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Defect structures and torque on an elongated colloidal particle immersed in a liquid crystal host
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Combining molecular dynamics and Monte Carlo simulation, we study defect structures around an elongated
colloidal particle embedded in a nematic liquid crystal host. By studying nematic ordering near the particle and
the disclination core region, we are able to examine the defect core structure and the difference between two
simulation techniques. In addition, we also study the torque on a particle tilted with respect to the director, and
modification of this torque when the particle is close to the cell wall.
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I. INTRODUCTION topological charge- 1 called a dipolar or satellite defect; or
a —3 strength disclination ring that encircles the spherical
Colloidal dispersions of small particles in nematic liquid particle called a quadrupolar or saturn-ring defect. The dipo-
crystals are a novel type of soft matter. Topological defectdar (satellite defect is a point defect, while the quadrupolar
[1,2] and additional long-range forces between the colloidalsaturn ring is a line defect. Theoretical and numerical work
particles[3-5] are immediate consequences of the orientabased on elastic theofy2,1€], as well as computer simula-
tional ordering of the liquid crystal molecules. The nematic-tion [18,19, suggests that the dipole configuration is stable
induced interparticle interaction brings a new range of effect§or micron-sized droplets. It is the one usually realized ex-
to the system: supermolecular structur@d], cellular struc- perimentally. The saturn-ring defect appears if the droplet
tures[8,9], and even a soft soliffL0] can be observed. Col- size is reduced or an external field is applied,21.
loidal dispersions in liquid crystals also have a wide variety The same topological arguments are applicable for a non-
of potential application§11]. spherical colloidal particle with homeotropic anchoring of
The subject of this paper is the liquid crystal ordering andthe director at the particle surface. For an elongated particle
equilibrium orientation of an elongated solid particle inside awith lengthL and transverse sizB <L, and bothL and D
uniformly aligned nematic liquid crystal. On the list of prob- much greater than the dimensions of the molecules of the
lems one has to clarify argl) the nematic ordering around liquid crystal, one can have a disclination line of strength
the particle(including possible topological defegtg2) the  —1, a pair of disclination lines of strength3, as well as the
type and strength of the orientational coupling between théescaped radial” structure, in which the director bends over
particle and its aligned molecular environme(®), the effect  to become perpendicular to the particle surfg2#).
of confinement on the orientational ordering of the particle, However, from the energetic point of view, the situation is
i.e., the equilibrium orientation of the particle close to thedifferent from the case of the spherical particle. For the elon-
bounding surface. The solution to these problems is essentighted particle, both defects are disclinatiores The elastic
to understand the behavior of magnetic or nonmagnetic paenergy per unit length associated with a disclination of
ticles of colloidal size inherently present in biological liquid- strengthm is wKm?In(R/ro), where R is the size of the
crystalline tissues such as cellular membranes. These probample and is a lower cutoff radiugthe core sizg[23].
lems also arise in ferroliquid crystals—the suspensions oThis means that the free energy of a pair-of disclinations
single-domain ferroparticles in liquid crystdl&2]. is always smaller than that of a singlel disclination.
The answer to the first question is known for sphericalTherefore, one can expect that the pair-of disclinations
colloidal particles with homeotropic anchoring of the direc-will always be a stable configuration. In principle, thel
tor at the particle surfacgl,2,6,7,13—17. Isolated particles defect can still form a metastable state.
provide a spherical confining geometry for the liquid crystal. The answer to the second question is not known even in
Sufficiently strong homeotropic anchoring induces a hedgethe framework of phenomenologicdtontinuum theory
hog defect with topological chargel. The total topological [22]. The results of the theory only indicate that, depending
charge of the whole system is zero, and an additional defe@n the type and strength of anchoring, the equilibrium posi-
must be created to compensate the radial hedgehog. Twtion of the particle may be either parallel or perpendicular to
types of defect are possible: a hyperbolic hedgehog with #e liquid crystal director. The parameter governing the situ-
ation is the ratio of the particle radius to the extrapolation
length of the nematic liquid crystal.
*Present address: Max Planck Institute for Polymer Research, Obtaining an analytical expression for the torqoeelas-

Ackermannweg 10, 55128 Mainz, Germany. tic free energy at arbitrary tilt angle# seems to be hardly
"Present address: Center for Scientific Computing, University ofpossible due to the loss of symmetry of the director distribu-
Warwick, Coventry, United Kingdom. tion and the presence of defects. Qualitative analysis shows
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that the proper argument for the free energy should be z g
(ng-n)?=cog, since the problem is bilinear in both the o/
unperturbed director orientationy, and the unit vector along
the symmetry axis of the rod. A simple form of the free-
energy angular dependence has been proposed i Z2&f.

F(co0)=F, +(F—F.)cod0, (1) Y
which gives a sin 2 dependence for the torque and predicts x ;
that the director response has a maximungatr/4 and is Ly
absent at¥=0,7/2. However, it is clear that Edq1) is over- S./2

simplified. The defect structure changes while the particle
rotates. The nematic ordering evolves in a complicated way FIG. 1. Studied geometry: a spherocylinder of lengtrand
that can hardly be approximated with a sthdpendence of diametero, is immersed in a liquid crystal host, which is modeled
the torque. At the same time, this dependence is vital for &ither as a solution of Gay-Berne particl@solecular dynamigsor
macroscopic description of the system that treats coupling ofspins” fixed on a cubic lattice(Monte Carlo simulations The
colloidal particles with the nematic host via an effective po_symmetry axis of the spherocylinder is tilted with respect tozhe
tential. axis. To study the defect structut€ec. Ill A) we use a rod of
Recently, the effect of confinement on the orientation 0]cinfinite length positioned along theaxis, normal to the director.
an anisotropic colloidal particle has been predidiad]. It
has been shown that there is an “entropic” torque on a hard
rodlike particle dissolved in a solution of hard spheres when Molecular dynamics simulations were carried out using
the rod is positioned close to the hard wall. The torque apthe soft repulsive potential, describit@pproximately ellip-
pears because of the density modulation of spheres near tkeidal molecules,
wall and depletion forces between the wall and the hard rod.
This torque might play an important role in the “key-lock” deo(0i =0 ) teg, 05<2
principle in biological systems and provide an understanding Vij = 0 08>2.
of how a nonspherical “key” macromolecule can adjust its ’ N
position and orientation near the “lock” macromolecule. We, Here 0ij=(rij— aij+ o)l og; 1jj is the center-center sepa-
therefore, expect the torque on the particle close to the wallation, o, a size parametek, an energy parametdboth

to be different from the bulk-induced torque because of thqaken to be unity, and the orientation-dependent diameter
additional entropic contribution. ay; is defined by

In this paper, we present the results of molecular dynam-

ics (MD) and Monte CarldMC) simulations of the topologi- 2
. . oy X

cal defects that appear in the nematic mesophase around an 1— —==
elongated colloidal particle. Using the MD technique, we crizj 2
also study the force and the torque on the particle suspended
in the bulk of the nematic mesophase, and the modificatiomvhere y=(x*—1)/(x*+1), x being the elongation. In this
of this torque when the particle is close to the cell substratepaper we usea =3 throughout. The orientation dependence

The paper is organized as follows. In Sec. Il, we presenis written in terms of the direction of the center-center vector
the computational details and molecular models we use tfa”.:rij Iri; and the unit vectorsy;, u; that specify the mo-
simulate the liquid crystal mesophase and the interaction dkcular symmetry axes. The potent(@) may be thought of
the molecules with the particle surface and the cell subas a variant of the standard Gay-Berne potefifia|2§ with
strates. Section Il contains the results of the MD and MCexponentsu=0, v=0.
simulations: density, director, order parameter maps, and or- The systems consisted bf=64 000 particles. A reduced
der tensor profiles of the defects. Here we also present th@mperaturdgT/e,=1 was used throughogior this model,
results for the torque on the particle in the cell bulk and neathe phase behavior is not sensitively dependent on tempera-
the wall. Concluding remarks and comparison of the techture, as there are no attractive forceEhe system size was
niques are given in Sec. IV. chosen so that the number density of the liquid crystal far
from the rod waso08~0.34. For this system, in the reduced
units defined byo, €5, andm, a time stepst=0.004 was
found suitable. The molecular moment of inertia was fixed as

Figure 1 shows the geometry of a single particle in thel =2.5rna§. Periodic boundary conditions as well as slab ge-
cell. The rod’'s shape is chosen to be a spherocylinder, i.e., @metry with walls confining the system in thedirection
cylinder of lengthL and diametew, that has spherical caps were considered.

A. Molecular dynamics

2

(Fij'ui"'i:ij'uj)z (Fij : ui_Fij -up)?
1+ x(ui-up) 1—x(u;-up)

II. MOLECULAR MODEL AND SIMULATION METHODS

of diametero, . The particle is tilted in the-y plane. The The interaction of moleculewith the rod was given by a
orientation of the particle is specified by the anglbetween  shifted Lennard-Jones repulsion potential having exactly the
the z axis and the symmetry axis of the cylinder. same form as Eq2), but with p;; replaced byp;=(|rj—r4|
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— 024+ 0ol2)log. Here re=vyn, where y,=sgn{-r to 24600 nematic spins and to 840 spins representing the
+2,cos#)min(L/2,n-r;+z cosd), n=(0,sing,cosd) is a surface of the solid particle. Our simulations started from a
unit vector along the symmetry axis of the rod, ands the ~ configuration with a random orientation of nematic spins.
distance from the center of the rod to the center of the coorThe final results did not depend on the choice of the starting
dinates. In slab geometry the interaction with the walls wagonfiguration. _
given by the same formul&Eq. (2)], replacing particlg by The standard Metropolis scherf29] was then employed
the wall w, setting piy= (|Ziw| — oiw/2+ 0o/2)/lo and o2, 10 update nematic spin orientatiof30,31], maintaining a
=2+ (1—x2)(1—€2). k,, represents an effective particle rejection ratio close to 0.5. The system was equilibrated dur-
w W. 1z7 " - e .
elongation as seen by the wall. We useg=1 that gives '"9 ~6x10" MC cycles. After equilibration 6.8 10, suc-
strong homeotropic orientation of the molecules at the walF€SSIVe spin configurations were accumulated and used as
[19]. input for the calqulatlon of order tensor.
The radius and length of the rod were steadily increased !N the simulation, temperature was seflto=kgT/e=1,
from zero to the desired value during®6teps. Then the Which ensures the existence of the nematic pliasée that
system was equilibrated for 4&teps. During equilibration for a.b.ulk sarrlple the LL model exhibits a nemat|c-|sotr(_)p|c
we scaled the velocities of the molecules to achiky®/e, ~ ransition atT*=1.1232[30]). The strengths of nematic-
-1, nematic and nematic-solid particle interactions were set
The production run for every tilt angle of the rod wag 10 €dual.€p=¢, which corresponds to the strong anchoring re-
steps. The forc& and the torquév on the rod were calcu- gime with t.he extrapolation length of the order of a few
lated using the repulsive fordefrom the rod on the particle lattice spacings [32].

I!
C. Order tensor

F _% f For both techniques, the local order tenggr) was cal-
= culated as
N 1 é 3 1 c
M= 2 ylfxnl € Qus™h &4 |28 etn) =3 2] ©

where there ar@ molecules present in each bid, s is the
B. Monte Carlo simulation Kronecker delta(- - -) denotes an ensemble averagep

Monte Carlo simulations were based on the Lebwohl—zx’y’z('j l\tlottla :that in t_he M% Ctﬁsf we ha‘_nc-:l_ (bmsfcor- d
Lasher(LL) lattice model[27]. Within this model uniaxial respond to lattice pointsan at averaging IS performe

nematic moleculegor, alternatively, close-packed molecular ©V€" MC cycles only. Diagonalizing th@,,; tensor, for each

clusters[28]) are represented by “spins” fixed on a cubic bin, gives three gigenvaluésl, Q2. {:mdQ3, plus_the three
lattice of spacinga. The spins are allowed to rotate freely, corresponding eigenvectors. The eigenvalue with the largest

which reproduces the orientational behavior of the liquid@Psolute value defines the order paramédor each bin.
crystal sufficiently well. The biaxiality P is then calculated as the absolute value of

To define the topology of the colloidal particle, a the difference between the remaining two eigenvalues of the

sjagged” cylinder of diameters, was carved from the cubic °Order ensoQ.

lattice, with its long axis fixed along thg axis of the coor-

dinate system. The orientations of spins representing the par-  Ill. SIMULATION RESULTS AND DISCUSSION
ticle were kept fixed during the simulation and were chosen
in agreement with the desired boundary conditions at the _ _ ) o
particle surface, as in our case homeotropic. At outer bound- We started our simulations with a rod of infinite length,
aries of the simulation box periodic boundary conditionsL =2, positioned along thg axis, normal to the director. In
were assumed. The total interaction energy for our modelhis case the director rotates in thez plane and we effec-

A. Defect structure

system consisting of nematic spins was calculated as tively have a two-dimensional situation.
E @ 1. MC results
U=- €iP>(cosB;i), . . '
i<ph 2(cosBy) Figure 2 shows the director field and the order parameter

map, in the plane perpendicular to the long axis of the col-
with P,(x)=3%(3x?—1) and cog;=u;-u; . Hereu; denotes loidal particle. As concluded from topological consider-
the unit vector giving the orientation of the spin located atations, either a—1 strength disclination line or a pair of
theith lattice site. The sum in Ed4) is taken over nearest — 3 lines can form in the neighborhood of the particle. The
neighbors only. Thee;; constants represent the interaction —1 line, however, does not seem to be stable and splits into
strengths and are denoted byand €, for nematic-nematic ~ a pair of — 3 lines during the MC evolution, even if it is
and nematic-solid particle interactions respectively. taken as initial configuration in the simulation run. This be-
The simulation box size was set to @030ax 30a, havior agrees with simple estimates of defect line free ener-
which for the chosen cylinder diametew (= 10a) amounts gies. Moreover, a stable “escaped radial” structure was also
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pair of —% defects has formed on the diagonal. In the defect core
molecules aréon the averagealigned in thex-z plane; ordering is
uniaxial withS<0 and the corresponding eigenvecturis directed
out-of-plane(along the long axis of the partigle

FIG. 3. MC simulation results: order tensor componépy(tri-
angles, Q, (circles, and Q5 (squares plotted across one of the
defects along the axis. In the upper panel we plot the order pa-
rameterS (open circley and biaxiality P (squares The left-right
not observed in our simulations. In MC simulations the pairasymmetry with respect to the defect core is due to the presence of
of defect lines always forms close to one of the simulationthe colloidal particle.
box diagonals although the cross section of the colloidal par-
ticle is axially symmetridignoring its jagged shapesee the mately 7/2 when we cross the defect along thexis; see
director field shown in Fig. 2. This symmetry breaking mayFig. 2. On the other hand, the value of tg component
be attributed to two effects of different origin. The first one does not change too much, indicating that the variation in the
(and, according to our tests, the more important one for ounematic ordering mostly occurs in tlez plane, perpendicu-
system sizgis the repulsion between defects maximizing thelar to the symmetry axis of the particle. Alternativey, ,
defect-to-defect distanceecall the periodic boundary con- Q,, andQj; profiles can be interpreted also in terms of order
ditions), while the second one is a finite-size effect originat-parameterss andP (see Fig. 3, upper paneWhen the de-
ing from collective fluctuations, resulting in a tendency tofect line is approached, the uniaxial order param&eie-
align the nematic along the simulation box diagdréd. We  creases from its temperature-defined bulk value and drops
believe, however, that these phenomena, as well as the presven below zero in the defect center. Note that there the
ence of the colloidal particle, do not considerably affect anynematic director, i.e., the eigenvector corresponding to the
of the qualitative features characterizing the disclination linenegative eigenvalue, is directed along the long axis of the
inner structure. Moreover, the presence of the colloidal parsolid particle. On the other hand, the biaxiality—close to
ticle is reflected only in an enhancement of the degree ofero far enough from the defect—increases when the defect
nematic order in the immediate surroundings of the particleline is approached, reaches a maximum and, finally, in the
The inner structure of a defect line is further characterized byery center of the defect, again drops to a value that is close
variations in order tensor componen,, Q,, andQs, ob-  to zero. The characteristic length scales for these variations
tained after diagonalization of the order tengb(5). Thisis  are of the order of a few=5) lattice spacings and agree
the most convenient way of describing the structure of thewith the estimates for the corresponding correlation lengths
defect, because of the possible biaxiality and negative valugs the nematic phase.
of the uniaxial order parameter in the core region. Qualitatively, molecular ordering close to a disclination

Figure 3 shows th®,, Q,, andQ profiles plotted along line can be summarized as follows. In the very center of the
the z axis through the left of the two disclinations shown in defect molecular ordering is uniaxial withB<0 andP—0.

Fig. 2. In Fig. 3 the disclination is located dt=20a. Note = Far enough from the defect line the nematic liquid crystal is
that the left-right asymmetry of the profiles with respect touniaxial again, however, wit8>0 andP =0, as expected in
the defect position is caused solely by the presence of thea homogeneous or in a weakly distorted bulk sample. In the
colloidal particle. As shown by Fig. 3, th®,; component intermediate ringlike region, nematic ordering is biaxial with
changes from its positive bulk value=Q.6), coinciding with  P+#0. These conclusions agree also with results from align-
the value of the order paramet8rto some negative value ment tensor-based phenomenological analyses of topological
(=~ —0.3) after passing through the disclination. At the samedefects both of half integd34] and integer strengtf35].

time, the Q, component increases from a negative value
(=—0.3) to a large positive value~<{0.6), which roughly
equals twice the absolute value of the negative one. This As has already been mentioned, the configuration with
behavior is attributed to the director rotation by approxi-two — 3 disclination lines is more energetically favorable

2. MD results
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FIG. 4. MD simulation results: director streamlines of the
cross section of the director field. Rod diametgr=200,, rod
lengthL =«. The shading represents the value of the density. The
director far from the particle is constrained along #hexis. A pair FIG. 5. MD simulation results: order tensor compone@s
of —% line defects forms parallel to the particle axis, perpendicular(triangles, Q, (circles, andQ; (squaresacross the defect. In the
to the director far from the patrticle. upper panel we plot the density profile across the defeictles
and avoiding the defectopen squargs The density modulation
near the particle affects the order parameter variation in the core

than a single-1 strength disclination. We noticed this while region

performing the molecular dynamics simulation: for all stud-
ied diameters of the rodo(, /o0o=5—20) the —1 strength
disclination appears immediately after expanding the colloi
particle in the nematic state. However, during the equilibra
tion it splits into two— 3 disclination lines, which then move

he core region, attributed to the liquid crystal density oscil-
ation near the particle surfadeee Fig. 4 and Fig. 5, upper
‘pane). The variation of the order tensor components is given

by the superposition of the nematic order variation due to the

towards the equatorial plane. The evolution dynamics igjensjty modulation and intrinsic variation due to the pres-
quite slow, one needs about®6teps for the— 3 disclina- ence of the defect.

tions to reach the equator. We were not able to observe “es-
caped radial” configuration, probably due to the small size of )
the colloidal particle. B. Torque on the particle
A typical director map together with the density map is  To measure the torque on the rod of finite length, we
shown in Fig. 4. The bulk densitp,03~0.34 is slightly  performed MD simulations in a box with periodic boundary
different from the number densib/o?): N/V=0.33, because conditions, applying a global constraint for the director along
of the volume taken by the rod. In the direction of the dis-the z axis[36]. An independent measurement was performed
clinations the density modulation, typical for a nematic-wallin slab geometry. In the slab geometry, the director orienta-
interface, vanishes due to partial melting of the liquid crystaltion far from the rod was fixed by the confining walls. The
in the disclination core region. This melting damps the influ-walls provided strong homeotropialong thez axis) anchor-
ence of the droplet surface on the interface region. ing of the director. The rod was fixed either in the center of
Two — 3 disclinations are located very close to the dropletthe simulation box or at some distanzefrom the bottom
surface and the director distortion vanishes very quickly inwall. M,>0 (<0) corresponds to a torque that tends to
the liquid crystal bulk. The core region extends over a fewalign the rod perpendiculdparalle) to the director far from
molecular lengths. In MD simulations, the pair of defectthe particleng=e,.
lines forms perpendicular to the director. Since we use the The torque on the rod, calculated using E8), is pre-
director constraint algorithrhi36], the director far from the sented in Fig. 6. Results presented in Fig. 6 indicate that the
particle is aligned along the axis, contrary to the situation dependence of the torque on the rod tilt angle is far from the
with MC simulation results, where the director is along thesin 26, proposed in Ref[22]. Moreover, the torque is not
box diagonal. The director constraint damps the effects of thequal to zero fom=0°, i.e., there is some symmetry break-
defect repulsion and effective fluctuation of the director.  ing and the orientation of the rod along the director is not
To emphasize the complex structure of the defect core weven metastable.
plot the order tensor componer®s, Q,, andQ,, after di- For better understanding, a slice in the plane is shown
agonalizing the local order tens@) in Fig. 5. Qualitatively, in Fig. 7, for different tilt angles of the rod. Figure(d@
the order tensor has the same look as in MC simulations: thehows that the director distribution around the rod is not
nematic phase is uniaxial far from the core and biaxial in theaxially symmetric. This is the reason for the nonzero torque
core region, with variation of the biaxiality across the core.for #=0°. Strong director variations near the rod are respon-
However, MD results predict a more complicated structure okible for the large value of the torque. As the rod rotates, the
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show that the depletion force is responsible for this “en-
tropic” contribution to the torque, we plot the depletion force
BooF,(0) in Fig. 6. The correlation between the change in
the depletion force and the change in the torque is evident.
As the rod moves closer to the wall the value of the “en-
tropic” torque increases and can even affect the equilibrium
position and orientation of the particle.

For the parameters used in our simulation, the contribu-
tion of the “entropic” torque only modifies the dependence
of the total torque on the particle tilt angle. However, this
contribution can dominate, for example, when the system is
close to the nematic-isotropic transition. Then the colloidal
particle might have a tilted orientation when approaching the
wall. Further work on these aspects is in progress.

Tilt angle, 0 (deg)
IV. CONCLUSIONS

FIG. 6. Torque on the rod vs rod tilt anglel,>0 (<0) corre- _ )
sponds to a torque that tends to align the rod perpendi¢péaal- We used molecular dynamics and Monte Carlo techniques

lel) to the director far from the particley,=e,. Rod diameteir,  t0 study a small elongated colloidal particle suspended in a
=50y, rod lengthL = 100,. Squares—slab geometry, with the rod nematic liquid crystal. Homeotropic boundary conditions and
in the middle of the cell. Circles—slab geometry, with the center ofstrong anchoring create a hedgehog defect on the particle
the particle located at the distanze: 150, from the bottom wall.  surface. We have studied the defect structure around the par-
Triangles—the depletion force on the particle, when it is near theticle that cancels this hedgehog defect.

wall. As a guide, the dashed lines correspond to a polynomial fit. ~ Qur simulation results show that in the case of a very long
See also Fig. 7 for explanations. particle with transverse size much less than its length, a con-

figuration with two— 3 defects is stable. An initial configu-

director field becomes less and less frustrafédy. 7(b)], ration with one—1 strength disclination evolves spontane-
and finally, we have a stable orientation of the rod perpeneusly into two — 3 disclination lines. For a particle with
dicular to the director{Fig. 7(c)]. transverse size of the order of its length, thé ring defect

In principle, the configuration with axial symmetry is also encircling the particle was found to be stable. The orientation
possible, when the rod is along thexis. However, we were of the ring changes as the particle tilts with respect to the
not able to observe it in our simulations even when disor-director. Using order tensor and density maps we are able to
dered isotropic configurations containing the colloidal par-resolve the structure of the core of the defect: the nematic
ticle were compressed to the ordered nematic state. Thishase is strongly biaxial near the defect core.
method, in principle, gives the lowest free-energy configura- Comparing the structure of the disclination core obtained
tions in an unbiased way. using molecular dynamics and Monte Carlo simulation tech-

In Fig. 6, we also present the torque and the force on thaiques, we are able to study influence of the density modu-
particle near the wall. Besides the torque on the particle beation of the mesophase in the core region.
cause of the average molecular orientation of the liquid crys- We have also studied the torque on a particle tilted with
tal host, there is aeffectiveinteraction between the particle respect to the director at large distances from a wall, and
and the wall. The presence of this depletionlike interactiormodification of this torque when the particle is close to the
can be understood as a result of interactions between thgall. Our results show that the dependence of the torque on
particle and the liquid crystal molecules that themselves inthe tilt angle is complex and does not vanish even when the
teract with the wall. In other words, if the volume close to particle is along the director. Analysis of the director distri-
both the wall and the particle overlap, then the host liquidbution around the particle shows that this is due to the bro-

gains accessible volume and can increase its entropy. Tken axial symmetry of the director distribution around the
particle. In addition, when the particle is close to the wall,

the torque is modified because of the depletionlike interac-
tion of the particle with the wall.

The main directions for the future work afa classifica-
tion of the defects depending on the particle length/width

'S | B || ratio, (b) transitions between these defects, é&ridmeasure-
R ‘ ‘ ‘ [ | \ ments of the torque for all possible defect configurations.
\ L | ‘ This work is in progress.
a b c

FIG. 7. Director streamlines and order parameter maps for dif- ACKNOWLEDGMENTS
ferent tilt anglesi(a) #=0°; (b) =45 (c) #=90°. A side view
along thex axis is shown(the rod is tilted in they-z plane. Rod

diametera, =50y, rod lengthL = 100,
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