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Holes and disclinations in hybrid nematic liquid crystal films
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Defect patterns in hybrid nematic liquid crystal films of pentylcyanobiph€bgB) on a glycerol surface
were studied with polarized transmission and monochromatic reflected light microscopy. We report that dis-
clinations of apparent topological strength zero, stable pairslofind—1 disclinations, and higher strength
defects found in these films are stabilized by holes in the liquid crystal film. These holes are produced by a
monolayer of surfactant on the glycerol surface. In addition, we describe the topology of the director field in
the film during the coalescing of two such holes.
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[. INTRODUCTION strengths=0 are due to holes in the film§j) the topology
describing the coalescing of two holési,) the accumulation
A hybrid nematic film consists of a thin layer of nematic of topological charge on holes leading to the appearance of
liquid crystal confined between two different isotropic apparent disclinations of strength larger ttanl, and(iv)
bounding surfaces. The first hybrid nematic films were prethe origin of the holes is lipid impurities.
pared on water substratgk,2], while our system, pentylcy-

anobiphenyl (5CB) on glycerol, is modeled after that of Il EXPERIMENT

Lavrentovich and Pergamenshchik as revieweBinIn this

system the boundary conditions are plaftanding to align A. Microscopy

the nematic directon parallel to the surfageand homeotro- Free surface films were prepared by depositing a dilute

pic (tending to aligm parallel to the film normalat, respec-  gqjytion of 5CB and hexane onto the surface of glycerol and
tively, the glycerol and air interfaces. The two-dimensionaly|iowing the hexane to evaporate. The resulting films were
unit vector fieldc(x,y) is then defined as the projection of sydied using polarized light transmission microscopy and
the average onj[o thex—y plane as shown in l_:lg.(&). Early  monochromatic reflected light microscopy. Tleedirector
studies of hybrid films by Prousdt al. [2] pointed out the grientation can readily be determined from the polarized
existence of stable holes of a fixed radius playing a role INight microscopy except for the directional sense degen-
fixing the origntation of?. In particula_r, they found that holes eracy and the remainingr degeneracy can be removed by
are topologically equivalent to disclinations of strength noting thatc is fixed uniquely perpendicular the film edge as
s=+1 and are accompanied Isy- —1 disclinations. Point ~ eyplained by Lavrentovich8] [see Fig. 1b)]. The existence
disclinations in two-dimensional systems are rotational deyf holes and the associated thickness variation in the films

fects, whose strengtliis defined as the integrated rotation gre readily confirmed by looking at the interference patterns
(divided by 2r) of the c director over a path encircling the

defect. In later studies it was found that as a function of film
thicknessh a variety of patterns ig(x,y) can be observed as
reviewed by Lavrentovich and Pergamenshchik in R&¥.
These patterns include square lattices of disclinations in
films less than about 0.am thick [3,4] and stripes in films
from around 0.5um to 1 um thick [5]. In films thicker than
roughly 1 um, the patterns become more complex with the
appearance of disclinations connected hy ®alls [6] and
cellular patterng3], as well as stable disclination pairs with
topological strengths= + 1 ands= —1, disclinations of ap-
parent topological strengts=0, and higher strength discli-
nations[3,4]. An s=0 disclination, as proposed by Lavren-
tovich and Pergamenshchik, has equal amounts of positive

and negative rotation. Previously, it was reported _that these FIG. 1. Molecular orientation in a hybrid nematic film. Mol-
structures are governed by the surfacelike terms in the fregq es tend to align so that the nematic direatds parallel and
energy[3]. However, we have found that for the cases ofyerpendicular to the surface normal at, respectively, the upper and
patterns in films thicker than &m, surface elasticity is in- |ower surfaces of the film. The director (—) is defined as the
adequate to explain experimental observation. In a recendrojection of the average director onto tkey plane as shown in
publication, we reported that the disclinations connected bya). in a gradient in film thickness(x,y) the difference in orienta-
27 walls and cellular patterns are a consequence of nonuntion of n from the top of the film to the bottom is minimized when
form film thicknesq 7]. In the present manuscript we report c is parallel to the gradient, fixing thedirector normal to the edge
(i) stable disclination pairs and disclinations of apparenbf the film as shown in(b).

(a)
A
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FIG. 3. Calculated reflectance as a function of film thickness for
monochromatic light X =532 nm). As shown in(a), the minima in
the reflectances calculated for light polarized parallet tupper
curve havingn;=n.) are more closely spaced than the minima for
light polarized perpendicular ta (lower curve havingn;=n).
When both polarizations are present, the total reflectance is given
by half the sum of these curves as is showr(bih Note that the
positions of the minima irfb) are essentially the same as those of
the minima for the case of light polarized alongs indicated by
the arrows pointing to the tenth minimum in both curves.

transmission with crossed polarizers. As sketched(n the
c-director field at the edge of the hole is fixed perpendicular
to the boundary. This sketch is followed by three photomi-
crographs of the same hole taken in monochromatic reflected
light (A\=532 nm with 2(c) an analyzer parallel to thg

FIG. 2. A stable hole and disclination pair. The transmission@Xis, 2d) an analyzer parallel to the axis and, 2e) no
image in (a) shows a hole of radius=2.2 um in a thick h polarizers. The effective optical thickneg“%n(z) dz at a
~3 wum hybrid nematic film with a- 1 disclination located a dis- given destructive interference fringe is givenroy/2, where
tanced=22a from the center of the hole. Thedirector (—) is  m is the number of the interference fringe. Figuré)2s a
fixed radially at the edge of the hole by the gradient in film thick- plot of the effective optical thickness along the horizontal
ness as shown in the sketch(in). The gradient is observed in the line from the hole center for each of the photomicrographs
monochromatic X =532 nmj reflected light images as shown io) shown in Zc)—2(e).
and (d) with a single analyzer oriented horizontally and vertically,  As the index of refraction perpendicular tois known
respectively, as indicated, and (@ with no polarizers. The plot in (np=1.54), the film thickness profile is directly proportional
(f) shows the optical thicknes®p. along the horizontal radius g the optical thickness for light polarized perpendiculac.to
(white baj as determined by counting interference fringes for ver-,4 average index of refraction alorg(n.=1.67+0.05)
tical analyzer(circles, horizontal analyzefdiamonds, and no po- o then he calculated from optical thickness measurements
'Cingf(hospfsrliggaré;-rhe horizontal dimension of the photomi- i the analyzer parallel te. Assuming infinitely strong

grap pm anchoring at the two surfaces and extraordinary index of re-

fractionn,=1.73, and a uniform reorientation affrom the

in the monochromatic reflected light. The interference betop to bottom surface it is calculated thah,
tween the light of wavelength reflected from the upper and = (1/h) fn(z) dz=1.63, which is within experimental error
lower surfaces of a film of thickneds changes from con-  of the value determined using the film thickness. It is impor-
structive to destructed as the phase differencaant to note that the contrast in the interference pattern is
(2I\) [§n(z) dz changes byr. Althoughn(z) is a constant much higher for light with polarization alongthan for light
equal ton, throughout the film for light polarized perpen- polarized perpendicular to, as can be clearly seen in both
dicular toc, it varies continuously in the film from tomg) Figs. 2c) and 2d). As a result, when both polarizations are
to bottom () for light polarized alonge. The effect of the  present, Fig. &), the observed interference pattern corre-
birefringence is then to shift the interference patterns for thesponds to that of light everywhere having a polarization par-
two polarizations with respect to each other. This effect carallel to c, i.e., the optical thickness determined from the
be seen in Fig. 2 which shows ifd a photomicrograph of fringes in both the case of no polarizers and the case of
a hole in the film and its companion disclination taken inhorizontal analyzer are the same as shown in Hf. 2
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FIG. 5. Defect patterns observed in hybrid nematic filrfzs.
The c-director orientation is determined from the polarized trans-
mission photomicrograph, whiléh) information about film thick-
ness is obtained from the corresponding unpolarized monochro-
matic reflection photomicrograph. Structure (dquare box with
solid bordey is a pair ofs=+1 ands=—1 disclinations. These
disclinations annihilate after several minutes. Structuré@h& box
with the dashed bordemand 3(circle) consist of a hole and as
= —1 disclination. The holes are clearly distinguished from discli-
nations by the interference fringes in the reflected light=632
nm) image of(b). In structure 3 the disclination is trapped on the
edge of the hole giving the appearance of a disclination of strength
s=0. The horizontal dimension of the photomicrographs is
~100 pm.

of these curvegsee Fig. &)]. As is clear from Fig. &),
: — when both polarizations are present the calculated position of
air — the interference fringes is virtually unchanged from when
5CB only the polarization parallel to is present.
N\ From these observations and calculations, we conclude
glycerol % that the interference fringes in the unpolarized monochro-
s matic reflected light patterns correspond to evenly spaced
N\ contours in the film thickness of spacindgh=2\/(2n.)
=0.16 wum (for our experimenta. =532 nm).
FIG. 4. The effect of surfactant on hybrid nematic films. Shown
in (a) is a 2.um-thick film of 5CB on glycerol. The film is of almost
uniform thickness and devoid of any holés) After adding a single
drop of hexane containing a small amount of surfactanfl (g/L A drop of 5CB placed on the surface of glycerol spreads
stearic acid/hexanend allowing the hexane to evaporate, numer-rapidly until the entire surface is covered with a thin film of
ous small holes in the film are observed. These holes become morematic liquid crystal. Films of various thicknesses can be
numerous and larger with the addition of two more drops of surfacprepared in this manner and kept stapéthout the appear-
tant as shown irfc), and in the extreme case (@f) the film breaks  ance of holesfor several weeks in a clean environment. If a
up into islands after adding three additional drops to the filfchf ~ small amount of hexane is added to such a film, first the
The sketch ine) shows the molecular structure of stearic acid andhexane dissolves the liquid crystal, making the film isotropic,
a cross-sectional depiction of a hole having a monolayer of stearignd then as the hexane evaporates the nematic order returns
acid. leaving the film largely unchanged from its original state.
Holes in the film are introduced by adding hexane contami-
These experimental observations can be understood hyated with a surfactaniin our experiments we use stearic
considering a thin film of indexr, between two infinite me- acid). As shown in the photomicrographs of Fig. 4, with an
dia, air and glycerol, of indices,;, =1 andng,=1.47. For increasing amount of lipid, there is an increasing area of the
normally incident light, the complex reflectivity(h) is  film that is not covered with liquid crystal. Initially, at low

B. Generating holes

given by concentrations of lipid, tiny holes in the film are fouffig.
4(b)], the area of the film occupied by the holes increases
nl(nair—ng,y)coskh—i(ng|y—n§)sinkh with increasing concentration of lipidFig. 4(c)]. In the ex-
r(h)= treme casdFig. 4(d)] the film breaks up into islands. The

. —. 2 1 ’
N1(Nair + Ngiy)cOskh =i (ng), +n3)sinkh films with holes reported in this paper were produced by

dissolving both the surfactant, and liquid crystal in hexane
wherek=2mn, /\. The reflectanceB, given byR=|r|? for  and then depositing the hexane mixture on to the surface of
the cases of;=n, (light polarized perpendicular to) and  glycerol.
n,=n, (light polarized parallel t&) are shown in Fig. &). Initially when the 5CB, surfactant, and hexane solution is
For unpolarized light the reflectance is given by 1/2 the sundeposited on the surface of the glycerol the mixture is iso-
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A

FIG. 6. Apparant strengte=0 disclinations. An example of an
extremely small hold€less than Jum in diameter with ans=—1
disclination trapped on its edge is shown in transmissiof@jirmand
monochromatic reflected light ifb). As all of the brushes close on
themselves there is no net rotationébout this structure giving
the illusion of ans=0 strength disclination. A larger holdiameter
d=50um) is shown in(c) and sketched ir(d). In this case the
pointlike disclination[indicated by arrow inc)] can be easily dis-
tinguished on the edge of the hole.

tropic, but as the hexane evaporates there is a first-orde
transition to a nematic phase exhibiting various patterng
[3,7], as well as defects as observed in transmission in Fig
5(a) and reflection in Fig. &). In Fig. 5 there are three
structures that resemble pairs of disclination. The first, struc
ture 1(the box with the solid bordgis a pair ofs=+1 and
—1 disclinations. These disclinations are attracted to eacl|
other, moving closer together and annihilating over time as
fact a hole accompanied by @ —1 disclination. The (sollc_j and dashed box)gm (a) are moving to the right approaching
structure is stable with both the area of the hole and distanc® film edge(dashed ling and are about to be expelled from the
d separating the disclination from the center of the hole rejllm.After expulsion(b), the topological charge from the upper hole

maining constant over time. Structure@rcle) also consists (solid box is trapped as a disclination on the film edge while the
of a hole and a1 disclinz-ition but in this case the 1 charge from the lower hol@ashed boxforms a+ 1 disclination in

AT . L. the fil ted fi the film ed hed li d back
disclination is located on the edge of the hole giving the e film separated from the film edgeashed lineand moves bac

N L to the left toward the—1 disclination. The regions in the solid
illusion of a disclination of strengte=0 [4]. The holes of g

L ! boxes in(a) and(b) are enlarged, respectively, {n) and(d) while
structures 2 and 3 can clearly be distinguished fom+ 1 those of the dashed boxes arg(@h and(f). The integrated rotation

disclinations py the mterference fringes observgd in they ¢ along a path containing the holes before expulgmrand (e)

monochromatic reflected light. We have also confirmed thagy 4 defect in the filn{f) must be equal to that along a path enclos-

it is possible to make similar defect patterns through theng the defect trapped on the film edge(@. This path includes a

inclusion of silica balls 1 to um in diameter. semicircle of radiuse in the region off from the film along which
there is no rotation.

C. Hole-disclination pairs

The hole-disclination pair of structure 2 was previouslyhole as a+1 disclination and is attracted to it. However,
observed in hybrid nematic films by Prowtal.[2]. Trans- near the edge of the hole, this1 disclination “sees” a
mission and reflection light photomicrographs of this struc-boundary with ridge boundary conditions from which it is
ture in a relatively thick film(3 wm) are shown in Figs.(2) repelled. Meyef9] observed similar stable defect structures
and Zc) with the orientation of thet director in the liquid comprised of a cylindrical air bubble of radiasand a—1
crystal film drawn in the sketch of Fig(1. The radial gra- disclination in a hybrid cell. For a two-dimensional vector
dient in film thickness around the edge of the hole requires field the equilibrium position for such & 1 disclination was
to point toward the center of the hole, making it equivalentcalculated to bel= J2a [10,11] from the center of the hole.
topologically to ans= + 1 disclination, i.e.c is required to  In our system, however, the equilibrium location of the dis-
rotate through 2 along the border of the hole. At distances clinations range from approximatelj2a to more than 3,
far from the center of the hole,-al disclination “sees” the significantly further than expected from considerations of
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just the boundary conditions. This difference can be qualita- Previous report$3,4] indicated that these type-3 struc-
tively understood by considering the three-dimensional natures are disclinations of topological strengti0. These
ture of the film associated with the gradient in film thicknessreports speculate that the defect states of both structures 2
around the hol¢8]. Not only does this gradient provide the  and 3 may exist because of a net reduction in the free energy
director with the boundary condition at the edge of the hO|eOf the system due to the Sp|ay Cance"ng mechanism and
but it also acts as an aligning field anaway from the saddle-splay mechanism. However, experimental observa-
boundary. This aligning field produces the effect of an addivjons indicate thas=0 disclination are stabilized by holes as
tional repulsive force on the disclination that is dependent),nnsed to elastic stabilization. From considerations of elas-
both on f|lm thlg:kness af?d the radlqs of the ho!e. The n.e{ic energy, disclinations on a film edge with rigid boundary
_result being an increase in th_e effective hole radius eXpl"’“n(':onditions should always be repelled from that edge. In this
ing the range in separation distances. case, however, we speculate that the core energy of the dis-
clinations is reduced when the disclination is on the edge of
the film stabilizing it in that position. Our observations are as
Now we turn to discuss the formation and structure offollows: (i) a hole in the film is always present with these
holes with a single-1 disclination trapped on their bound- type-3(and type-2 structures(ii) these structures never ap-
ary, structure 3(circle) in Fig. 5@. When a surfactant is pear in the absence of a surfactamtan equivalent contami-
present, holes can often be observed to spontaneously nucleany, (iii) the disclination can separate from the edge of the
ate in a film of previously uniforne-director orientation. As  hole converting type-3 structures into type-2 structures, and
a hole opens the director must rotate in a circle ¢2 (iv) the 2 rotation of —1 disclination is confined to a nar-
around its edge to satisfy the boundary conditions. In addirow 27 wall due to geometrical anchori§] as explained in
tion, the c director is also required to rotate back throughRef.[7]. Neither strengtls=0 disclinations nor stable dis-
— 2 to maintain connectivity with the background orienta- clination pairs exist in thick hybrid nematic films without
tion, i.e., the topological charge of the film must be con-holes.
served. This reverse rotation of tleedirector usually sepa- The concept of disclinations trapped on the edge of a film
rates from the edge of the hole as am —1 disclination leads to difficulty in the definitions of both the topological
producing the hole-disclination pair of structure(@ashed strength of the hole and the disclination. The topological
box). However, occasionally the disclination remains trappedstrength of a point disclination in two-dimensional systems is
on the edge of the hole producing type-3 structures. Theypically defined to be the integrated rotation, divided ly, 2
photomicrographs in Figs.(& and &b) show an example of of the ¢ director along a closed path in the liquid crystal
a type-3 structure with an exceptionally small hole. Despitecontaining the point. However, in the case of disclinations on
its small size €1 um) it can still be distinguished as a hole the film edge such a path does not exist. One way of circum-
by the interference fringes observed in reflected light. Theventing this problem is to take the integrated rotation along a
larger hole in Fig. 6c) and accompanying schemati¢dp  path that leaves the film along the arc of a circle of radius
show the pointlike nature of the 1 disclination on the hole centered on the disclinatidsee Fig. 7d)] and attribute no
edge. rotation toc in regions out of the film. In the limit that goes

D. Apparent s=0 disclinations

FIG. 8. Coalescing of two holes in a hybrid nematic film. The reflected light image of the two (alelearly shows a thin bridge of
liquid crystal. In imagesb)—(d) the subsequent time evolution of their coalescing is showh5 s between framgsNote that the total area
of the holes is conserved throughout the procgBke area of the holes is given @) and (d) in units of um?.] Images(e)—(h) show
enlargements of the time sequence of the region in the b@ ofn (e) the = change in orientation trapped between the holes can be clearly
seen. After the holes coalesce, s+ 1 disclination is expelled onto the edge of the fildotted curve at the point where the two edges
come togethe(f). This disclination can move off from the edge of the hole and annihilates with one of thdisclinations leaving a hole
and single—1 disclination as shown ifd). The schematic irfi) shows thec-director field (= wall) in the vicinity of the bridge before
coalescing. Ir(j), immediately after coalescing; 1/2 and— 1/2 disclinations are produced at the points of the former bridge. Final(y)in
the rotation of the edgesee arrows irj)] as the new hole becomes round increases the strength efltf#disclination to+ 1 and unwinds
the —1/2 disclination completely. The horizontal dimension of the photomicrograpte-itd) is ~800 um and~390 um in (e)—(h).
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FIG. 9. Monochromatic reflected light images of two holes coa-
lescing. The attractive force between the holes comes from a reduc-
tion in surface area as the holes approach and coalesce. This can be
visualized by following the change in length of a given contour line
through the series. As an aid to the eye, an arrow pointing to the
fourth fringe has been added.

to zero, the strength of the disclination is then uniquely de- FIG. 10. Apparent high strength disclinations. The photomicro-
fined. This definition for disclinations on the film edge hasdraphs in(a) and (b) show two holes before and after coalescing.
several advantages. Those being tfiathe strength of the The t(_)po_logi.cal charge of the smaller hol¢ 1) is dgpo;ited as a
disclination does not change if it moves onto or off from the * 1 disclination on the edge of the larger hole. This gives the illu-
film edge and(ii) strengths disclinations on the film edge sion of a strengtls= + 2 disclination. The arrow iita) indicates the

annihilate with strength-s disclinations in the film. Ex- direction of movement of the smaller hole. Shown(@his a struc-
- éure with 12 black brushes giving the appearance of a disclination

shows two holes just before they are expelled from a film! strengths=+3. The large holediameterd—40 nm) makes it

. - . R easy to distinguish the location of the disclinations on the film edge

'Eiso (;]I!Sd ii\nmde?j?stré?d :f?;(; 2S|r(af7]t_andbthe res UIl;mg_I(_jASCIm?- as sketched ifd). In both(b) and(c) the closess= —1 defect is in

. . y ane pective boxes in()]. The re the process of annihilating with one of the defects on the hole edge.
gions in the boxes with solid borders ifay and 7b) are,
respectively, shown enlarged ircy and 7d) while the re-  tension on the edge of the new hole makes the hole round. In
gions with dashed borders are enlarged (@ and 1f). The that event, the local edge immediately above and below the
holes are each of topological strength + 1 as shown inthe  two half disclinations inevitably rotates througtf2 with the
schematic of Figs.(€) and Te). After the lower holgdashed necessary winding senses shown by arrows in Fig. 8s
box) is expelled from the filmthe film edge is indicated by the c director is fixed normal to the edge, this rotation of the
the dashed linethe topological charge remains as+al  |ocal edge adds an additional rotational to thes=1/2 dis-
disclination and moves off from the edge into the film to clination ( rotation to make it a+1 disclination (27 ro-
annihilate with a— 1 disclination. In contrast, the topological tatior), unwinds the— 1/2 disclination ¢ 7 rotation com-
charge of the upper holeolid box remains trapped on the pletely and reduces the topological strength of the new hole
film edge as shown in the schematic of Figd)7 A second  to s=+1 [see Fig. &)]. The disclination may either remain
— 1 disclination approaches this disclination and annihilate$n the edge of the hole or move off into the film as it attracts

with it on the edggnot shown. one of the—1 disclinations and annihilates with it as is
shown in Figs. 8)-8(h). The new hole is now stable with a
E. Coalescing of holes fixed area equal to the sum of the areas of the original two

holes. It is topologically equivalent to-a1 disclination and

it traps a— 1 disclination[see Fig. &)].

The driving force for the coalescing of holes comes from

e reduction in the total surface area of the film as the two
rpoles move closer together. An easy way to visualize this is
to look at the contours of constant height in the reflection
image of Fig. 9. The figure shows a series of reflected light
images of two holes as they coalesce. Here we see that the
length of a given contour decreases as the two holes move
closer together resulting in an attractive force that is depen-
dent on the curvature of the film surface near the film edge.
This force increases as the holes move closer together and is
strong enough to overcome the repulsive force associated
with the 7 wall squeezed between the two approaching
holes.

Although holestopologically strengtts=+1) cannot an-
nihilate with disclinations of strengte=—1, they can coa-
lesce with each other. Two holes on the verge of coalescinﬁ1
are clearly visible in the reflected light image of FigaB
with the subsequent evolution shown in the transmission i
Figs. 8b)—8(d). Initially the two holes are each topologically
equivalent to two separate 1 disclinations, i.e., the inte-
grated rotation ofc about their perimeters equalsr2and
each hole supports a singlel disclination in the surround-
ing film. In the bridge region separating the two holes ¢he
director is required to rotate through to match the bound-
ary conditions at the two edgésee Fig. 8)]. As the holes
approach each other, this rotation is squeezed continually
tighter until the bridge andr-wall break to produces=
+1/2 and —1/2 disclinations at the points of the former
bridge [see Fig. §)]. Conservation of topological strength
requires that the integrated rotationmélong the border of
this new hole to be #, as is readily observed, giving it a One of the interesting consequences of holes being mutu-
total topological strengtls=1+1=2 [see Fig. §)]. Line  ally attractive is the production of holes that appear to be

F. Higher-strength disclinations
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topological disclinations of anomalous strength. Previously iof these holes is determined by the amount of surfactant. In
was reported 3,4] that stable disclinations having an arbi- contrast to Lavrentovich and co-workers, we find that she
trary number of brushes are found to exist in hybrid nematic=0 disclination structure, stable point disclination pairs, and
films. We find that in fact such defects consist of a hole withdefects of strengte>1 do not exist in the absence of holes.
a number ofs=+1, and possibly a singls= —1, disclina- ltis, in fact, holes in the films that create these structures and
tions trapped on its edge. These structures are created where gradient in film thickness at the edge of the holes that
several small holes, each carryisg + 1 topological charge, gives them their characteristic director orientations. The de-
coalesce making a larger hole. The small holes leave thefiect pairs reportedly observed to spontaneously form in flat
topological charge as disclinations on the edge of the holéiims [4] are in fact due to micelles of lipid in the glycerol
after coalescing as shown in Figs.(@0and 1@b) before and that displace the liquid crystal film when they contact the
after such an event. The arrow (&) shows the direction of surface. If the free energy were indeed to be reduced by the
movement of the smaller hole as it moves toward the largeintroduction of disclinations of strengte=0 and s=+1
hole. If the process happens fast enolgge Figs. 1&) and  then one would expect the entire film to be filled with them,
10(d)], a single hole may accumulate several such disclinawhich is not observed.

tions before the compania+ — 1 disclinations of the origi- The amount of contaminant necessary to produce holes in
nal holes can approach and annihilate with them. The resuthe films is extremely small. In cases where surfactant is not
is a hole that has a topological charge on its edge that hdatentionally added, contaminant can come from skin oils or
been deposited by the coalescing of other holes giving theetergentgfound on clothing fibersas well as a variety of
illusion of a higher strength disclination. We never observeother common sources, resulting in holes. We suspect that
disclinations of strength other tha+ = 1 that are not asso- this is the case in the observations of both Praistl. and
ciated with a hole in the film and such holes are never obtavrentovich and co-workers. At the beginning of our inves-

served in the absence of a surfactant. tigations, when neither the doping of surfactant nor particular
care for contaminant was made, we also observed the spon-
IIl. DISCUSSION taneous opening of holes and their associated defects.

Our interpretation of holes and disclinations in hybrid
nematic films is significantly different from that of Proust
and et al. and Lavrentovich and co-workers. Proetal. Contrary to previous claims that surface elasticity stabi-
have reported the observation of holes of various size openizes pairs of+1 and—1 disclinations, disclinations of ap-
ing in hybrid films and that the radius of these holes remaingarent strength zero, and higher strength disclinations, we
fixed over time. Although they give no explanation of why find that these structures are in fact due to the spontaneous
the holes open they explain that the radius of the holes doaspening of holes in the films. The boundary conditions on
not change over time due to a balancing of the surface tenthese holes make them topologically equivalentta dis-
sions inside and outside the holes that is achieved indepegtinations. The holes are stabilized by a monolayer of surfac-
dently of the hole radius by a line tension at the hole edgetant that prevents the spreading of the liquid crystal. In films
This line tension is purported to prevent the dewetting of thehicker than 1um we find that point disclination pair$hav-
film [2]. ing no hole$ never form stable structures; rather they attract

Lavrentovich and co-workers have reported the spontanene another and annihilate. We find no evidence for the spon-
ous formation ofs=0 disclinations and higher strength dis- taneous generation of disclinations in flat uniform hybrid
clinations > +1) in films of 5CB on glycero[3,4]. They = nematic films as proposed by previous experim¢8isAl-
have argued that the defect state may be energetically prefhough our observations indicate that surface elasticity is not
erable than the uniform state owing to tfiesplay canceling important in stabilizing these particular patterns, it may be
mechanism andi) saddle-splay mechanisf8,4]. From this  significant for the stabilization of other patterns such as
rational the spontaneous appearancesef0 disclinations  stripe and lattice patterns found in films thinner thaarh. It
and pairs of+1 and—1 disclinations is an indication of the should be noted that we have confirmed that there are no
system moving to a lower free energy state. Monte Carltholes associated with the stable defect lattice patterns, see
simulations of Chiccoliet al. [12] have also found that in  Fig. 14 of Ref.[3], observed in the thinnest hybrid films.
films with a large area to thickness ratio a single strerggth
=+ 1 disclination can remain in the nematic film after cool- ACKNOWLEDGMENTS
ing from isotropic. These simulations support the assertion of
Lavrentovich and co-workers that it is possible for the free The authors would like to thank Y. Galerf®CMS Stras-
energy of a flat film to decrease upon the generation of disbourg, Francg E. GoreckaWarsaw University, H. Orihara
clinations. (Nagoya University, and J.-Z. Xue(Displaytech Ino. for
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