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Chiral nematic droplets with parallel surface anchoring

F. Xu and P. P. Crooker
Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822

~Received 26 June 1997!

Chiral nematic droplets of various radiiR and intrinsic pitchP with parallel boundary conditions have been
observed using a polarizing microscope. The visual appearances of the droplets have been compared with
computer simulations from model director fields. It is found that the director configuration depends strongly on
the ratioR/P. For P.R, the droplets have a twisted bipolar structure. ForP,R, the director field takes on the
Frank-Pryce structure. ForP!R, the droplet appearance is similar to that of a radial nematic drop, but the
director field is still described by the Frank-Pryce model. We present a phase stability diagram for the two
structures, and show how the structural transition between them proceeds continuously through intermediate
states.@S1063-651X~97!09312-4#

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

Liquid crystals confined in restricted geometries ha
been intensively studied in recent years.@1–3# This interest
has been both scientific and technological. Scientifica
confinement produces unusual textures and defects due t
topological incompatibility between the bulk and surfa
alignment of the liquid crystal molecules. In addition, co
finement may also modify the phase transitions of some
uid crystal systems. When parameters such as tempera
external field, chirality, and the elastic constants of a c
fined liquid crystal change, unusual structural and thermo
namic phase transitions occur which do not occur in the b

Technologically, surface alignment and texture format
are always the most important factors in any application
liquid crystals. In twisted nematic or super twisted nema
displays, liquid crystals are confined between aligning pla
surfaces to achieve a texture useful for electro-optical
fects. In polymer-dispersed liquid crystal display
micrometer-sized nematic droplets with aligning surfaces
used for light switching@4#. In both cases, the confinin
surface provides a characteristic texture alignment of the
uid crystal, and an electric field transforms that texture
another texture with different optical properties.

In this paper we are concerned with liquid crystals
droplets. The main structures ofnematicdroplets have been
identified @5–9#, transitions between those structures ha
been studied@10#, and several techniques for structure det
mination have now become well established@5,10#. More
recently, confinedchiral nematicliquid crystal systems have
become interesting because of their very unusual struct
and defects@11,12#. Understanding chiral nematic structur
is also of practical importance, because chiral nematic dr
lets have been used to develop color displays@13#.

Because of their intrinsic chirality, structures of chir
nematic systems are more complicated than those of ne
ics. Although some structures of chiral nematic droplets a
cylinders have been found experimentally, the relations
tween those structures and the controlling paramete
elastic constants, temperature, surface anchoring stren
external field, or intrinsic chirality—are hardly known. R
cent theoretical studies on chiral nematic droplets by Zum
561063-651X/97/56~6!/6853~8!/$10.00
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and co-workers@14,15# provided a good understanding o
these systems, although some of their derived results are
to be tested.

This paper presents an experimental study of the beha
of chiral nematic droplets with parallel boundary conditio
as the chirality and droplet size are changed. Our techni
consists of recording images of the drops using polari
microscopy, and comparing them to simulated images ca

FIG. 1. ~a! Chirality 1/P of the ZLI-4788-000–S-811 mixture vs
concentrationX of S-811.~b! Chirality of the ZLI-2806–D-112–
D-13 mixture vs temperature.
6853 © 1997 The American Physical Society
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6854 56F. XU AND P. P. CROOKER
lated from proposed director fields. From this comparison
are able to determine the director field and how it depends
chirality. We also describe a mechanism which shows h
the transition between two topologically different structur
can take place continuously.

II. EXPERIMENT

Two different liquid crystal mixtures were used in th
study. To study the droplet structures in stable configurati
we used mixtures of ZLI-4788-000~a propriety nematic
from E. Merck! and a chiral dopant S-811~E. Merck!. The

FIG. 2. Evolution of texture with pitchP. ~a! P57.4mm and
R58.2, 10.3, 13.0, 18.9, and 31.4mm from top to bottom;~b! P
517.7mm andR511.5, 17.7, 19.5, 22.5, 34.8, and 41.0mm from
top to bottom.
e
n

w
s

s

chirality q51/P ~where P is the pitch! of the mixture is
proportional to the concentration of S-811 as shown
Fig. 1.

To study the evolution of the structural transition wi
continuously changing chirality, we used a mixture of ZL
2806 ~a proprietary nematic mixture from E. Merck!, and
D-112 and D-13~chiral dopants synthesized at Technic
University Berlin @16#! in the weight percent ratio o
96.80:0.35:2.85, respectively. The chirality of this mixture
linear with temperature, also shown in Fig. 1.

Chiral nematic droplets were obtained by dispersing
chiralized liquid crystal into a polymer matrix made of equ
weights of polyethylene glycol and polyvinyl
pyrrolidone~Aldrich Chemical!. The matrix components
were mixed at 150 °C, then the liquid crystal was added
form isotropic droplets. The dispersion was then sandwic
between glass slides separated by 150-mm spacers, and
cooled to room temperature. The high viscosity of the po
mer at room temperature~due to the polyvinyl-pyrrolidone!
prevented the liquid crystal droplets from floating to t
sample boundaries. Both liquid crystal mixtures possess
allel molecular anchoring at the polymer boundary.

Visually the droplets appeared spherical, as can be
pected for a surrounding liquid matrix, and there was
observable tendency for the director field to drive the drop
shape away from that of a sphere. Droplet diameters ran
from less than 1mm to over 100mm. A polarizing micro-
scope~Zeiss Universal! was used to measure the diamete
of the droplets and to observe their transmission patte
The sample was placed between crossed polarizers, illu
nated monochromatically by a sodium lamp (l5589 nm),
and either visually observed, photographed, or recorded

FIG. 3. Examples of drops with~a! low chirality P.R, ~b! high
chirality P,R, and~c! very high chiralityP!R.
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56 6855CHIRAL NEMATIC DROPLETS WITH PARALLEL . . .
video tape. The pitch of the liquid crystal mixtures was se
rately measured using the Cano ring technique@17#.

III. RESULTS AND DISCUSSION

The director field of a chiral nematic liquid crystal dropl
depends strongly on the radiusR of the droplet and the pitch
P of the liquid crystal. Other factors which may affect th
structure are the elastic constant ratios, the surface ancho
strength, and the dielectric~or magnetic! anisotropy when an
external field is applied. In this paper we only study t
effects of size and pitch, leaving the effects of other para
eters for future work.

In Fig. 2, we show images of droplets of ZLI-4788-00
and S-811 as seen under the polarizing microscope. In
2~a!, P57.4mm, and the radii vary from 8.2 to 31.4mm. In
Fig. 2~b!, P517.7mm, and the radii of the droplets varie

FIG. 4. A chiral nematic drop withP.R. Left column: droplet
axis ~a! parallel to polarizer,~c! at 22.5° to polarizer, and~e! at 45°
to polarizer. Right column: computer-simulated transmission p
terns of corresponding photographs in left column.~g! Director con-
figuration used to calculate simulations.
-

ing

-

ig.

from 11.5 to 41.0mm. There are three regimes, which w
show in Fig. 3. For low chirality (P.R), we will show that
the structure is twisted bipolar. For high chirality (P,R),
the structure is the radial defect or Frank-Pryce structu
The third regime occur whenP!R; although the appearanc
is much different, the structure is still Frank-Pryce. The
regimes are discussed in more detail in the next few sub
tions.

A. Low chirality „P>R…

For low chirality (P.R), Bezic and Zumer~BZ! @14#
predicted a bipolar structure in which the directors lie who
in meridional planes. Our low-chirality droplets do not, how
ever, exhibit the characteristic bipolar transmission patte
When a low-chirality droplet is viewed with its axis perpe
dicular to the light and parallel to one of the polarizers~Fig.
4!, the transmission pattern shows elliptical rings with t
long axis parallel to the droplet axis and two dark regio
near the edge on a line perpendicular to the droplet axis
the droplet axis is rotated about the viewing direction, t
dark regions evolve into an offset dark ring~shown at 22.5°!,
and finally a symmetrical dark ring at 45°.

These features do not match the features previously
ported for bipolar droplets@5,9#, but are similar to our pre-
vious results for nonchiral nematic droplets with a twist
bipolar director configuration@9#. We therefore propose a
variation on the twisted bipolar model. Letnb represent a
bipolar director field, where the directors lie in the merid
onal plane, and letnc represent a concentric field, where th
directors lie in circles parallel to the equatorial plane a
concentric with the droplet axis.ntb is the twisted bipolar
director field according to

ntb5nbcosa1ncsina ~1!

wherea is the angle betweennb andntb ~Fig. 5!. Since the
liquid crystal possesses intrinsic twist, our model assum
that a, expressed in cylindrical coordinates (r,f,z), takes
the forma5a0r/r0 , wherer0 is the maximum radius of the
r2f cross section atz, anda0 is the maximum twist angle
at r0 . Here we are not trying to give a completely preci
description of the director field; our goal is rather to obta
reasonable agreement between simulations and photogr
in order to reveal the main topological features of the dir

t-

FIG. 5. Coordinates for twisted bipolar director field.



ns
e

ar
a

th
r
s

th

l,
ns

ts
the
-

y
re
ct
e

tion
the
s to

s:
ion

s.

6856 56F. XU AND P. P. CROOKER
tor field. From this model we then calculate the optical tra
mission pattern, and compare the result with the experim
tal picture~Fig. 4!.

This model differs from that for nematic twisted bipol
droplets in that the chiral nematic droplet has more twist th
the nematic droplet. The amount of twist is revealed by
two refractive lines in Fig. 6. When the director rotates mo
than 90° between the axis and the surface, there is a locu
points where the director is parallel to the light ray and

FIG. 6. A twisted bipolar droplet viewed without polarizer
Note the two refraction lines.
-
n-

n
e
e
of

e

refractive index ‘‘seen’’ by the ray is a minimum. As usua
the light refracts away from this minimum, and the regio
appear dark.

Chiral nematic droplets also differ from nematic drople
in the radial dependence of the twist, as revealed by
behavior ofa~r!. For nematic droplets, the twist is not in
trinsic, anda decays exponentially withr. For chiral nematic
droplets, however, the twist is intrinsic, anda~r! is linear.

B. High chirality „P<R…

BZ @14# analyzed three director fields for high-chiralit
droplets (P,R). The radial defect or Frank-Pryce structu
has ans52 line defect along a radius; the diametrical defe
structure has ans51 line defect along a diameter; and th
double radial defect structure hass5 1

2 and 3
2 line defects

along each half of a diameter. From a free energy calcula
they predicted that the diametrical defect structure is
most stable. It is interesting to compare these prediction
our observations~Fig. 7!.

Our high-chirality droplets appear in two manifestation
either as a concentric ring pattern with a radial disclinat
FIG. 7. Pictures of chiral nematic droplets withP,R between crossed polarizers.~a! Disclination line parallel to polarizer;~b! discli-
nation line parallel to light beam;~c! Frank-Pryce model with unescapedx52 line; ~d! and~e! simulation of~a! and~b! from model in~c!;
~f! escaped Frank-Pryce model with escapedx52 line; ~g! and ~h! simulation of~a! and ~b! from the model in~f!.
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56 6857CHIRAL NEMATIC DROPLETS WITH PARALLEL . . .
@Fig. 7~a!#, or as a spiral pattern with no disclination@Fig.
7~b!#. The former is characteristic of the Frank-Pryce stru
ture when viewed perpendicular to the disclination lin
while the latter is the same structure viewed along the
clination line. Figure 7~c! shows a cross section of the Fran
Pryce model in which the radial defect, ax52 line, lies on
the vertical radius from the center to the top. Optical sim
lations of Frank-Pryce droplets have been previously
ported by Kitzerow and Crooker@18#.

Since thex52 defect line is topologically unstable, it ca
be converted to a nonsingular line by escaping the directo
the radial direction as shown in Fig. 7~f!. In order to deter-
mine whether the observed disclination line is singular
nonsingular, we show simulations from both the origin
~singular! Frank-Pryce model and the escaped~nonsingular!
Frank-Pryce model, and compare the results with the mic
scope photographs of the droplets.

The original Frank-Pryce model is described by the dir
tor components in spherical coordinates,

~nr ,nu ,nf!5~0,cosV,sinV!, ~2!

where

V5f1qr1V0 ~3!

is the angle between the director and a meridional line~Fig.
8!. Here q52p/P, and V is a constant. The transmissio
patterns calculated from this model@Figs. 7~d! and 7~e!#
simulate the rings in the data well, except for the region n
the disclination line. Note that the observed rings are off
across the disclination line; in the simulation, the rings
not offset.

To reproduce the escaped features, we construct a
singular Frank-Pryce model by introducing an escape ange
which is 90° everywhere except near the escaped re
~Fig. 8!:

~nr ,nu ,nf!5~cose,cosVsine,sinVsine!. ~4!

To date, there is no solution for the functional form ofe ;
however, BZ proposed a model with a discrete disclinat
core where

FIG. 8. Coordinates for the unescaped and escaped Frank-P
model.
-
,
-

-
-
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n

e5 H2 arctan@~r/r 2!2#
90°

if r,r 2

if r.r 2 . ~5!

At r5r 2 these solutions are both equal to 90°, but]e/]r is
discontinuous. Unfortunately, our simulations of the core
not sensitive enough to distinguish between various fu
tional forms of e, so to bring out the general features
escape we used the simpler function

e5arctan@~r/r 2!2#, ~6!

which avoids the discontinuity in]e/]r. Otherwise, by suit-
ably adjustingr 2 , the two models can be made very simila
Photographs of the escaped Frank-Pryce structure, and
corresponding simulations, are shown in Fig. 7. Compar
the actual photograph with the simulation, it is clear that o
droplets are escaped.

Although the radial line defect in the original Frank-Pry
model is removed by escaping the director to the radial
rection, there are still two point defects remaining—one
the center and the other on the surface@19#. Figure 9 shows
both the nonescaped and escaped Frank-Pryce structure
the defects associated with them. If we take the director to
a vector as shown, the central defect has volume chargN
521, while the surface defect has a volume chargeN52
and a surface charges52. Below, we will show how these
defects can evolve continuously from the Frank-Pryce to
twisted bipolar structure.

BZ predicted that the diametrical defect (s51) structure
is most stable, but we have not observed that structure in
high-chirality samples. Nor have we observed the double
dial defect structure~s5 1

2 and 3
2!. The disagreement betwee

the theoretical prediction and the experimental results m
arise from several factors: different elastic constants, fin
surface anchoring, neglected higher-order elastic defor
tions, and escaped disclination lines. BZ discussed the
fects of the first three factors, and found that they should
change the relative sizes of the free energies of the l
defect structures. If the directors in the radial and diametr
defect structures are allowed to escape, however, BZ fo

ce

FIG. 9. Defects in the Frank-Pryce model. Lines are tangen
the director field and given an arbitrary direction toward the b
defect. ~a! The unescaped model hasx52 defect line.~b! The
escaped model has two point defects with charges shown. The
in ~b! near the axis should actually spiral around the axis.
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6858 56F. XU AND P. P. CROOKER
that the escaped radial defect structure may, under ce
conditions, be more stable than the escaped diametrica
fect structure.

C. Very high chirality „P!R…

A very high-chirality droplet~P50.82mm, R535mm!,
viewed between crossed polarizers, is shown in Fig. 10~a!.
The appearance of this droplet is very similar to that o
nematic droplet with radial director, shown in Fig. 10~b!.
Nevertheless, it is impossible for a very highly chiral ne
atic droplet with parallel surface anchoring to have a rad
structure.

Figure 10~c! shows the simulation of Fig. 10~a! from the
Frank-Pryce model withP<R. The agreement is quite rea
sonable. The similarity between Figs. 10~a! and 10~b! can be
understood using an ‘‘average birefringence’’ model. In t
Frank-Pryce structure with high chirality, the director, a
therefore the refractive index ellipsoid, lies perpendicular
and rotates uniformly about the radial pitch axis. Because
pitch is of the order of a wavelength of light in the liqu
crystal, we may take theeffectiverefractive index ellipsoid to
be just theactual refractive index ellipsoid averaged over
pitch distance. For light polarized in the radial direction, t

FIG. 10. ~a! Picture of the chiral nematic drop withP!R. ~b!
Nonchiral nematic drop with perpendicular surface anchoring.~c!
and ~d! Simulations of~a! and ~b!, respectively.~e! Frank-Pryce
model used for simulation in~c!; cylinders represent prolate refrac
tive index ellipsoids.~f! Radial model used for simulation in~d!;
refractive index ellipsoids are oblate with axes along radii of dr
in
e-

a

-
l

e

o
e

extraordinary average refractive index becomes the ordinar
index: ne,ave5no . For light polarized perpendicular to the
radius, however, the ordinary average indexno,ave is the av-
erage over a pitch length of the projection of the extraordi-
nary indexne,eff on the polarization direction:no,ave5^ne,eff&.
The effective index is given by@20#

ne,eff5
none

Ano
2sin2u1ne

2cos2u
, ~7!

whereu is the tilt of the director from a meridional plane.
Assumingne2no is small, and averaging over a pitch,

no,ave'no@11~ne
22no

2!/4ne
2#, ~8!

and so the averaged birefringence is

Dnave5ne,ave2no,ave52noS ne
22no

2

4ne
2 D . ~9!

In our chiral mixture,ne2no is about 10% of the average
index of refraction, so thatDnave'43% of n with the oppo-
site sign. We therefore construct an averaged director field
where the director is parallel to the ‘‘averaged optical axis,’’
which is the same as the pitch axis. This averaged directo

.

FIG. 11. ~a! Phase stability diagram of chiral nematic droplets in
the 1/P vs R plane; the error flags show the range of coexistence of
the two structures.~b! Comparison of theoretical and experimental
phase diagrams in theqr12R/r 1 plane, wherer 1 is the radius of the
defect core.
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56 6859CHIRAL NEMATIC DROPLETS WITH PARALLEL . . .
field is radial everywhere with birefringenceDnave and per-
pendicular boundary conditions as shown in Fig. 10~f!.

Figures 10~c!–10~d! show simulations from the Frank
Pryce model and the average-index radial model, resp
tively. Overall, the two pictures are very similar; howeve
due to calculation errors caused by the large number of s
required for any chiral model, the two simulations may diff
in detail.

D. Phase stability diagrams

For each chirality, the droplet radius at which the tran
tion between the two structures occurs was determined
measuring the sizes of the smallest Frank-Pryce droplet
the largest twisted bipolar droplet. A phase stability diagr
of the chiral nematic droplets with various chiralities a
radii is displayed in Fig. 11~a! as the chirality 1/P versus the
radiusR. The size of the error flags in Fig. 11~a! gives the
coexistence range of the two structures.

A comparison of our experimental data to the BZ theor
ical results is shown in Fig. 11~b!. In the theoretical diagram
the chirality and radius are scaled by the point defect c
radiusr 1 . Althoughr 1 is not known, we scaled our data wit
r 1510 and 100 nm for comparison with the theory. It can
seen that the chirality decreases as the radius increase
both the theoretical and the experimental curves, but the
curves cannot be fit to each other for any value ofr 1 . At
large R, the theoretical phase diagram is similar toqR
5const@14#. We test this possibility for our own data in Fig
12, whereqR is plotted versusR. We can see thatqR does
not vary much for large droplets but increases dramatic
asR becomes smaller than a few micrometers.

If the surface anchoring is perfect and the core energie
the point defects are negligible~since the core radiusr 1!R!,
then the radius-to-pitch ratioR/P should be the only param
eter to control the structures of the droplets, andqR at the
transition should be independent of droplet size. We the

FIG. 12. Phase stability diagram in theR/P2R plane. Error
flags shows the region where droplets may be either Frank-Pryc
bipolar.
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fore propose that the increase ofqR in Fig. 12 as the radius
decreases is an indication that the surface anchoring is
longer perfect, i.e., the surface extrapolation lengthj is no
longer much less thanR. Since the rise inqR takes place
whenR'5 mm, we can take that length as an estimate oj.
This relaxation of perfect surface anchoring may also b
reason for the discrepancy between the theoretical and
perimental curves in Fig. 11~b!.

E. Mapping the structural transition

As the ratioR/P is reduced, a structural transition take
place from the Frank-Pryce to the bipolar structure. It is
teresting to see the details of this transition, and, in parti
lar, to ask whether such a transition can take place cont
ously. Experimentally we found that the transition m

or

FIG. 13. Details of the bipolar–Frank-Pryce transition as
chirality decreases.~a! Surface defect splits into two surface d
fects. ~b! Two surface defects move apart, and the number
fringes becomes smaller.~c! Central defect moves toward one su
face defect and merges in~d!. ~e!–~h! Models for stages in~a!–~d!.
~e! Original N52, s52 surface defect splits into twoN51, s51
surface defects.~f!–~g! New surface defects move apart.~h! Central
N521 bulk defect combines with surface defect to produce
N50, s51 surface defect. At all stages of the process,SN51 and
Ss52.
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6860 56F. XU AND P. P. CROOKER
happen through different intermediate states, some of wh
appear quite symmetrical and others which look quite c
otic.

To study the transition process under conditions of slow
varying pitch, we used a liquid crystal mixture~ZLI-2806–
D-112–D-13! whose pitch could be continuously adjusted
changing the temperature as shown in Fig. 1~b!. Among the
many possibilities for such a transition, we show one int
esting one which was captured on video. Similar transit
processes were also observed in newly made samples o
ZLI-4788-000–S-811 mixture while droplets were relaxi
to their equilibrium states.

Figure 13 shows pictures of a chiral nematic droplet tak
during the transition from the Frank-Pryce to the twist
bipolar structure as the chirality decreases. No polariz
were used; the bright lines are from regions where the ref
tive index is changing rapidly. Also shown is our interpre
tion of the process. Figure 9~b! has already shown the bul
and surface defects in the escaped Frank-Pryce struc
Figure 13~a! shows the surface defect split into two surfa
defects, which then move apart in Figs. 13~b! and 13~c!. In
Fig. 13~d!, one of the surface defects combines with the b
defect to form the bipolar structure.

Our interpretation of this process is shown in Figs. 13~e!–
13~h!; assignment of topological charges follows the rules
Volovik and Lavrentovich@19#. Giving the director a direc-
tion toward the bulk defect, the Frank-Pryce structure st
out with a bulk defect (N521) and a single surface defe
~N52, s52!. During the transition, the surface defect spl
into two surface defects, one a half-hedgehog and the o
half-hyperbolic. Despite their differences, these defects h
d-

e
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n
the
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re.

k

f
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the same surface chargess51 and volume chargeN51. The
half-hyperbolic surface defect then combines with the b
defect to produce a newN50, s51 surface defect along
with the remainingN51, s51 surface defect. Although
these defects look the same, the difference in their volu
charges is a result of the assigned director direction an
somewhat arbitrary. Note, however, that at all times dur
the transition the rules regarding the sum of topologi
charges on a sphere are obeyed—namely, the total vol
charge is 1 and the total surface charge is 2.

IV. CONCLUSIONS

Our results agree generally with those of Bezic a
Zumer @14#, but differences in detail are evident. For lo
chirality we confirmed that chirality causes the twisted bip
lar structure rather than the predicted nematic bipolar str
ture. The inclusion of twist in the BZ bipolar model wi
certainly affect their phase stability diagram. For high chir
ity, we confirm that the structure is Frank-Pryce and not
diametrical model, and that the line defect is in fact escap
a situation which BZ also considered. Their calculatio
were difficult, however, and they could only suggest that
radial structure may have the lower energy. In light of t
above considerations, it does not seem surprising that
experimental and their theoretical phase diagrams agree
qualitatively.

Finally, we have examined in detail the process where
Frank-Pryce structure changes to the escaped bipolar s
ture. This transition has yet to be addressed theoretically
indeed, may take place in several ways. Further work on
and other such transitions should prove interesting.
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