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Molecular dynamics study of nematic structures confined to a cylindrical cavity
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Molecular dynamics is used to simulate nematic liquid crystal structures confined to a submicron cylindrical
cavity. Molecules, fixed at the lattice points, are set to interact via a modified induced-dipole–induced-dipole
type coupling. Stability regions of characteristic nematic structures are determined as functions of the cylinder
radius, homeotropic anchoring strength, and degree of the interaction anisotropy. A connection linking elastic
and microscopic approaches is established. Results confirm most of the predictions of the elastic free energy
deep in the submicron regime.@S1063-651X~98!06112-1#

PACS number~s!: 61.30.Cz, 61.30.Gd, 64.70.Md
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I. INTRODUCTION

In recent years nematic liquid crystals~LC’s! confined
into cylindrical cavities attracted a lot of attention. Confin
nematic structures were examined mostly by optic polar
tion microscopy@1–3# in supramicron and NMR method
@4,5# in submicron cavities. The findings are in reasona
agreement with the predictions based on phenomenolog
theories@6,7#.

In cavities of radiusR.1 mm most of theoretical studie
were carried out within the uniaxial approximation@6,8,9# in

terms of the director fieldnW and the nematic order paramet
S. As the nematic order parameter correlation lengthjn was
usually much less thanR the order parameterS has a nearly
constant value everywhere except close to the centers o
fects @10#. In such cavities the approximation of consta
order parameter works well, while defects are described
an isotropic core whose linear dimension is roughly given
jn .

This approach is not appropriate for cavities with a dia
eter well below 1 mm, which have recently been of particu
lar research interest. There have been numerous studie
voted to liquid crystals confined to porous matrices@11#
~e.g., Anopore@12# and Nuclepore@13# membranes, aerogel
@14#, Russian glass@15#, Vycor glass@16#, controlled porous
glass @17#, etc.!, with typical voids in most cases locall
exhibiting a roughly cylindrical geometry of a radius we
below 1 mm. In such cavities spatial variations of the nem
atic order parameter are prominent, and in addition biaxia
becomes apparent. In most cases a more complex contin
approach based on the tensor nematic order parameter@7# is
needed.

However, approaching molecular scales the applicab
of continuum type descriptions becomes questionable@18#.
Zannoni and co-workers pioneered molecular simulation
proaches for confined liquid crystals@18–23#. Palermo, Bis-
carini, and Zannoni demonstrated@21# a breakdown of stan
dard continuum theory using Gay-Berne potential study
orientational changes of LC’s adsorbed on a graphite surf
They observed large director variations in the proximity
the surface, which cannot be tackled with continuum ty
approaches. On the other hand some of their result con
PRE 581063-651X/98/58~6!/7447~8!/$15.00
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some of elastic predictions~i.e., details concerning
paranematic-nematic phase transition and existence of v
ous nematic structures within spherically and cylindrica
shaped cavities! @19,20,22–25#. A connection between elas
tic and molecular descriptions was partially established.
particular the question of the length scale entering the mo
~i.e., how many molecules in the real world correspond t
lattice point in the microscopic description! was not an-
swered.

The main goals of this paper are~i! to use a simple mi-
croscopic description to investigate the stability of differe
nematic structures in a cylindrical cavity with walls enfor
ing homeotropic anchoring, and~ii ! to establish a link with
results of continuum type approaches. The LC molecu
fixed in a lattice, are assumed to be coupled via a modi
induced-dipole–induced-dipole type interaction@26#. The re-
laxation of nematic structures toward~meta!stable configu-
rations is enabled using a molecular dynamics simulat
@27#. The paper is organized in the following way. In Sec.
the theoretical background is presented. We discuss pos
nematic structures based on continuum predictions. The
teraction between molecules is presented, and the metho
molecular dynamics is briefly described. In Sec. III the s
bility of different nematic structures is studied as a functi
of anchoring strength, interaction anisotropy, and cylind
radius, emphasizing the link to the continuum description
that section, results are also summarized.

II. THEORETICAL BACKGROUND

A. Nematic structures

A nematic structure in a cylindrical cavity results from
competition among surface, elastic and eventual exte
~magnetic or electric! field effects. Conditions at the confin
ing boundary are of particular importance. In this study
limit ourselves to homeotropic@28# anchoring, tending to
orient nematic molecules in the radial direction. Using top
logical arguments, possible structures can be qualitativ
predicted@10,29–31#. In Figs. 1~a!–1~g!, some structures are
schematically represented using the nematic director fi
representation.

Planar director fields.In the case of strong homeotrop
anchoring at the cylinder wall, and a planar director fie
7447 © 1998 The American Physical Society
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7448 PRE 58Z. BRADAČ, S. KRALJ, AND S. ŽUMER
restricted to planes normal to the cylinder axis, the defe
are topologically required. Defects are conventionally clas
fied according to their topological chargeM ~on encircling a
defect the director field rotates for an angleM2p). For
strong homeotropic anchoring the sum of topological char
in any possible structure is restricted to 1@31#. The simplest
scenario, that can potentially result in a stable structure,
responds to the planar radial@6# ~PR! structure possessing
single line defect of strengthM511. Also, structures with a
two line defect of the strengthM51 1

2 are possible. Becaus
of the same sign the defects repel each other, and at the
time they are also repelled from the curved surface~its pres-
ence can be simulated by a mirror image defect!. The struc-
ture, where defects are stabilized at a finite mutual dista

FIG. 1. Schematic sketch of the~a! axial homogeneous~AH!,
~b! escaped radial~ER!, ~c! escaped radial with point defect
~ERPD!, ~d! planar radial~PR!, ~e! planar polar structure with line
defects~PPLD!, ~f! planar polar~PP!, and ~g! planar bipolar~PB!
nematic structure in the director field representation.
ts
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s
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me
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is conventionally called the planar polar structure@8# with
two line defects~PPLD!. Structures with even more defect
subject to given constraints, are too energetic to be stable
case of a finite anchoring strength these defects can be
tually pushed out of the cylinder resulting in the defectle
planar polar~PP! structure@6#.

Escaped director fields.The additional degree of freedom
along the cylinder axis enables the system to avoid line
fects also in the strong anchoring regime via ‘‘the escape
the third dimension’’@1,10#. Possible scenaria are the e
caped radial@6# ~ER! structure and the escaped radial stru
ture with point defects@6,32# ~ERPD!. On decreasing the
anchoring strength the ER structure exhibits a continu
transition to the axial homogeneous@6# ~AH! structure. Other
structures, e.g., including twist nematic distortion@33#, are
only rarely realized.

B. Stability of structures: elastic theory prediction

In the continuum limit the stability region of the struc
tures mentioned above can be well predicted knowing ra
of typical lengths entering the problem@6–8#. These are the
cylinder radiusR, the surface extrapolation length@7# de , the
nematic correlation lengthjn , and the external field correla
tion length@7# j f . In addition, relative strengths of the spla
(K11), twist (K22), bend (K33), and saddle splay (K24) nem-
atic elastic constant can play important roles@6–8#.

Supramicron range.We first consider supramicron cav
ties corresponding to the regimeR/jn@1. In this limit the
uniaxial elastic Frank-Oseen type description@7# in terms of
a constant nematic order parameter works well.

For comparable nematic elastic constants and in the
sence of an external field, only the ER and PP structures
be stable@6,8#. The PP structure is stable ifR/de,(R/de)c

5mc ~weak anchoring regime!, and the ER structure if
R/de.mc ~strong anchoring regime!. Heremc describes the
critical value@6,8# which depends on the relative strength
nematic elastic constants. For equal elastic constantsmc

.10. Despite the fact that the ER structure is slightly le
energetic than topologically equivalent metastable ER
structure, the ERPD structure is most commonly experim
tally observed instead. Possible origins of its stability we
discussed in detail by Peroli and Virga@32#. The PR struc-
ture is stable only if, in addition toR/de.mc , the condition
K33/K11@1 is also realized@8#. This can occur in conven
tional nematics close to the continuous nematic-smectiA
phase transition. An external field applied perpendicular
the cylinder axis can stabilize the PP structure also in
strong anchoring regime if the ratiode /j f.(de /j f)c , where
the subscriptc stands for the critical value. In the very stron
anchoring regime (R/de@10) there exists a limited interva
@8# of external field strengths where the PPLD structure
stable. Note that in the (R/de ,de /j f) stability diagram the
lines separating defectless structures exhibit scaling pro
ties @6,8#.

Submicrometer range.In the submicron range, whereR
and the nematic order parameter correlation lengthjn are
comparable, a more detailed description of defects has t
introduced. This was taken into account in Ref.@24# using
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PRE 58 7449MOLECULAR DYNAMICS STUDY OF NEMATIC . . .
the tensor nematic order parameter description. In this
ture biaxiality is allowed. According to these results in t
strong anchoring regime the PPLD~or even PR! structure is
realized instead of the ER one even for equal nematic ela
constants ifR,20j0 . Herej0 is the zero temperature nem
atic correlation length@7# ~for MBBA, LC j0'1nm). Simi-
lar conclusions were reached by@25# Ziherl and Žumer
studying the stability of the PR structure from dynamic po
of view in the uniaxial approximation, allowing a spati
variation of the nematic orientational order parameter. T
Monte Carlo study@20# by Chiccoli et al., based on a
Lebwohl-Lasher @34# microscopic model, suggested th
some of the predictions obtained via continuum approac
work well also in the submicron regime. They observed
PPLD-like structure for strong enough anchoring. The size
their sample was too small to obtain other structures p
dicted by continuum theories.

C. Microscopic interaction

Within the model a pair of rodlike LC molecules~more
exactly, an average representative@18,23# of a cloud of mol-
ecules! fixed atrW1 andrW2 , whose orientation is described b
nW 1 andnW 2 , interact via a simple pairwise interaction@26,35#

f ~nW 1 ,nW 2 ,rW !52
J

r 6S nW 1•nW 22
3«

r 2
~nW 1•rW !~nW 2•rW !D 2

. ~1!

This interaction corresponds to the generalized van
Waals interaction. HererW5rW22rW1 , andJ is a positive inter-
action constant. The parameter« describes the degree o
orientational anisotropy. For«50 the isotropic~i.e., inde-
pendent of therW direction! Maier-Saupe interaction is
obtained. This interaction is usually presented in a sligh
different form, where the term (nW 1•nW 2)

2 in replaced by
P2(nW 1•nW 2), whereP2 is a second rank Legendre polynomia
The corresponding coupling is called the Lebwohl-Las
@34# pair potential.

The induced dipole-induced dipole type interacti
emerges for« 51. The basic properties of this model a
given in Ref.@34#. It reasonably describes properties of ne
atic liquid crystals for«<0.3.

The molecules are coupled with the enclosing surface
@20#

f s~nW ,rW !52
Js

r 6
~nW •eW s!

2, ~2!

whererW is the distance between a ‘‘molecule’’ and a chos
point at the surface.Js is a positive surface anchoring con
stant tending to orient nematic molecules along the easy
eW s . In this study,eW s points in the radial direction, corre
sponding to the so called homeotropic@28# anchoring. The
interaction energyWint of the whole sample is given as a su
over all pair interactions. In calculations we limit ourselv
only to first neighbors. In addition we limit ourselves to rel
tively low temperatures, whereWint and the free energy ar
almost equal.
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D. Molecular dynamics study

We study the stability of nematic structures within a c
lindrical cavity whose lateral wall enforces homeotropic a
choring~the easy axis points along the surface normal!. The
director field is parametrized as

nW 5eW xsinQcosF1eW ysinQsinF1eW zcosQ, ~3!

whereQ5Q(rW,t) andF5F(rW,t) are the variational param
eters given at a discrete timet and pointsrW5(x,y,z) of the
Cartesian coordinate system. Thus discarded twist-nem
deformations are also conventionally allowed. The molecu
are fixed in a cubic three-dimensional lattice of lattice sp
ing ao . The nematic is confined within a cylinder of radiu
R5Nrao and lengthL5Nzao . In the simulation all the 26
first neighbors of a ‘‘molecule’’ centered at a siterW whose
orientation is to be updated were taken into account~i.e.,
eight ‘‘molecules’’ in the central plane including the siterW,
and nine ‘‘molecules’’ at the plane above and below t
central plane!. In the evaluation of the torque on the ‘‘mo
ecule’’ at rW all these neighbors were mapped on a sphere
radius ao centered atrW. In such a way we get rid of the
preference axis introduced into the system via the choice
cubic lattice@35#.

The director field orientation is updated in a time interv
Dt via @36#

Q~x,y,z,t1Dt !5Q~x,y,z,t !2DtA
]Wint

]Q
1Q r , ~4!

F~x,y,z,t1Dt !5F~x,y,z,t !2DtA
]Wint

]F
1F r . ~5!

The constantA depends on temperature and viscous pr
erties of the liquid crystal system@36#. The derivatives en-
tering Eqs.~4! are calculated as

]Wint

]Q
5

Wint~Q1DQ,F!2Wint~Q2DQ,F!

2DQ
, ~6!

]Wint

]F
5

Wint~Q,F1DF!2Wint~Q,F2DF!

2DF
, ~7!

whereDQ and DF are sufficiently small angles. The tem
peratureT is introduced in the model via random variabl
Q r and F r . The corresponding probabilities are describ
by Gaussian distributions centered atQ50 and F50, re-
spectively. The width of the distribution is proportional toT.
Details are given in Ref.@37#.

Simulations were carried for the sample sizes (2R,L)
}(2Nr ,Nz)5(8,28), (16,28), (24,28), (32,28), an
(32,44). At the cylindrical wall homeotropic anchoring
induced via coupling given by Eq.~2!. The anchoring
strength is varied fromJs /J50 to 3.0. In thez direction at
z50 andz5L, periodic boundary conditions are assume
The anisotropy parameter range from«50 to 0.3 is ex-
plored. Calculations were performed deep in the nem
phase. The structures were quenched from the isotro
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phase and were typically stabilized after 10 000 sweeps~in
one sweep the orientations of all the ‘‘molecules’’ are u
dated!.

III. RESULTS AND DISCUSSION

A. Stability diagram

With the above mentioned range of parameters, six qu
tatively different stable nematic structures are obtain
None of them exhibits twist-nematic distortions justifyin
the implemented assumptions in several recent theore
continuum type simulations@6,8,24,38,39#. Note that twisted
structures of nonchiral systems@33# can in principle be stable
for a relatively low value of the Frank twist elastic consta
K22 in comparison toK11 andK33. However this realm can
not be reached within our model where the relative stren
of elastic constants is controlled@26# solely by «. The cor-
responding stability diagramsh5Js /J as a function ofNr
are shown in Fig. 2~a! («50) and 2~b! («50.3). The ratioh
reflects competition between surface and elastic interac
strength.

FIG. 2. The stability diagramh5Js /J as function ofNr for ~a!
«50 and~b! «50.3. Case~a! corresponds in the elastic descriptio
to the approximation of equal elastic constants.
-

li-
.

al

t
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n

«50, equal elastic constants.We first discuss the isotro
pic case («50) that corresponds in the elastic description
the approximation of equal nematic elastic constants@40#
(K115K225K335K24[K; K1350). For small enough ra-
dia (2Nr,25), there exist a critical valueh5hc (0,hc
,0.5) separating regimes of qualitatively different nema
structures.

For h,hc the AH structure is stable~weak anchoring
regime!. At h5hc the anchoring is strong enough to stab
lize the PP structure, which adopts to the homeotropic
choring condition in a less energetic way. The points
maximal distortion are positioned diametrically at the wa
With increased ratio these points become more distorted
remain at the wall until a critical valueh5hc1 is reached.
With a further increased value ofh the localized distortions
~i.e., line defects! are pushed toward the center of the cyli
der, approaching a saturated value ofDRs5DR(h→`).
HereDR(h) describes the shortest distance between the
inder wall and the localized distortion~i.e., line defects in the
director field description!. This nematic configuration corre
sponds to the planar polar structure with line defects~PPLD!
structure. IfDRs'R then PR structure is formed~see stabil-
ity diagrams!. This condition can be realized only for ex
tremely small values of R and for high enough values ofh.

The evolution of the nematic structure with increasedh at
constant value ofR (Nr58) is illustrated in Fig. 3. The
corresponding dependenceDR(h) of the PPLD structure is
plotted in Fig. 4. Note that one would expect a monoto
cally decreased value of the ratioDRs /R with increasedR.
In this context minor departures from this tendency indic
the degree of reliability of calculations.

For large enough radia the planar structures are not sta
and the ER structure is realized instead for all anchor
strengths. This behavior is in line with elastic predictio
@6,8# to which our result should converge in the limitNr
@10. Details about this structure will be given below.

«50.3, intrinsic anchoring.A finite value of the anisot-
ropy constant « introduces quantitative and qualitativ
changes into the stability diagram. When«.0, the
degeneracy of equal elastic constants of the continuum
proach is lifted@26,35#, and in additionK13Þ0. It roughly
holds @26# that K13/K'23«/5@211(9/7)«#/@12(12/5)«
1(54/35)«2#. Consequently, in addition toexternal anchor-
ing, the system also exhibitsinternal anchoring, which can
result in deformed nematic structures. The internal ancho
@35# is caused by incomplete intermolecular interaction. B
cause of the curved surface it can cause deformed struc
even in cases ofJs50.

Some of the resulting consequences are evidently m
fested in Fig. 2~b!. The stability of the ER structure is pushe
toward higher values ofNr , indicating K33/K11.1. The
competing planar nematic structures exhibit less bend de
mation in comparison to the ER director profile@8#. More
remarkable is the appearance of a planar bipolar~PB!-like
structure@9# in the very weak anchoring regime despite t
homeotropic anchoring condition. Note that considering c
ventional bulk elastic constants, this structure can be st
lized only for a planar anchoring condition for considerab
anchoring strength. The appearance of the PB structur
such a weak anchoring regime is due to intrinsic@35# anchor-
ing. It is caused by finite value ofdivergence~also called
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FIG. 3. Evolution of the nematic ordering~the director field
representation! with increased ratioh5Js /J for «50 (a1: h
50, a2: h50.5, a3: h52.0) and «50.3 (b1: h50, b2: h
50.5; b3: h52.0); Nr58.

FIG. 4. DependenceDR5DR(h) for different values ofNr .
surface! elastic constantsK13 andK24, which can in general
stabilize deformed nematic structures@35,39,41# even in case
of zero anchoring strength. Skacˇej et al. @35# showed that, for
large enough values of«, the intrinsic anchoring favors pla
nar anchoring in the planar geometry. We conjecture tha
our case at«50.3 the anisotropy is strong enough so that t
established planar intrinsic contribution to the anchor
dominates over the homeotropic external anchoring. T
condition defines boundary conditions atJs.0, and because
of a curved surface enforces a deformed structure.

Note that a specific choice of lattice can introduce
artificial preference direction into the system. This can
turn strongly influence@35# details of the internal anchoring
that become particularly important in the weak external
choring regime. In our calculations we got rid of the prefe
ence axis using the procedure described above Eq.~4!.

B. Defects

The points of strong distortions described above cor
spond to singular points@10# ~i.e., dislocations or defects! in
the continuum uniaxial picture. They are singular in t
sense of a discontinuous change of the local director fi
orientation. At the singularity the director orientation is n
uniquely defined, resulting in a vanishing value of the loc
macroscopic uniaxial orientational order parameterS. In a
more complex biaxial continuum description~in terms of the
tensor order parameterQi j ) the evolution across the defect
gradual@24,42#. Therefore in this description the notionde-
fectdescribes a strong local distortion, but nonsingular ne
atic order.~From the topological point of view a stable defe
cannot be unfolded in a continuous way into a defectl
structure.!

To illustrate the above discussion, in Fig. 5 we plot t
spatial dependence of eigenvalues of the tensor order pa
eter in the PPLD structure. Local order parameters are
tained via diagonalization of the tensorQi j 5^(3ninj
2d i j )/2&, whered i j is the Kronecker tensor,ni is the i th
component of the director field, and̂•••& describes time
averaging and averaging over first neighbors.

FIG. 5. The spatial dependence of eigenvaluesSi ( i 5x,y,z) of
the tensor order parameter along the line incorporating line def
in the azimuthal plane in the case of the PPLD structure. Biaxia
is substantial only near line defects. Exactly at defects the nem
order is uniaxial along thez axis.«50, 2Nr516, andNz528; the
strong anchoring regime.
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In Fig. 5, the variation of eigenvalues along the line in t
azimuthal plane incorporating both line defects is shown.
us assume that thex axis of the coordinate system points
this direction, and that thez axis is along the cylinder axis
The eigenvalues along thex, y, andz axes of the coordinate
system are denoted bySx , Sy , and Sz , respectively. The
cases where two eigenvalues are equal correspond to uni
states. At the cylinder wall the nematic order is uniax
along the radial direction~i.e., Sy5Sz). On approaching line
defects the degeneracy betweenSy andSz is lifted, resulting
in a biaxial nematic state. At defects sites the exchange
eigenvalues takes place. Consequently, there the nem
state is again uniaxial but with a negative uniaxial ord
parameter along thez axis @43#. On approaching the cylinde
center, the uniaxial order along they axis is progressively
increased. Note that the eigenvalueSz exhibits negligible
spatial variations due to the extremely low temperature u
in the model. In turn, in structures without defects the bia
ality is negligible.

C. Relaxation

The metastable ERPD structure was locked in in
simulations only if defects were separated for a distancd
larger than 2R. This result is in line with analytical predic
tions @32# obtained by Peroli and Virga. In their model th
attraction force between adjacent defects is negligible~nu-
merical simulations reveal exponentional decay with the d
tance! for d.2.2R, and therefore the annihilation of defec
is not expected within a reasonable simulation time.

An interesting demonstrative annihilation process is illu
trated in Fig. 6. The LC ensemble was quenched from
isotropic phase. The parameters are chosen in such a
that the free energies of the ER (F5FER) and PPLD (F
5FPPLD) structures are similar, andFER,FPPLD. Therefore,
in the long run, the ER structure is stabilized. An interme
ate stage, where the domain with the ER structure is
rounded with the domains exhibiting the PPLD structure
shown in Fig. 6. The structure at the left consists of two l
defects, each of topological chargeM51 1

2 . On approaching
the ER domain the line defects gradually approach e
other and finally merge into a single line defect of stren
M511. This defect enables the LC to escape along
cylinder axis, providing continuous transformation into a d
main with the ER structure. Note that the relative positio
of line defects in both domains with PPLD structure are
same due to periodic boundary conditions. With time the
domain grows at the expense of metastable surrounding
mains. Details about this annihilation process will be pu
lished in a separate paper which will focus on the dynam
of the model.

D. Link between microscopic and macroscopic approaches

As mentioned in Sec. I, a lattice point in our model re
resents, in general, a group of molecules@18,20# in a real
system. To estimate the actual size of the cylinders con
ered in our simulations, we relate predictions of our mic
scopic approach with the known results obtained in the c
tinuum limit. Therefore we focus on Fig. 5, where the spa
evolution of the tensor order parameter eigenvalues
shown in the PPLD structure. In continuum language
t
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depressed value of the order parameter at the defect sit
covers to its bulk value on a scale given by the nema
correlation lengthjn . In the case studied here~very low
temperature!, jn is of the order of molecular dimensionsao .
Thus we conclude that in our case we are close to one-to
mapping. Thus a site in our calculation corresponds to on
27 molecules@an ‘‘interaction sphere’’ in our model consist
of 27 molecules; see the text above Eqs.~4!#, as predicted by
Chiccoli and co-workers@18–20,23#.

Next we demonstrate that in the submicron regime
predictions for the structural details of both~microscopic and
elastic! approaches reasonably agree. For this purpose
study structural details of the ER structure shown in Fig
for «50 for different anchoring strengths. In Fig. 7~a!, the
dependence of the spatial dependence of the ER director
~represented byQ) is shown for different ratiosh. The cor-
responding evolution of the surface orientation angleQm
5Q(r 5R) for Nr58 is depicted in Fig. 7~b!. Both Q
5Q(r ) and Qm5Qm(h) dependences are close to tho
predicted from the elastic approach. This indicates that
only qualitative but also quantitative predictions reached
the continuum picture work well even in the submicron r
gime studied.

From the obtainedQm5Qm(h) dependence, some mac
roscopic quantities can be estimated at the AH-ER transit
Within the elastic theory,Qm evolves with anchoring
strength asQm5arccos(de /R) for R/de.1, and Qm50
elsewhere. The surface extrapolation length@7# is defined as

FIG. 6. An intermediate stage of relaxation process toward
ER structure. The LC was quenched from the isotropic phase.
figure presents an intermediate stage where the ER domain is
closed by the domains with the PPLD structure. At later stages
ER domain fills the whole region. At the top a part of the (x,z)
cross section incorporating the cylinder axis is shown. The posi
of the cylinder axis is evident from the central ER domain. Belo
this figure parts of the (x,y) cross sections of the PPLD~left! and
ER ~right! domain are shown. 2Nr532, Nz544, strong anchoring
regime. Number of sweeps isNs'6000. The ER structure wa
reached at approximatelyNs'7000.



nd

th

t
e

-

on
n-

ro-
to

on
o-

y
-

fol-

yl-
t
ts
in
ap-
tion

tion

the
e
rd

e

f the
o-
n-
We
r-
al

sult-

in

ble
pa-
l

pic
eters
te a
here
on-
res

ite
in

his

e
:
d

st
in

PRE 58 7453MOLECULAR DYNAMICS STUDY OF NEMATIC . . .
de5K/Wa , whereWa describes the anchoring strength a
K is the average nematic elastic constant. AssumingR
}Nr , Wa}Js , and K}J, one obtainsR/de5CNrJs /J,
whereC is a proportional constant. The best fit between
elastic and microscopic approach, shown in Fig. 7~b!, is ob-
tained forNrC'5(160.05). From the figure we infer tha
the transition between the AH and ER solution takes plac
Js /J'0.2(160.05), that corresponds toR/de51 in the
elastic picture. Assumingjn'ao , we obtain the AH-ER
transition at de5R'8ao'24 nm, corresponding toWa
'1024 J/m2. In the estimation we set @7# K
'5310212 J/m2 andao'3 nm, describing a typical nem
atic liquid crystal.

IV. CONCLUSIONS

We have analyzed the stability of nematic structures c
fined to a cylindrical capillary enforcing homeotropic a

FIG. 7. ~a! The spatial dependenceQ5Q(r ) of the ER structure
for different values ofh5Js /J. ~b! Variation of the average surfac
angleQm with h. Points: microscopic model calculations; full line
elastic theory prediction. The dimensionless parameter is define
s5R/de5NrCh, where C is a proportional constant. The be
match between the elastic and microscopic approaches is obta
for NrC'5.
e

at

-

choring using a molecular dynamics approach on a mic
scopic lattice model. The main purpose of the study was
test the applicability of continuum type approaches@7#
~Landau–de Gennes and elastic approaches! in systems
whose typical linear dimensions are well in the submicr
region. In our calculations the cylindrical geometry was ch
sen because~i! it exhibits a reach palette of qualitativel
different nematic structures,~ii ! this simple geometry is ad
missible to rather nonsophisticated calculations and~iii ! vari-
ous experiments. The main results of our work are the
lowing.

We have obtained different LC structures varying the c
inder size, anchoring strength, and anisotropy constan«.
Variation of « affects ratios of the nematic elastic constan
defined in the elastic theory. The range of their stability
most cases confirm predictions based on continuum
proaches. The stable structures observed in the simula
were the planar radial~PR!, the planar polar~PP!, the planar
polar with line defects~PPLD!, the escaped radial~ER!, the
escaped radial with point defects~ERPD!, and the axial ho-
mogeneous~AH! structure. For«50, corresponding in the
elastic description to the approximation@40# of equal nem-
atic elastic constants, either the AH~in the very weak an-
choring regime!, PP ~weak anchoring regime! or PPLD and
PR ~strong anchoring regime! structure is obtained. The
separation of line defects in the PPLD structure as a func
of anchoring strength is calculated. For small enoughR the
line defects can merge resulting in the PR structure. In
elastic limit, ~i.e., R@jn) the ER structure is stable. In th
case«.0 the stability of the ER structure is pushed towa
largerR, and the planar bipolar~PB! structure appears in th
weak ~external! anchoring regime.

For large enough value of the anisotropy constant« («
>0.3) the PB structure is observed as a consequence o
internal @35# anchoring. It is caused by incomplete interm
lecular interaction at the limiting surface. In general it e
forces different easy axis than the external anchoring.
conjecture that for«>0.3 it enforces planar internal ancho
ing, dominating boundary conditions in the weak extern
anchoring regime. Because of the curved surface the re
ing structure is deformed atJs.0. Note that the intrinsic
anchoring is inherent in our model, which is not the case
continuum type approaches.

In the regime of its potential realization the metasta
ERPD structure is locked in only if adjacent defects as se
rated more than 2R. This observation confirms analytica
results by Peroli and Virga@32# predicting substantial force
between point defects if their separation is less that 2.2R.

The comparison of the results obtained in the microsco
and elastic approach roughly defines macroscopic param
entering our model. For the ER structure we demonstra
good match between approaches even in the regime w
the applicability of the continuum approaches is questi
able. We obtain a transition between ER and AH structu
for Nr58 atJs /J'0.2, corresponding toR'24 nm and the
anchoring strengthWa'1024 J/m2. A lattice point in simu-
lation corresponds to one or 27 molecules.

In conclusion, we would like to emphasize that desp
using rather primitive model restricted to a lattice, we obta
reasonable results justifying continuum predictions. T

as

ed
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indicates that the simple model used contains essential in
dients responsible for the observed macroscopic beha
However, in order to gain better quantitative agreemen
more sophisticated microscopic model is needed~e.g., allow-
ing translational degrees of freedom of the interacting ‘‘m
ecules’’!.
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