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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 regimg51063-651X%98)06112-1

PACS numbg(s): 61.30.Cz, 61.30.Gd, 64.70.Md

[. INTRODUCTION some of elastic predictions(i.e., details concerning
In recent years nematic liquid crystalsC's) confined paranemati_c-nematic phas_e _transitioy and existen_ce (_)f vari-
. T - . ) ous nematic structures within spherically and cylindrically
into cylindrical cavities attracted a lot of attention. Conf'nedshaped cavitieg 19,20,22—2% A connection between elas-
nematic structures were examined mostly by optic polarizagic ang molecular descriptions was partially established. In
tion microscopy[1-3] in supramicron and NMR methods particular the question of the length scale entering the model
[4,5] in submicron cavities. The findings are in reasonable(i.e_, how many molecules in the real world correspond to a
agreement with the predictions based on phenomenologic@ttice point in the microscopic descriptipnvas not an-
theories[6,7]. swered.

In cavities of radiu®R>1 um most of theoretical studies The main goals of this paper af® to use a simple mi-
were carried out within the uniaxial approximatit®8,9 in  croscopic description to investigate the stability of different

terms of the director fielé and the nematic order parameter Nematic structures in a cylindrical cavity with walls enforc-
S. As the nematic order parameter correlation lergtivas ~ iNg homeotropic anchoring, an@) to establish a link with
usually much less thaR the order parametes has a nearly 'esults of continuum type approaches. The LC molecules,
constant value everywhere except close to the centers of dfX€d in a lattice, are assumed to be coupled via a modified
fects [10]. In such cavities the approximation of constantNduced-dipole—induced-dipole type interact{@]. The re-

order parameter works well, while defects are described b}pxatlon of nematic structures towatthetastable configu-

; ; ; ; P . ations is enabled using a molecular dynamics simulation
an isotropic core whose linear dimension is roughly given b . - . )
P P gnly g [27]. The paper is organized in the following way. In Sec. Il
n

.This approach is not appropriate for cavities with a diam-the thepretical background is presgnted. We Qispuss possi_ble
) . nematic structures based on continuum predictions. The in-

eter well belqw 1 um, which have recently been of partl_cu- teraction between molecules is presented, and the method of

lar research interest. There have been numerous studies dgg|ecylar dynamics is briefly described. In Sec. Il the sta-

voted to liquid crystals confined to porous matridds] jjity of different nematic structures is studied as a function

(€.9., Anoporg 12] and Nuclepor¢13] membranes, aerogels of anchoring strength, interaction anisotropy, and cylinder

[14], Russian glasEl5], Vycor glasg16], controlled porous  radjus, emphasizing the link to the continuum description. In

glass[17], etc), with typical voids in most cases locally that section, results are also summarized.

exhibiting a roughly cylindrical geometry of a radius well

below 1 um. In such cavities spatial variations of the nem- Il. THEORETICAL BACKGROUND

atic order parameter are prominent, and in addition biaxiality _

becomes apparent. In most cases a more complex continuum A. Nematic structures

approach based on the tensor nematic order paraifigter A nematic structure in a cylindrical cavity results from a

needed. competition among surface, elastic and eventual external
However, approaching molecular scales the applicabilitymagnetic or electricfield effects. Conditions at the confin-

of continuum type descriptions becomes questionfb8. ing boundary are of particular importance. In this study we

Zannoni and co-workers pioneered molecular simulation aplimit ourselves to homeotropi€28] anchoring, tending to

proaches for confined liquid crystdl§8—23. Palermo, Bis- orient nematic molecules in the radial direction. Using topo-

carini, and Zannoni demonstratg2il] a breakdown of stan- logical arguments, possible structures can be qualitatively

dard continuum theory using Gay-Berne potential studyingpredicted 10,29—-31. In Figs. Xa)—1(g), some structures are

orientational changes of LC’s adsorbed on a graphite surfacechematically represented using the nematic director field

They observed large director variations in the proximity ofrepresentation.

the surface, which cannot be tackled with continuum type Planar director fields.In the case of strong homeotropic

approaches. On the other hand some of their result confirranchoring at the cylinder wall, and a planar director field
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F L is conventionally called the planar polar struct{i#g with
A A two line defectdPPLD). Structures with even more defects,
~~~~~~~~~~~ AT AN AR VAN AN AN subject to given constraints, are too energetic to be stable. In
TS case of a finite anchoring strength these defects can be vir-
tually pushed out of the cylinder resulting in the defectless
planar polar(PP structure[6].

Escaped director fieldsThe additional degree of freedom
along the cylinder axis enables the system to avoid line de-
fects also in the strong anchoring regime via “the escape in
the third dimension”[1,10]. Possible scenaria are the es-
caped radial6] (ER) structure and the escaped radial struc-
o ture with point defect46,32] (ERPD. On decreasing the

p anchoring strength the ER structure exhibits a continuous
NN N N NS S S transition to the axial homogenedd (AH) structure. Other

T structures, e.g., including twist nematic distorti88], are
only rarely realized.
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! \ \ B. Stability of structures: elastic theory prediction
1

In the continuum limit the stability region of the struc-
tures mentioned above can be well predicted knowing ratios
of typical lengths entering the problef—8]. These are the
cylinder radiusR, the surface extrapolation lendth] d., the
nematic correlation lengtf,, and the external field correla-
tion length[7] &; . In addition, relative strengths of the splay
(K19, twist (Ks5), bend K33), and saddle splay(,,) nem-
atic elastic constant can play important rofés-8].

Supramicron rangeWe first consider supramicron cavi-
ties corresponding to the regink/£,>1. In this limit the
uniaxial elastic Frank-Oseen type descripti@hin terms of
a constant nematic order parameter works well.

For comparable nematic elastic constants and in the ab-
sence of an external field, only the ER and PP structures can
be stabld6,8]. The PP structure is stable W/ d.<(R/dg).
=u. (weak anchoring regime and the ER structure if
R/d.> u. (strong anchoring regimeHere u. describes the
critical value[6,8] which depends on the relative strength of
nematic elastic constants. For equal elastic constants
=10. Despite the fact that the ER structure is slightly less
energetic than topologically equivalent metastable ERPD

FIG. 1. Schematic sketch of th@) axial homogeneougAH),  structure, the ERPD structure is most commonly experimen-
(b) escaped radialER), (c) escaped radial with point defects tally observed instead. Possible origins of its stability were
(ERPD,, (d) planar radialPR), (€) planar polar structure with line discussed in detail by Peroli and VirgaZ2]. The PR struc-
defects(PPLD), (f) planar polar(PP), and(g) planar bipolar(PB) ture is stable only if, in addition t&/d.> ., the condition
nematic structure in the director field representation. Kas/K1;>1 is also realized8]. This can occur in conven-

. : . tional nematics close to the continuous nematic-smektic
restricted to planes normal to the cylinder axis, the defects ", : : .
X . ) ‘phase transition. An external field applied perpendicular to
are topologically required. Defects are conventionally classh[he cylinder axis can stabilize the PP structure also in the
fied according to their topological chary (on encircling a ) C o ,
defect the director field rotates for an angié2). For strong anchoring regime if the ratify/¢;>(de/)., where

strong homeotropic anchoring the sum of topological chargell'® SUPScript stands for the critical value. In the very strong

in any possible structure is restricted t¢31]. The simplest anchoring regime R/de>10) there exists a limited interval
scenario, that can potentially result in a stable structure, col8] Of external field strengths where the PPLD structure is
responds to the planar radf@] (PR structure possessing a Stable. Note that in theR/d.,dc/&;) stability diagram the
single line defect of strengthl = -+ 1. Also, structures with a lines separating defectless structures exhibit scaling proper-
two line defect of the strengthl = + % are possible. Because ties[6.8].

of the same sign the defects repel each other, and at the sameSubmicrometer rangeln the submicron range, wheR

time they are also repelled from the curved surfétsepres- and the nematic order parameter correlation lengthare
ence can be simulated by a mirror image defeEhe struc- comparable, a more detailed description of defects has to be
ture, where defects are stabilized at a finite mutual distancéntroduced. This was taken into account in Re¥4] using
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the tensor nematic order parameter description. In this pic- D. Molecular dynamics study

ture biaxiality is allowed. According to these results in the /o study the stability of nematic structures within a cy-
strong anchoring regime the PPLDr even PRstructure is  ingrical cavity whose lateral wall enforces homeotropic an-

realized instead of the ER one even for equal nematic eIaStiGhoring(the easy axis points along the surface nojnishe
constants ifR<20¢,. Here, is the zero temperature nem- yiractor field is parametrized as

atic correlation length7] (for MBBA, LC &p=~1nm). Simi-

lar conclusions were reached Bg5] Ziherl and Zimer n=6,sind cosb + &,sin@sind + 6,c0M, 3)
studying the stability of the PR structure from dynamic point Y

of view in the uniaxial approximation, allowing a spatial where® =0 (r,t) andd = d(r,t) are the variational param-
variation of the nematic orientational order parameter. The

Monte Carlo study[20] by Chiccoli etal, based on a elers given at a discrete timeand pointsr =(x,y,z) of the
Lebwohl-Lasher[34] microscopic model, suggested that Cartesian coordinate system. Thus discarded twist-nematic
some of the predictions obtained via continuum approached€formations are also conventionally allowed. The molecules
work well also in the submicron regime. They observed @€ fixed in a cubic three-dimensional lattice of lattice spac-
PPLD-like structure for strong enough anchoring. The size ofd & - The nematic is confined within a cylinder of radius
their sample was too small to obtain other structures preR=Nr&, and lengthL =N.a, . In the simulation all the 26
dicted by continuum theories. first neighbors of a “molecule” centered at a sitewhose
orientation is to be updated were taken into accaliet,

eight “molecules” in the central plane including the site
and nine “molecules” at the plane above and below the
Within the model a pair of rodlike LC moleculdsore  central plang In the evaluation of the torque on the “mol-
exactly,.an average re»:presentatﬁwa%,ZE] O_f a _cloud Of_ mal- ecule” atr all these neighbors were mapped on a sphere of
ecules fixed atr, andr,, whose orientation is described by radius a, centered af. In such a way we get rid of the

n; andn,, interact via a simple pairwise interacti®6,35  preference axis introduced into the system via the choice of a
cubic lattice[35].

C. Microscopic interaction

2

oL Jl. . 3 . . . . The director field orientation is updated in a time interval
f(ny,nz,r)=—— nynp——(ny-r)(nyr)| . (1) At via[36]
r r
L. . . aWint
This interaction corresponds to the generalized van der O(x,y,z,t+At)=0(x,y,z,t)— AtA 70 +0,, @

Waals interaction. Here= r}— Fl, andJ is a positive inter-

action constant. The parameterdescribes the degree of W
orientational aniiotropy. For=0 the isotropic(i.e., inde- <I>(x,y,z,t+At)=<I>(x,y,z,t)—AtAWTt+<I>r. (5)
pendent of ther direction Maier-Saupe interaction is

obtained. This interaction is usually presented in a slightl .
yp ghtly The constanA depends on temperature and viscous prop-

. > g 2
dlﬁefen} form, Where the termng-ny)® in replaced bY erties of the liquid crystal systefi86]. The derivatives en-
P,(n;-ny), whereP; is a second rank Legendre polynomial. tering Eqs.(4) are calculated as

The corresponding coupling is called the Lebwohl-Lasher
[34] pair potential. Wiy Wi O +A0, D)~ Wi (0 — A0, D)

The induced dipole-induced dipole type interaction 70 5A0 (6)
emerges fore =1. The basic properties of this model are
given in Ref.[34]. It reasonably describes properties of nem-
atic liquid crystals fore<0.3. Wit Winl(©,0+AD) — Wi (0,0 —AdD) @)
The molecules are coupled with the enclosing surface via ab 2AD '

[20]
whereA® andA® are sufficiently small angles. The tem-
. Jg - - peratureT is introduced in the model via random variables
fo(n,r)=——(n-ey)? (2 @, and®,. The corresponding probabilities are described
r by Gaussian distributions centered@t=0 and® =0, re-
R spectively. The width of the distribution is proportionalTo
wherer is the distance between a “molecule” and a chosenpetails are given in Ref:37].

point at the surfacels is a positive surface anchoring con-  Simulations were carried for the sample sizeR(2)
stant tending to orient nematic molecules along the easy axis(2N, ,N,)=(8,28), (16,28), (24,28), (32,28), and
és. In this study,éS points in the radial direction, corre- (32,44). At the cylindrical wall homeotropic anchoring is
sponding to the so called homeotrop8] anchoring. The induced via coupling given by Eq(2). The anchoring
interaction energyV,,; of the whole sample is given as a sum strength is varied frond;/J=0 to 3.0. In thez direction at
over all pair interactions. In calculations we limit ourselvesz=0 andz=L, periodic boundary conditions are assumed.
only to first neighbors. In addition we limit ourselves to rela- The anisotropy parameter range frae=0 to 0.3 is ex-
tively low temperatures, whend/;,; and the free energy are plored. Calculations were performed deep in the nematic
almost equal. phase. The structures were quenched from the isotropic
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FIG. 2. The stability diagramy=Js/J as function ofN, for (a)
£=0 and(b) £=0.3. Casda) corresponds in the elastic description
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to the approximation of equal elastic constants.
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£=0, equal elastic constanta/Ve first discuss the isotro-
pic case £=0) that corresponds in the elastic description to
the approximation of equal nematic elastic constd#t]
(K11=Koo=K33=K,=K; Ki3=0). For small enough ra-
dia (2N,<25), there exist a critical valugy= 7, (0<%,
<0.5) separating regimes of qualitatively different nematic
structures.

For n<m. the AH structure is stabléweak anchoring
regime. At »= 7. the anchoring is strong enough to stabi-
lize the PP structure, which adopts to the homeotropic an-
choring condition in a less energetic way. The points of
maximal distortion are positioned diametrically at the wall.
With increased ratio these points become more distorted but
remain at the wall until a critical valug= 7., is reached.
With a further increased value af the localized distortions
(i.e., line defectsare pushed toward the center of the cylin-
der, approaching a saturated value ®SR;=AR(7— ).
Here AR(#) describes the shortest distance between the cyl-
inder wall and the localized distortidne., line defects in the
director field description This nematic configuration corre-
sponds to the planar polar structure with line deféEBLD)
structure. IfAR;~R then PR structure is formedee stabil-
ity diagramg. This condition can be realized only for ex-
tremely small values of R and for high enough valuesyof

The evolution of the nematic structure with increasest
constant value oR (N,=8) is illustrated in Fig. 3. The
corresponding dependenddR(») of the PPLD structure is
plotted in Fig. 4. Note that one would expect a monotoni-
cally decreased value of the ratloR;/R with increasedR.

In this context minor departures from this tendency indicate
the degree of reliability of calculations.

For large enough radia the planar structures are not stable,
and the ER structure is realized instead for all anchoring
strengths. This behavior is in line with elastic predictions
[6,8] to which our result should converge in the linik,
>10. Details about this structure will be given below.

£=0.3, intrinsic anchoring. A finite value of the anisot-
ropy constante introduces quantitative and qualitative
changes into the stability diagram. Whesa>0, the
degeneracy of equal elastic constants of the continuum ap-

phase and were typically stabilized after 10000 swe@ps proach is lifted[26,35, and in additionK5# 0. It roughly
one sweep the orientations of all the “molecules™ are up-holds [26] that K;3/K~—3&/5[ —1+(9/7)e]/[1—(12/5)

dated.

I1l. RESULTS AND DISCUSSION
A. Stability diagram

+ (54/35)2]. Consequently, in addition texternal anchor-

ing, the system also exhibiisternal anchoring which can
result in deformed nematic structures. The internal anchoring
[35] is caused by incomplete intermolecular interaction. Be-
cause of the curved surface it can cause deformed structure

With the above mentioned range of parameters, six qualieven in cases als=0.
tatively different stable nematic structures are obtained. Some of the resulting consequences are evidently mani-
None of them exhibits twist-nematic distortions justifying fested in Fig. 2b). The stability of the ER structure is pushed
the implemented assumptions in several recent theoreticiward higher values ofN,, indicating K33/Ky;>1. The

continuum type simulations,8,24,38,39 Note that twisted

competing planar nematic structures exhibit less bend defor-

structures of nonchiral systerf33] can in principle be stable mation in comparison to the ER director proffl8]. More
for a relatively low value of the Frank twist elastic constantfémarkable is the appearance of a planar biphis)-like
K5, in comparison tdK;; andK 5. However this realm can structure[9] in the very weak anchoring regime despite the
not be reached within our model where the relative strengtflomeotropic anchoring condition. Note that considering con-

of elastic constants is controlld@6] solely bye. The cor-
responding stability diagramg=J;/J as a function ofN,
are shown in Fig. @) (¢=0) and 2Zb) (¢=0.3). The ratiop

ventional bulk elastic constants, this structure can be stabi-

lized only for a planar anchoring condition for considerable
anchoring strength. The appearance of the PB structure in

reflects competition between surface and elastic interactiosuch a weak anchoring regime is due to intrif8i6] anchor-
strength.

ing. It is caused by finite value alivergence(also called
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FIG. 5. The spatial dependence of eigenval8egi =x,y,z) of
the tensor order parameter along the line incorporating line defects
Tm e e e S e o in the azimuthal plane in the case of the PPLD structure. Biaxiality

I S

o I is substantial only near line defects. Exactly at defects the nematic

el P P e m

- g order is uniaxial along the axis.e=0, 2N,= 16, andN,=28; the
strong anchoring regime.

surface elastic constantk ;3 andK,,, which can in general
stabilize deformed nematic structuf&$,39,4] even in case
of zero anchoring strength. Slegjet al. [35] showed that, for
large enough values af, the intrinsic anchoring favors pla-
nar anchoring in the planar geometry. We conjecture that in
our case at = 0.3 the anisotropy is strong enough so that the
established planar intrinsic contribution to the anchoring
dominates over the homeotropic external anchoring. This
condition defines boundary conditionsJt=0, and because
of a curved surface enforces a deformed structure.

Note that a specific choice of lattice can introduce an

FIG. 3. Evolution of the nematic orderinghe director field artificial preference direction into the system. This can in
representation with increased ratiop=Js/J for e=0 (al: 5 turn strongly influenc¢35] details of the internal anchoring
=0, a2: 5=0.5, a3: »=2.0) ande=0.3 (bl: =0, b2: »  that become particularly important in the weak external an-
=0.5; b3: 7=2.0); N,=8. choring regime. In our calculations we got rid of the prefer-
ence axis using the procedure described above4qg.

B. Defects

The points of strong distortions described above corre-
spond to singular pointsl0] (i.e., dislocations or defegtin

0.25 - the continuum uniaxial picture. They are singular in the
-0 . . ; . '
AR/2R | M ° sense of a discontinuous change of the local director field

orientation. At the singularity the director orientation is not
0.20 uniquely defined, resulting in a vanishing value of the local

macroscopic uniaxial orientational order paramedetn a
more complex biaxial continuum descripti@n terms of the
0.154 tensor order paramet€y;;) the evolution across the defect is

. gradual[24,42. Therefore in this description the notiale-
fectdescribes a strong local distortion, but nonsingular nem-

0.10 atic order.(From the topological point of view a stable defect
. —+—2N=8 cannot be unfolded in a continuous way into a defectless
] —=a—2N~=16 structure)
0.05 —e— 2N,=24 To illustrate the above discussion, in Fig. 5 we plot the
1 —a—2N=32 spatial dependence of eigenvalues of the tensor order param-
0.00 +—4———————————— eter in the PPLD structure. Local order parameters are ob-
’ 05 10 15 20 25 30 tained via diagonalization of the tensdR;;=((3n;n;

n —&;;)/2), where §;; is the Kronecker tensom; is the ith
component of the director field, and - -) describes time
FIG. 4. DependencAR=AR(7) for different values oN, . averaging and averaging over first neighbors.
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In Fig. 5, the variation of eigenvalues along the line in the !
azimuthal plane incorporating both line defects is shown. Let
us assume that theaxis of the coordinate system points in !
this direction, and that the axis is along the cylinder axis. !
The eigenvalues along the y, andz axes of the coordinate |

|
|
[
|
|
i

R
T Tl
NN N NN~
NN,

Ve s Yavs
// // // - S // s s
. Vs P P - E - // -
system are denoted b§,, S,, andS,, respectively. The S ese te et e Y
cases where two eigenvalues are equal correspond to uniaxia AR R
states. At the cylinder wall the nematic order is uniaxial N

B N
B N
e e m —

~
N T L N
N

N

L
-

along the radial directiofi.e., S,=S,). On approaching line
defects the degeneracy betwegnands, is lifted, resulting
in a biaxial nematic state. At defects sites the exchange of

N T T NG N

|

\

AY
spatial variations due to the extremely low temperature used . - \\\
in the model. In turn, in structures without defects the biaxi- -~ -

ality is negligible. .

AN
~ N

eigenvalues takes place. Consequently, there the nematic * | R SRR ' :', v
. . . . . . . . / Ve \ I /
state is again uniaxial but with a negative uniaxial order . . . , . R NN I A
parameter along theaxis[43]. On approaching the cylinder ™ v s P SN AN,
. . . . . - R N N VY () ;s o, 7
center, the uniaxial order along thyeaxis is progressively << 0\ Vi, , . L e
increased. Note that the eigenval@g exhibits negligible AN Vet o STttt
~ N \

\ 1y

N LI

; VoA

’ LI

C. Relaxation FIG. 6. An intermediate stage of relaxation process toward the

The metastable ERPD structure was locked in in ourER structure. The L_C was q_uenched from the isotropic pha_se._ The
simulations only if defects were separated for a distashce figure presents an intermediate stage where the ER domain is en-
larger than R. This result is in line with analytical predic- closed by the domains with the PPLD structure. At later stages the
tions [32] obtained by Peroli and Virga. In their model the ER domain fills the whole region. At the top a part of thez)
attraction force between adjacent defects is negligiole ~ 7°SS section incorporating the cylinder axis is shown. The position
merical simulations reveal exponentional decay with the dis®" the cylinder axis is evident from the central ER domain. Below
tance for d>2.2R, and therefore the annihilation of defects this figure parts of thexy) cross sections of the PPLEY) aqd
is not expected within a reasonable simulation time. ER (right) domain are shown. [, =32, N,=44, strong anchoring

. . . I L regime. Number of sweeps N ,~6000. The ER structure was
An interesting demonstrative annihilation process is '"us'reached at approximatel,~ 7000
trated in Fig. 6. The LC ensemble was quenched from the s '
isotropic phase. The parameters are chosen in such a way
that the free energies of the EFF£Fggr) and PPLD F
=Fpp p Structures are similar, arfer<Fpp p- Therefore,

in the long run, the ER structure is stabilized. An intermedi-
ate stage, where the domain with the ER structure is Surt'emperatur)?, £, is of the order of molecular dimensioas .

rounded with the domains exhibiting the PPLD structure, isThus we conclude that in our case we are close to one-to one

Zh?w? in F'gH 6]; tThe Istrl_Jctlun; at theleIt %)nssts of t\;]v_o IInemapping. Thus a site in our calculation corresponds to one or
efects, each of topological charlye=+ 3. On approaching 7 moleculegan “interaction sphere” in our model consists

the ER domain the line defects gradually approach eac . ;
other and finally merge into a single line defect of strengthcfhfgcgq“o Lenc(;J lss_'\;gﬁ(g:gltgeftng;; e Bep), as predicted by

M.:+1' Th's def‘?c_t enablgs the LC to escape _along the Next we demonstrate that in the submicron regime the
cylinder axis, providing continuous transformation into a do-

in with the ER struct Note that th lati i Spredictions for the structural details of bdthicroscopic and
main wi € structure. Note that the relative position elastig approaches reasonably agree. For this purpose we

of line defects in both domains with PPLD structure are thestudy structural details of the ER structure shown in Fig. 7

same_due to periodic boundary conditions. With time the E%or 2=0 for different anchoring strengths. In Fig(aJ, the
doma'”gmwls atbthe eﬁpense_ﬁfl m_etastable surr(_)”urgdmg g%fependence of the spatial dependence of the ER director field
e e e e Presented ) o Shoun for ifeent atcs, T cor
of the model esponding evolution of the surface orientation an@lg
' =0(r=R) for N,=8 is depicted in Fig. (b). Both ®

=0(r) and ®,=0(n) dependences are close to those
predicted from the elastic approach. This indicates that not

As mentioned in Sec. |, a lattice point in our model rep-only qualitative but also guantitative predictions reached in
resents, in general, a group of moleculé8,2q] in a real the continuum picture work well even in the submicron re-
system. To estimate the actual size of the cylinders considgime studied.
ered in our simulations, we relate predictions of our micro- From the obtaine® ,= 0 (7) dependence, some mac-
scopic approach with the known results obtained in the conroscopic quantities can be estimated at the AH-ER transition.
tinuum limit. Therefore we focus on Fig. 5, where the spatialWithin the elastic theory,®, evolves with anchoring
evolution of the tensor order parameter eigenvalues arstrength as®,,=arccos@./R) for R/d.>1, and ©,=0
shown in the PPLD structure. In continuum language theelsewhere. The surface extrapolation lenigthis defined as

depressed value of the order parameter at the defect site re-
covers to its bulk value on a scale given by the nematic
correlation lengthé,,. In the case studied hergery low

D. Link between microscopic and macroscopic approaches
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(a) choring using a molecular dynamics approach on a micro-
scopic lattice model. The main purpose of the study was to
test the applicability of continuum type approachigd
(Landau—de Gennes and elastic approachassystems
whose typical linear dimensions are well in the submicron
region. In our calculations the cylindrical geometry was cho-
sen becauséi) it exhibits a reach palette of qualitatively
different nematic structuresii) this simple geometry is ad-
missible to rather nonsophisticated calculations @ngvari-
ous experiments. The main results of our work are the fol-
lowing.
We have obtained different LC structures varying the cyl-
= inder size, anchoring strength, and anisotropy constant
0 St ee e e bt Variation of ¢ affects ratios of the nematic elastic constants
0 5 10 15 N, defined in the elastic theory. The range of their stability in
most cases confirm predictions based on continuum ap-
proaches. The stable structures observed in the simulation
b) were the planar radidPR), the planar pola(PP, the planar
polar with line defect§PPLD), the escaped radidER), the
escaped radial with point defedSRPD), and the axial ho-
100 mogeneousgAH) structure. Fore =0, corresponding in the
Omax elastic description to the approximati¢40] of equal nem-
(deg)so atic elastic constants, either the Afh the very weak an-
choring regimg PP (weak anchoring regimeor PPLD and
PR (strong anchoring regimestructure is obtained. The
separation of line defects in the PPLD structure as a function
of anchoring strength is calculated. For small eno&gtine
line defects can merge resulting in the PR structure. In the
elastic limit, (i.e., R>¢&,) the ER structure is stable. In the
cases >0 the stability of the ER structure is pushed toward
largerR, and the planar bipoldiPB) structure appears in the
weak (external anchoring regime.
05 1 B, 2 For large enough value of the anisotropy constante
=0.3) the PB structure is observed as a consequence of the
FIG. 7. (a) The spatial dependenée=0(r) of the ER structure internal[35] anchoring. It is caused by incomplete intermo-
for different values ofp=Js/J. (b) Variation of the average surface |ecular interaction at the limiting surface. In general it en-
angle® , with . Points: microscopic model calculations; full line: forces different easy axis than the external anchoring. We
elastic theory prediction. The dimensionless parameter is defined &onjecture that foe=0.3 it enforces planar internal anchor-
0=R/de=N,C», whereC is a proportional constant. The best jng dominating boundary conditions in the weak external
match between the elastic and microscopic approaches is Obtai“%‘?‘lchoring regime. Because of the curved surface the result-
for N,C~5. ing structure is deformed at;=0. Note that the intrinsic
anchoring is inherent in our model, which is not the case in

d.=K/W,, whereW, describes the anchoring strength andcontinuum type approaches. o

K is the average nematic elastic constant. Assuniiig In the regime of its potential realization the metastable
«N,, W,xJs, and KxJ, one obtainsR/de=CN,J/J, ERPD structure is locked in only if adjacent defects as sepa-
whereC is a proportional constant. The best fit between the@ted more than R. This observation confirms analytical
elastic and microscopic approach, shown in Figp)7is ob- results by P_eroll and \/_ngL'%_Z] predlctl_ng _substantlal force
tained forN,C~5(1+0.05). From the figure we infer that Petween point defects if their separation is less thaR2.2
the transition between the AH and ER solution takes place at The comparison of the results obtained in the microscopic
J./J~0.2(1+0.05), that corresponds tR/d.=1 in the and elastic approach roughly defines macroscopic parameters
elastic picture. Assuming,~a,, we obtain the AH-ER entering our model. For the ER structure we demonstrate a
transition atd.=R~8a,~24 nm, corresponding to\, good match between approaches even in the regime where

~10% Jnf. In the estimation we set[7] K the applicability of the continuum approaches is question-
~5%10"%2 J/n? anda,~3 nm, describing a typical nem- able. We obtain a transition between ER and AH structures

atic liquid crystal. for N,=8 atJs/J~0.2, corresponding tB~24 nm and the
anchoring strengthV,~10"% J/n?. A lattice point in simu-
lation corresponds to one or 27 molecules.
In conclusion, we would like to emphasize that despite
We have analyzed the stability of nematic structures conusing rather primitive model restricted to a lattice, we obtain
fined to a cylindrical capillary enforcing homeotropic an- reasonable results justifying continuum predictions. This
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