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Possible phases in a nematic liquid crystal confined to a spherical submicrometer droplet embed-
ded in a solid polymer are analyzed in terms of a Landau—de Gennes theory. For a droplet with a
radial structure we show that the strength of the nematic-polymer interfacial interaction affects the
nematic-paranematic (partially ordered isotropic phase) phase transition and may in addition induce
a boundary-layer nematic phase. This boundary layer phase exists only in a narrow (~0.1 K) tem-
perature interval above the nematic phase for a restricted range of interfacial interactions. Also in
the radial structure the degree of ordering is suppressed close to the center of the droplet where a
defect is located. As the size of the droplet decreases, the relative size of this region of suppressed
ordering increases. Below a critical radius R, (0.22 um for 4-n-pentyl-4’-cyanobiphenyl), if the sur-
face interaction is above a critical value (gma. = 1.85X107?), the transition between the nematic
phase and the paranematic phase no longer occurs. A three-dimensional phase diagram is presented
to demonstrate the effect of the surface interaction strength, droplet radius, and sample temperature
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on the stability of phases within a droplet.

I. INTRODUCTION

There has been considerable interest over the past few
years in geometrically confined systems and related sur-
face phenomena. In the field of liquid crystals such sys-
tems are of interest due to their importance in the
electro-optic industry. Studies of a liquid crystal confined
to small droplets have been stimulated recently by the ap-
pearance of a new generation of liquid-crystal shutters
and displays based on the use of polymer-dispersed liquid
crystals' 3 (PDLC). These materials are dispersions of
micrometer-size liquid-crystal droplets embedded in a
solid polymer matrix. Droplets with a relatively small
variance in radius are formed during the polymerization
process of the liquid-crystal—polymer (epoxy resin) mix-
ture. The average droplet radius varies from the submi-
crometer region up to 100 um, depending on the condi-
tions that regulate the polymerization process. Due to a
high surface-to-volume ratio in PDLC, surface interac-
tions strongly influence the structure within droplets.
Structures of such droplets are characterized by specific
orientational and positional ordering. The latter is
present only in phases where smectic ordering appears.
Here we limit our discussion to a system where a nematic
or a very weakly nematic (paranematic) ordering is
present. In such systems a structure is characterized by
the positional dependence of the nematic order parameter
which is a second rank tensor. If the ordering is uniaxial
the structure is completely described by the director field
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(configuration) and the positional dependence of the sca-
lar order parameter S.

The types of structures commonly reported depend on
the boundary condition for the director at the surface.
For homeotropic anchoring at the polymer-nematic in-
terface the radial and axial configurations are seen; and
bipolar, twisted bipolar, and concentric configurations
occur for tangential anchoring, where the nematic direc-
tor is parallel to the droplet surface. In the radial
configuration®*® [Fig. 1(a)] the nematic director field
emerges radially from the central point defect. This
configuration is stable in the strong homeotropic anchor-
ing regime. An external field deforms the structure or
even shifts the point defect toward the surface.®”8 If the
anchoring is weak or if there is a strong external field the
axial configuration®™® is stable. In the axial
configuration the largest elastic deformations appear
close to the equator of the droplet. Depending on the
strength of the external field and anchoring the structure
can be defectless [Fig. 1(b)] or have a concentric line de-
fect in the equatorial plane®® [Fig. 1(c)]. In the bipolar
configuration®> [Fig. 1(d)], which is stable for parallel
surface anchoring if the three Frank elastic constants are
comparable, nematic director field lines resemble the
electric field between two charges of the opposite sign.
They connect the two opposite poles of the droplet lying
on the axis of the droplet. If the value of the twist elastic
constant is low the twisted bipolar'® [Fig. 1(e)]
configuration appears. There the nematic director field
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rotates around the droplet axis. In the case of a very low
ratio of the bend to splay elastic constants the toroidal
configuration!! [Fig. 1(f)] is stable. It has concentric
nematic director lines with a line defect along the symme-
try axis. The existence of some of these configurations
has been confirmed experimentally by microscopic obser-
vations>!? in supramicrometer droplets and using deu-
terium NMR (Refs. 13 and 14) and a light-scattering
study!® in submicrometer nematic droplets.

Most of the work probing the spatial dependence of the
order parameter has been for the case of a liquid crystal
in contact with a solid planar surface. These studies
show that because of the interfacial interactions liquid-
crystal molecules close to the surface exhibit some
nematic order even at temperatures corresponding to the
isotropic phase in a bulk liquid crystal.'*~%° Such a par-
tially ordered state is usually called the ‘“paranematic”
phase. In addition, Sheng!® predicted, using the
Landau-de Gennes approach, the existence of a first-
order boundary-layer transition (orientational prewetting
transition) at which the nematic order in a boundary lay-
er much thicker than the coherence length is discontinu-
ously increased. This transition may appear only for a re-
stricted range of surface interaction potential strengths
near the transition (~0. 1 K) into the bulk nematic phase.
Sheng also demonstrated that decreased enclosure size
shifts the nematic-paranematic transition towards higher
temperatures, and at a critical size the transition is re-
placed by a continuous development of nematic order.
Poniewierski and Sluckin®® studied the same system with
a Maier-Saupe model and obtained only qualitative ac-
cordance with the results of Sheng. Also some experi-
mental studies have been devoted to the effect of the sur-
face on the nematic ordering close to the nematic-
isotropic transition. The orientational wetting of planar
surfaces has been studied by evanescent-wave ellip-
sometry.?*?* The transition-temperature shift in planar
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FIG. 1. A schematic representation of the most common
structures in a nematic droplet: (a) radial, (b) axial, and (c) axial
with a line defect, in the case of homeotropic anchoring; and (d)
bipolar, (e) twisted bipolar, and (f) concentric structure, which
appear for tangential anchoring at the polymer-nematic inter-
face.
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films of varying thickness has been verified by bire-
fringence measurements.?® Preliminary theoretical stud-
ies?’ ~? have shown that in a nematic (5CB) droplet the
critical droplet radius, where the nematic-paranematic
transition becomes continuous, is R, ~0.16 ym in drop-
lets with the radial structure and R, ~0.07 ym in drop-
lets with the bipolar structure. The first experimental
evidence of this phenomenon in droplets has been demon-
strated using deuterium NMR in PDLC.3° The existence
of the surface layer transition has not yet been experi-
mentally verified.

In this contribution we study the influence of the
confinement on the degree of the nematic ordering in a
droplet of a nematic liquid crystal. To simplify calcula-
tions we limit our treatment to a spherical droplet where
a strong homeotropic anchoring induces a radial
configuration in the nematic phase. The results are ex-
pected to be at least qualitatively relevant also for more
general cases. In Sec. II we use the Landau—de Gennes
phenomenological approach and an approximate surface
interaction contribution having a term linear in the
nematic order parameter. We discuss the stability of pos-
sible phases with respect to changes in the surface in-
teraction, droplet radius, and sample temperature in Sec.
III. Special attention is paid to the neighborhood of the
nematic-paranematic phase transition where the
boundary-layer nematic phase transition may appear at
an appropriate strength of the surface interaction. The
results are summarized in a phase stability diagram.

II. LANDAU-de GENNES FREE ENERGY

In order to have a simple radial ordering in the nemat-
ic droplet we limit our discussion to cases where a strong
homeotropic anchoring is enforced at the spherical drop-
let surface. The nematic director n is radial everywhere.
There is only a splay-type elastic deformation, and the
symmetry of the local director fluctuations is not broken.
Therefore uniaxial ordering is expected. This, together
with the fact that the radial director field does not
change, enables us to completely describe the phase in
such a droplet by a single scalar order parameter. The lo-
cal value of the orientational order parameter S(r) is
given by S(r)=(3cos’0—1) /2, with 0 being the angle’
between the average and instantaneous direction of
nematic director n at a point r and { ) indicating time
average.’!

To find the possible phases we minimize the
Landau-de Gennes free-energy density f(r), which in
the absence of an external magnetic or electric field can
be written as a sum of a surface interaction term f, and
two bulk terms: f,, which does not vanish in the homo-
geneous phase; and f,, which is different from zero only
in a nonhomogeneous phase. For f, we use the well-
known expansion in terms of the powers of the order pa-
rameter:>

2 3 4
Fa=rfolT) +aATS——bS~+c§4—, (1a)
where f, is the free energy of the isotropic phase and a,
b, and c are the Landau phenomenological material con-
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stants, which can be determined by comparison with ex-
periments. Instead of the absolute temperature T, we use
the temperature AT =T — T, which is measured relative
to T, —the temperature of the supercooling limit.

Following Sheng®? the f, term, which includes the
lowest allowed powers of the derivatives of the director
field and order parameter, can be written as

fa=3L(VSP+2L S’ [(V-n)?+(VXn)?]. (1b)
Here we use a single elastic constant approximation (cor-
responding to L,=0 in Ref. 32), where L, is a
temperature-independent constant. According to the as-
sumption of strong anchoring the molecules are on the
average oriented along the easy direction at the nematic-
polymer interface so that the surface interaction depends
only on the degree of orientational order.* Following
Sheng, 1° we use the simplest form of the f term:

f,=—GS8(r —R) . (1c)

Here G is a a surface coupling, R the droplet radius, and
8(r —R) a delta function.

For the case of the radial configuration within the
spherical droplet, the free-energy density can be written
in terms of a dimensionless spherical coordinate p=r/R
and dimensionless constants A=2(R /&),
C=cR*2/9L,), B=bR*2/9L,), g=2(G/V'aL\T,),

A=R /&, where &,=[L,/(aT,)]'”? is the zero-
temperature coherence length:
9L ||4AT , 2 Bs?® , cs*
— T)==>— = + = 229

Tl D= o, Y S5 T

1 [as |?

+—= 1| —qAS&(1— .2

6 | 3p q (1—p) (2)

The minimization of the free-energy functional

F([S(r)])=ff(r)d3r leads to the following differential
equation:

as 205
3p> pop

AT, 4
Tv p

*

3 S —BS?+CS3? | =0,

(3)

which must be solved to get the positionally dependent
order parameter S(p). In the center of the droplet (p=0)
there is always a defect, so the solution must satisfy the
condition S(p=0)=0. On the outer surface the minimi-
zation of the free energy with a variable end point [i.e.,
S(p=1) is a variable] leads to the boundary condition
(38 /9p),=1=3gA. Results obtained for various cases are
discussed in the following section.

III. RESULTS

In the first step the partial differential equation (3) is
solved numerically using the relaxation method for a
chosen surface order parameter value S(r =R). In the
second step the surface free-energy term is taken into ac-
count and the equilibrium value S (r =R)=.S|, is obtained
after the minimization of the total free energy. In the
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calculations we used parameters characteristic of the
common nematic liquid crystal SCB [a =0.1319X10°
J/m*K), b=1.836X10° J/m? ¢=4.050X10° J/m3,
L,=6X10"'2 J/m, and T, =307 K, which is 1.402 K
below the bulk transition temperature]. In Fig. 2 struc-
tures for three different temperatures in a droplet of ra-
dius R =0.4 um are presented. The bars indicate the
director field and the length of the bars is proportional to
the local value of S(r). We see that the ordering is al-
ways nonuniform, and therefore there is no longer a clear
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FIG. 2. Computer simulation of the radial structure in a
spherical droplet with radius R =0.4 um in a nematic phase [(a)
AT~1.30K, (b) AT ~1.415 K] and in a boundary layer nemat-
ic phase [(c) AT ~1.415 K]. The length of the bars is propor-
tional to the local order parameter.
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distinction between the ordered and disordered phases,
unlike the bulk case. In the following the term
paranematic (P) will be used for the phases where there is
only a thin weakly ordered [S;<<Sy,u=4b/(3c)]
boundary layer. The term nematic (N) will be used for
the phase where S (r)~const~.Sy in a substantial part
of the droplet. The term boundary-layer nematic phase
(Npgp) will stand for a phase where a major part of the
droplet is in the isotropic phase but where there is a
strongly ordered boundary layer [S (boundary layer)
~ Shuik]-

Let us first examine droplets with relatively large ra-
dius (R =1 pm~2600&,) so that the effect of the defect is
small. In Figs. 3(a) and 3(b) the temperature dependence
of the surface order parameter S, is compared with S,
which is defined by averaging S (r) over the whole drop-
let. The different curves correspond to different strengths
of the surface interaction where the dimensionless param-
eter g ranges from zero to 2.1X 1073, It is obvious that
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FIG. 3. (a) Calculated order parameter S, at the polymer-
nematic interface and (b) the average order parameter S plotted
as functions of temperature for different surface interactions
and R =1 um. The simultaneous jump in S and S, reflects a
transition from a paranematic to a nematic phase, and a jump
visible only in S, indicates a transition from a paranematic to
an Np; phase.
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for any finite g value, nematic molecules at the droplet
surface are partially ordered also at relatively high tem-
peratures, corresponding to the isotropic phase in the
bulk case. According to our definition this is a
paranematic phase. With decreasing temperature at rela-
tively low surface interaction strength (g <0.85X1073),
the paranematic phase at the transition temperature
T,(q,R) discontinuously transforms into the nematic
phase. The first-order transition is manifested by a jump
in Sy and S values, indicating sudden ordering both in the
droplet interior and on the droplet surface. This transi-
tion temperature weakly increases with increasing q. For
surface interactions with ¢ >¢,;,(R)~0.85X10"° the
surface coupling is strong enough to induce the appear-
ance of a boundary-layer nematic phase (Ng; ), which is
manifested by an additional discontinuous change in or-
dering of molecules in a surface layer relatively thick
compared to &, This first-order orientational prewetting
transition occurs at T,(q,R), which is slightly above the
temperature of the transition into the nematic phase T,
so that the Ny; phase is stable only in a narrow tempera-
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FIG. 4. (a) S, and (b) S as functions of the surface interaction
at different sample temperatures in a droplet with a radius 1 ym
well above the critical value R, ~0.22 um.
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ture interval ( <0.1 K, depending on the liquid-crystal
material and the surface interaction strength). It is ac-
companied by a substantial jump in the surface ordering
S, [Fig. 3(a)], while S [Fig. 3(b)] is only weakly influenced
because the ordered boundary layer consists of only a
small fraction of the volume of the droplet. With increas-
ing g the transition temperature 7T,(g,R) slightly shifts
towards higher values. For even stronger surface interac-
tion with g >¢g,,(R)~1.9X107* the surface coupling
dominates the ordering close to the surface. The order in
the surface layer changes continuously with temperature
and the distinction between the paranematic phase and
the Ny, phase disappears. The P-Np; transition line
ends in a critical point at g,,(R). As will be discussed
later, g,;,(R) and g, (R) are nearly constant for all
R >0.22 pm.

In Figs. 4(a) and 4(b) the changes of the ordering
within an R =1-um droplet as a function of the surface
interaction g are illustrated by the functions S(q) and
So(q). The various curves correspond to different values
of AT. At T =1.38 K the droplet is in the nematic phase
for all g. With increasing surface interaction the ordering
of molecules near the droplet surface is continuously in-
creasing [Fig. 4(a)], while the ordering within the droplet
is only weakly influenced [Fig. 4(b)]. At AT =1.405 K
the droplet is in the paranematic phase at small-g values
but the temperature is still low enough for the nematic
phase to occur at higher surface interactions. For tem-
peratures above AT ~1.415 K the nematic phase is not
stable anymore. In the temperature interval 1.415
K <AT <1.6 K, as g increases there is a P to Ng; transi-
tion. At still higher temperatures only the P phase is
stable.

In Fig. 5 the spatial variation of the order parameter
within a droplet above and below the N-Ny; and Ny, -P

A: AT=1300K
B: AT=1380 K
CrC AT =1415K D;D: AT =1510K

S(r)] g=15x107
R=04pm

r{pm)

FIG. 5. Spatial variation of the order parameter within a
spherical droplet of a radius R =0.4 um and surface interaction
g~1.5X1073. Curves 4, B, and C~ correspond to the N
phase, C* and D~ to the Ny phase, and D™ to the P phase.
Cases C correspond to describe the N-Np; transition and cases
D to describe the Ny, -P transition.
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phase transitions is shown. For a droplet radius R =0.4
um~1040£, and the surface interaction strength
gmin(R)<g=1.5X10"%<gq_ . (R), both transitions
occur and the thickness of the surface layer is ~R /10.
The N-Ny; transition is at AT =1.415 K and the Ny -P
transition at AT =1.510 K.

At small radii the ordering in most parts of the droplet
is affected either by the elastic deformations or by the
surface interaction. At a critical radius R =R, ~0.22
um~570&, and g >gq.;, (R, the transition from the
nematic phase to the Ng; phase becomes continuous (i.e.,
the N and Ng; phases become identical) and below R,
there is no longer an N-Np; transition. An example of
this is evident from the temperature dependence of S,
and S [Figs. 6(a) and 6(b)] for different values of ¢ in a
droplet with R =0.1 pum~260§,. At large
g > gmax(R)~1.7X 1073, the three phases are indistin-
guishable. No transitions occur. The order simply in-
creases smoothly as AT decreases. Below g,,,(R) the
transition between the P phase and the Ng; phase at T} is

00 T I T T
' AT (K)

i

(b} R=01pm

02+~

q=10°
0 |0

00

FIG. 6. (a) Surface ordering and (b) average parameter S as
functions of temperature for various surface interactions in a
droplet with radius 0.1 pum well below the critical value
R, ~0.22 um.
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discontinuous, but the Ng; and N phases are indistin-
guishable and no further transition occurs. The jump in
S is even larger than at R =1 um ~2600¢,, since in small-
er droplets there is a larger relative amount of molecules
in the ordered surface layer. This is evident from the spa-
tial dependence of the order parameter below and above
the gn.(R) shown in Figs. 7(a) and 7(b). In Figs. 8(a)
and 8(b) the effect of the surface boundary-layer
nematic-paranematic transition on the discontinuity of
S, and S in small droplets is shown.

IV. DISCUSSION

The results described above are summarized in the
temperature-surface interaction-radius phase diagram
(Fig. 9) presenting stability regions of the paranematic,
nematic, and boundary-layer nematic phases. The phases
are separated by ‘‘transition surfaces.” The N-Ng; sur-
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04 B: AT =1275K R=01pm
[ AT =1350K
D: AT =1425K
03k E: AT =1500K
02}
01k
00
000 005 010

r{um)

FIG. 7. Variation of the order parameter S(r) in a droplet
with radius well below the critical value R, at different tempera-
tures and surface interactions: (a) ¢ ~0.4X107°<g.,, and (b)
g~1.7X1073>¢.... In (a) curves 4 and B correspond to the
N phase, C and D~ to the Ny, phase, and D™ to the P phase.
Cases D demonstrate the Npg;-P transition. The Ny and N
phases are indistinguishable. In (b) all phases are indistinguish-
able.
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face terminates at small R in a line of critical points R,
where the distinction between the two phases vanishes.
At small g the N-Ny; surface merges in a line of triple
points ¢ ;. (R), with the P-Ny; surface and the P-N sur-
face. The P-Nyg; surface terminates at large g in a line of
critical points, g,,,, where again the distinction between
the corresponding phases vanishes. Regions of small ¢’s
and R’s, where our strong anchoring assumption is par-
ticularly unrealistic are not shown. More attention is
paid to the area close to the triple line, which is presented
in Fig. 10 in detail where a projection of the three-
dimensional phase diagram on the temperature-surface
interaction plane is drawn. The projections of the line of
triple points q,,;, and of the two critical lines g ,,,, and R,
on the temperature-radius and the surface interaction-
radius planes are shown in Figs. 11(a) and 11(b). The line
of critical points R, is practically parallel to the g axis
and the line of triple points is practically parallel to the R
axis, while the q,,,, curve is nearly parallel to the g axis
for small radii (<<R_) but nearly parallel to the R axis
for R >R,.

Se la) R=01pum
0.4 |
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02}
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103q

FIG. 8. Variation of (a) S, and (b) § with the surface interac-
tion at different temperatures. The droplet radius is 0.1 pum,
which is below the critical value R, ~0.22 pm.
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FIG. 9. Three-dimensional phase diagram of a nematic liquid crystal confined to a spherical droplet as a function of the surface in-
teraction, droplet radius, and sample temperature. All “transition surfaces” correspond to first-order transitions. The lines of con-

stant radii in each transition surface indicates its nature: lines marked (—.—.—:) are in the P-N transition surface, lines marked
(——) are in the Ng-N transition surface, lines denoted (— — —) make up the P-Ny; transition surface for droplet radii
R >R, ~0.22 pm, and the lines marked (---—--—) give the P-Npg; transition surface for droplet radii R <R..

142 T Let us first concentrate our attention on the droplet
Y dii above the critical value R,. In the regime of weak

il radii above the critical value R.. In the regime of wea
AT(K) ,’I /II/ surface interaction where ¢ <0.39X 1073 the transition
Y] temperature from the paranematic to the nematic phase
I 0.4 decreases with decreasing droplet size because the
fl. Illl influence of the director field distortions around the de-
/' “’{ fect overcomes the ordering effect of the surface. At
/177 06 larger values of g, where 0.39X107%<gq <0.96X1073

16 |- Ve
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v i/
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P / / /
140 '//'/ A /1 { |
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FIG. 10. For several droplet radii the projections of the sta-
bility regions on the temperature-surface interaction plane are
shown close to the triple point. The reference line at
AT ~1.402 K indicates the bulk nematic transition. The fol-
lowing notation is used: the line ( ) for an Ng;-N phase
transition, the line (—.—.—.) for a P-N phase transition, the
line (— — —) for a P-Ny; phase transition if R > R, ~0.22 um,
and the line (—--—-- —) for a P-Ng; phase transition if R <R,.

the surface ordering interaction dominates the disorder-
ing effect of the distortion. Therefore in this g range the
transition temperature in smaller droplets is higher than
in larger droplets (see Fig. 10). In the neighborhood of
g =qmin~0.96X 1073 the surface interaction becomes
strong enough that it can also induce a separate Np;
phase before the transition into the nematic phase. The
N to Np; transition temperature only slightly changes
with increasing surface interaction, but with increasing
radius decreases and approaches the bulk transition tem-
perature AT, ~1.402 K, because of the decreasing sur-
face influence on the average molecule. The P-Ny; tran-
sition is nearly independent of R for R > R_, but shifts to
larger AT as g increases above q ;.

Below the critical radius R =R, where the Ng; phase
cannot be distinguished from the nematic phase, the tran-
sition temperature to the paranematic phase strongly de-
pends on the interaction g and radius R and is in most of
this region suppressed far below T, . The line of criti-
cal points q,,,, strongly depends on radius as well (Fig.
11).
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Finally it should be mentioned that if the elastic con-
stants are allowed to be different from each other (.e.,
L,70) no qualitative changes are induced in the phase
diagram. To show this we studied the spatial dependence
of the order parameter in the neighborhood of the point
defect where the behavior is believed to be very sensitive
J

S , 2 a8
ar? + r or

(3L,+L,) — | la(T—T,)+ =

Solutions for S(r) deep in the nematic phase (AT = —35
K) for the radius R =0.1 um~260&, are presented in
Fig. 12. Our single elastic constant L, =0 is compared to
the L,=L, and L,=—L, cases. Only minor differences
in the behavior of the S () function are observed.

V. CONCLUSIONS

We have studied phases with nematic-type ordering in
a liquid crystal confined to a submicrometer droplet. Our
discussion is limited to the case where liquid-crystal mol-
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FIG. 11. Lines of critical points R, and ¢,,,, together with
the line of triple points g, projected (a) on the temperature-
radius plane and (b) on the surface interaction-radius plane.
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to the change of parameters. Taking into account
Sheng’s two-elastic-constant version®? (L, and L,) of the
Landau—-de Gennes expansion, the differential equation
describing the spatial dependence of the order parameter
reads

S
2

S —bS*+cS? | +3L,==0. (4)

[

ecules orient on the average perpendicularly to the sur-
face (strong homeotropic anchoring). In addition, the in-
terfacial contribution to the free energy is assumed to be
proportional to the degree of local orientational order.
Although such a situation can be only partially realized
in a real system the simplicity of the treatment and the
relevance of the results for more complicated cases justify
the use of our model. Strong perpendicular anchoring on
the surface yields a radial direction of the director field
and thus enables the use of a simple uniaxial (scalar) or-
der parameter in the Landau—de Gennes expansion of
the free energy.

The stable structures that result are influenced by the
interplay of three phenomena: spontaneous nematic or-
dering, surface-induced nematic ordering, and depression
of nematic ordering in regions of high elastic distortion.
For large radii R >0.22 um~ 570§, the transition be-
tween the nematic phase and the paranematic phase
occurs directly only for ¢ <gq,,;, and ¢ >q,,,. In the first
case the paranematic phase exhibits weak surface-
induced ordering while in the second case this ordering is
high. In the intermediate range of g a separate phase
with a relatively thick nematic boundary layer appears.
In the limit of large droplet radii our results match with
Sheng’s predictions!® for a nematic liquid crystal confined
between parallel walls. For infinitely separated walls he
obtained gq,,;, ~1.04X 1073, g,.., ~2.12X 1073, For the
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FIG. 12. The spatial variation of the order parameter near
the point defect deep in nematic phase for three different sets of
constants L; and L,.
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droplet radii R =1 um~2600£,, where the limit R —
is not yet realized, we got ¢p;,~0.96X107° and
Gmax~1.85X1073. It is obvious from our results that
even in PDLC materials, where a high surface-to-volume
ratio can be easily achieved, the surface transition will be
very hard to detect experimentally since it exists only in a
restricted range of surface interaction (q.;,<gq
< g max)—Wwhich is hard to control—and only in the in-
terval 0.1 K above the transition to the nematic phase.
Sheng’s dependence of the transition temperature on the
enclosure size qualitatively deviates from ours because
the elastic distortion in the radial structure depresses the
ordering within the droplet. For radii R <R, the
nematic to paranematic transition occurs only at small g
[ <gmax(R)]. We have not studied in detail the region of
small R and q since in this case the radial structure is cer-
tainly not stable in a real situation.

There are no experimental studies of small radial drop-
lets, but our results are consistent with the studies of bi-
polar droplets. A deuterium NMR study>® of the PDLC
with bipolar droplets shows that g >gq,,;, and that the
critical radius for the nematic to paranematic phase tran-
sition is between 0.35 and 0.035 um, which is in agree-
ment with a theoretical prediction 0.067 um obtained in
the limit of constant surface order parameter.?®> A much
smaller critical radius in the bipolar case is a consequence
of the minor effect of the elastic distortion on the order-
ing. There is a pronounced distortion around the poles
but the central region below and above the equatorial
plane is mostly not affected, while in the radial case the

2951

distortion in present everywhere. Therefore the bipolar
case is expected to be somewhere in between the radial
case where the effect of the distortion mainly determines
the critical radius (0.22 um) and the planar case where'’
the critical film thickness 0.02 um is a consequence of the
surface-induced ordering only.

There are several possible improvements of our simple
model. The discussion of the effect of higher terms in the
expansion of the homogeneous part of the Landau-de
Gennes free energy>? has shown that the behavior of the
order parameter close to the defect is sensitive to the in-
clusion of such terms. The ordering in the surface layer
is expected to be sensitive to inclusion of the surface
terms with higher powers of S (7) (Ref.32) and terms cor-
responding to K,, and K,; elastic constants.>* 3¢ The
most important change in our model would be omission
of the strong anchoring condition. Even in zero external
field this results in a possible appearance of the axial
configuration.®® Unfortunately, a completely general
treatment, which is much more complicated, should also
include deformation-induced biaxiality.3” Some of these
improvements will be discussed in a subsequent paper’
devoted to large nematic droplets with weak homeotropic
anchoring on the surface.
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