b)

where u2 ——u+q(P, =0). Therefore similar diffraction pat- and their sum

der (kR)" 2 2 2 ~ 2 2 2 2 2

dQ 9m
=ere I[(gu —r/uo) +r/ u2](1 —sin 5cos a)+r/ vi sin 5cos ct

—2r/uz(gu —r/vv)(cos 5 cos a —sin a)+ r/u, (gu —guo+ gu2 )sin(25)cos a I

show twofold symmetry. The same is true for the SALS intensity IV&,

Ivv — (kR)
~
[gii —r/(u—v+ui)]sin a+ I [gu r/(vv u2)]c—os5+r—/ui sii15Icos a

~9r

while the intensity I&0 is given by

R
IvH —— (kR)

~ frau
—i/(uo+u2)] —[gu g(uo u2)—]cos5 —r/u, sin5

~

—'sin'2a
36r

and shows fourfold symmetry.
Also in this case, the evaluation of the total cross section reduces to a single integration,

o=oo ,' (kR) J I [—(gu r/vo) +(g—v2) ](1+cos 5)+g (guu duo —7/u2)sin(25—)

(42a)

(42b)

+ [r/ u i
—2(gu —i)uq)i/ui]sin 5 Id (cos5),

where uo and u2 are calculated for a given structure according to Eq. (18).
(3) Droplet in a uery strong external field This case is rea.lized when the correlation length, Eq. (5a), g ~~R. The angle

8„ is zero nearly everywhere in a droplet and we can approximate uo ——u and U+& ——0+2 ——0. The resulting scattering am-
plitude is, as long as 8=0,
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(kR)
gcos5+rl[(3sin Hcos y —l)cos5 ——'sin5sin (28)cosy] —' t)[sin5sin(28)siny —cos5sin Hsin2y]2 2

3 ——,
'

g sin2y sin'8 g+rI(3sin 8 sin y —1)

(44)

which gives us the following differential scattering cross sections:
T

do (kR)
=rro u Igcos5cosa+rl[3sin 8cos(y+a}cosy cos5 ——, sin5sin(28)cos(a+y) —cosacos5]]2 3 2

10
ii

9m
(45a)

do (kR) 2 2

dA
q

9m
=oo u Igsina —t)[3sin Hsinycos(a+y)+ sinu]I (45b)

1tH(8=0)= (kR) u (g —rl) sin —sin 2a,
9r 2

(46b}

where they correspond to the ones of an isotropic droplet.
The total scattering cross section has the following simple
angular dependence:

We will write SALS scattering intensities only for the case
of 8=0

2

Iyy(8=0)= (kR) u (g—rl) (1—sin 5cos a)
9r

mismatched with respect to nz and is also characteristic
of some epoxy-type polymers.

In order to illustrate the effectiveness of nematic drop-
let dispersions in beam shutters, it is useful to calculate
the total scattering cross section of a nematic droplet, rr,

for some specific cases. Introducing o;„(kR) as the total
cross section in the isotropic phase (t) =0) at a specified
wavelength and radius ( kR =0.1), a plot of o/o;„versus
kR for various director configurations and impact angles
and polarizations is calculated and shown in Fig. 5. The

o = tru(kR) I(PO+ i Pi)(g —rl)

+3' cosiaosin 8

X [(2g—tl)PO+(g —4rl)P2]

+ "
, rl Pi sin"Hc—os atiJ, (47) 1 Qr10

where ati ——a+y is the polarization angle between k-N
plane and the incoming vector of the electric field E (see
Fig. 3). The averages Po and Pt are defined in the follow-

ing way:

dQ/do
(4RQ~0

Po 1

(3cos 5—1)/2
(48)

It is worthwhile to mention that the scattering in this case
for the angle 8=0 is equivalent to the scattering of an iso-
tropic sphere ' with e, —1 =g—r).

V. NUMERICAL RESULTS AND DISCUSSION

The scattered light from a nematic droplet depends on
the impact angle 8 and the angle of polarization uo as we11

as on the scattering angles 5 and y. It is useful to exam-
ine some of these dependencies that are predicted by the
theory, particularly as they relate to electro-optic applica-
tions where nematic droplet dispersions are utilized. In
this regard we choose values of ni =1.52 and n~~

——1.70
which are typical of cyanobiphenyl compounds known to
form droplets in soxne polymeric materials. ' In our
choice of n~ =1.55 we select a value which is purposely

6(d e g)
&80

FIG. 7. The dependence of the differential cross section on
the scattering angle for 8=m./2 and a=0 for the case of very
high field {R/g= ao } with kR =0.5 in curve a and kR =1.5 in
curve b; zero-field tangential surface alignment with kR =0.5
in curve e and kR =1.5 in curve d; zero-field normal surface
ahgnment with kR =0.5 in curve e and kR =1.5 in curve f.
The parameters used are (=0.04, t) =0.08, aud y=0.
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log-plot illustrates the characteristic Rayleigh A, depen-
dence for values of kR &2 as well as the effectiveness of
nematic droplets as light scatterers. It is seen from the
plot that the radial configuration as well as the high-field
case where the incident light is polarized orthogonal to
the aligned directors are very nearly equivalent in their
scattering power to that of an isotropic droplet. The
strongest scattering [Figs. 5(a} and 5(b)] occurs with the
bipolar droplet configuration and field aligned case where
polarization is parallel to the direction of n~~. The fact
that plots f and g of Fig. 5 lie below the isotropic case is a
refiection of the choice of n being above the value of ni

The angular dependence of the differential scattering

cross section for different director configurations, droplet
sizes, and impact angles are shown in Fig. 6. %e show
the results for three director configurations: the radial or
star configuration created from normal surface alignment
at the droplet wall, Fig. 6(a); the bipolar configuration
from tangential wall alignment, Fig. 6(b), and parallel
director configuration from an applied field, Fig. 6(c).
These figures illustrate several general features. Firstly,
there appears little difference between the forward and
backward scattering from smaH droplets whereas the
difference becomes quite pronounced for large droplets
(kR & 1}. When the size of the droplet becomes compar-
able to the wavelength of light there are phase shifts in-

5.0~10 4

da/d0
(k R)4co

9Q 0 (d eg)
18Q

).C)x&Q 5

dc/d A

(kR) c

O.5) 1Q 5

0 (deg)

FIG. 8. Dependence of the ( do /d 0)
~~

(curve a), ( do. jd Q)~ (curve 6), and of der/QQ dashed curves on the polarization angle a is
shown for normal surface alignment in (a) and for tangential alignment in (b). The parameters used are incident angle 8=0, scatter-
ing angle 5=30', y =0, /=0. 04, g =0.08, 8 /f =0, and kR =1.5.
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side the droplet and the waves interfer to destroy the sym-

metry between forward and backward scattering.
Secondly, the angular dependence appears to be strong-

ly dependent on the director configuration inside the
droplet, particularly for larger droplets. This disparity be-
tween different director configurations is more pro-
nounced at large scattering angles. These results suggest
that with an independent measure of droplet size, light
scattering could be used to determine the director configu-
ration in the droplet and hence the surface alignment at

the droplet wall. It is interesting to point out that the an-

gular dependence exhibited in Fig. 6(c} is identical to the
case of an isotropic droplet. In Fig. 6(c} the impact angle
and polarizations are such that they give minimum
scattering from the aligned droplets.

The impact angles and polarizations which give max-
imum scattering are those which yield the plots of Fig. 7.
It is clear from this figure that droplets with a star config-
uration are poor scatterers compared to those of the bipo-
lar or aligned type. Parallel surface alignment is therefore
desired in droplet dispersions used in electro-optic switch-

ing devices. The symmetry between forward and back-
ward scattering for small kR is particularly evident in
these plots.

The dependence of the differential cross section upon
the polarization angle of the incident light is shown in
Fig. 8 for a specific scattering angle. There is seen to be
very little dependence of the total differential cross sec-
tion, upon the polarization angle for some types of nemat-
ic configurations. It is clear from these plots that one can
achieve substantially more information by measuring dif-
ferential cross sections for both

~ ~
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FIG. 9. Small-angle light scattering Iv~ patterns for 8=0
and 5 & 15' in case of normal (a) and tangential (b) surface align-
ment. The parameters used are /=0. 04, s}=0.08, R //=0, and
kE. =2.0.

0
0

8 (deg}

90

FIG. 10. Dependence of the total scattering cross section on
the incident angle 8 for the case of high field (R/g= ao ) with
curve a for kR =0.15 and curve e for kR =1.5; external field
where R//=5 for tangential surface alignment represented by
curve b for kR =0.15 and curve g to kR =1.5; zero field for
tangential surface alignment with curve c for kR =0.15 and
curve h for kR =1.5. The polarization angle ao ——0, (=0.04,
and q=0.0S were used.



S. ZVMER AND J. %'. DO%NB

Small-angle light scattering IyH patterns predicted by
the theory are shown in Fig. 9 for the star and bipolar
configurations. The difference between these two patterns
is barely noticeable suggesting that SAI.S scattering
would not be a good method for determining director con-
figuration inside small droplets where RGA treatment in
applicable.

Important for electra optic shutters is Fig. 10 which
shows the dissidence of the total scattering cross section
upon the orientation of a droplet relative to the direction
of incident light in various field strengths. In thin films
with dispersed droplets the transparency is given by
1 N5—, where N is the number of droplets per unit of the
surface. Curves a and e at 8=0 determine the tran-

sparency of such a film in the presence of the field {ON
condition). %'ith a perfect match between rt and ni
there would be no scattering at all {e=O) for this condi-
tion and the film would be perfe:tly transparent. Curves
c and h give the cross section in the absence of a field
{OFF condition). Normally there is a random orientation
of droplets in a film. The opaqueness of the film is then

determined by the help of this curve. The ratio in the to-
tal scattering cross section for the field ON and field OFF
condition gives the contrast for an electro-optic shutter
where the light from the shutter is collected in a small
solid angle.

The effect of total cross section on the impact polariza-
tion is seen in Fig. 11 for nematic droplets in the presence
of a field of intermediate strength. These curves suggest
the use of nematic droplet dispersions as light polarizers.
Such polarizers could be switched from a polarizing to a
nonpolarizing state by application of an external field to
orient the droplets.

The dependence of the total scattering cross section on
refractive index of the medium n is seen in Figs. 12 and
13. Figure 12 shows that the dependence of total cross
section on the impact angle is strongly affected by the
values of n~ Ac. rossover in the dependence is observed
as n is varied. Nematic droplets with normal and
tangential wall alignment in the presence of a field of in-
termediate strength show little difference in their light
scattering properties.

0,008

(kR) a
2Qx)03

0.004

1.0x16

a(deg)

9{dog)
90

FIG. 11. Polarization dependence of the total cross section in
the case of tangential surface ahfplInent~ curve 8 for kE =0.5
and curve c for kR =1.5, and in the case of md~ alignment,
curve b for kR =0.5 and curve d for kE =1.5. The other pa-
rameters are: R/g'=5 (intermediate field strength) e=s/2,
/=0. 04, and i) 0.08.

FIG. 12. Dependence of the total scattering cross section on
the incident angle, 8, for different surrounding medium dielec-
tric constants: e =2.8 (curve a, tangential alignment; curve b,
normal alignment); e =2.6 (curve c, tangential; curve d, nor-
mal); e =2.4 (curve e, tangential; curve f, normal). The other
parameters are 8 /f =5 (medium strength of the external field),
ix0=0, / =0.04, and rl =0.08.
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0.020

{kR) Qo

at a value of e =2.4 or n~=(e )'~z=1.55. Though not
illustrated, it is evident that for fields of high strength
where the directors in the droplet are all aligned parallel
to the direction of the field, the minimum would occur at
n~ = 1.52 which is the value used for ni in the numerical
calculation. As in previous figures there is little differ-
ence between droplets with tangential and normal wall
alignment in intermediate fields. It is interesting to note
that a minimum occurs for the case where light impinges
at right angles to the applied field. This minimum occurs
at n = (e )

' = 1.65 which is near the value of
n~~

——1.70. In electro-optic applications it is worthy to
note that curves a and b rise more sharply than curves c
and d as the e~ is lowered below the value 2.4. This sug-
gests that higher contrast switching might be better
achieved below the minimum even though a film of drop-
let dispersions is less transparent in its ON condition.

VI. CONCLUSIONS

FIG. 13. Dependence of the total scattering cross section on
the surrounding medium dielectric constant. Tangential surface
alignment is represented by curve a for the incident angle
8=~/2 and curve c for 8=0. Normal surface alignment corre-
sponds to curve b for 8=m/2 and curve d for 8=0. The other
parameters are R/)=5 (intermediate field strength), ao ——0,
(=0.04, and sl =0.08.

Finally, Fig. 13 illustrates the role of refractive index
matching. For the case where incident light is parallel to
the applied field of intermediate strength [Figs. 13(c) and
13(d)] the minimum in the scattering cross section occurs

We have presented for the first time a study of light
scattering from submicron birefringent nematic droplets.
The effects of various director configurations which result
from different types of molecular anchoring at the wall of
a spherical droplet presented. The differential scattering
cross section is shown to exhibit strong dependencies on
the incident and scattering angles in which different direc-
tor configurations can be readily distinguished and used
for the experimental study of droplet structure. The fact
that these scattering effects can be controlled by an ap-
plied field introduces numerous electro-optic applications.
Studies of scattering from a collection of droplets where
interdroplet interference effects are taken into account are
in progress.
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