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Computer simulation studies of confined liquid-crystal films
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In this paper we present results from molecular dynamics simulations performed using a system of Gay-
Berne particles confined between two substrates in a slab geometry. We use a nonseparable anisotropic
molecule-substrate interaction potential and investigate weak and moderate molecule-substrate coupling
strengths. We find that for both coupling strengths a well-defined, tilted molecular layer forms at each wall and
that the pretilt angle and layer density are only weakly dependent on temperature as the central region is cooled
through isotropiclike and nematiclike regions. The orientationally ordered fluid formed at the center of the film
is tilted in sympathy with the surface layers. At low temperatures, however, where the central region adopts a
layered arrangement, a sharp change is observed in the pretilt angle. This transition is more marked in the
weak-coupling system where the high-temperature tilted surface layers adopt an approximately planar arrange-
ment at low temperatures and the system resembles a bookshelf-geometry smectic film. In the moderate-
coupling system, the surface layers maintain some tilt in the presence of the layered central region, leading to
a smectic-stripe phase arrangem¢st063-651X97)11510-0

PACS numbg(s): 61.30.Gd, 61.30.Cz, 68.45.Da, 68.10.Cr

[. INTRODUCTION ethylene glycol is added to 50CB adsorbed on mica. In this
case, since the ethylene glycol is preferentially adsorbed at
Substrate-induced alignment of molecular orientations ighe substratéand is present only at weak concentrations in
an area of considerable interest since all liquid-crystal debulk) the transition appears to be surface driy&h
vices rely, at some level, on surface pinning. There has been There is a considerable body of theoretical work concern-
considerable experimental interest in this area in recent yeaisg the effects of confinement on liquid-crystalline order,
[1]. Scanning tunneling microscop§6TM) studies of the much of which concerns the associated shifting and weaken-
interface between a droplet of liquid-crystalline materialing of the nematic-isotropic transitiof8]. More recently,
(8CB) and a planar substrat@leaved pyrolytic graphije  Teixeira and Sluckidi9] have used Landau theory to inves-
have shown that the first adsorbed layer of mesogenic mokigate the orientational and positional order adopted at the
ecules forms a highly ordered structuppossibly a two- liquid-crystal-solid interface. In this, they investigate the
dimensional(2D) crystal stretching for thousands of ang- way in which structures in the interfacial region vary with
stroms[2]. In this structure, the molecules’ long axes lie in athe forms and relative strengths of the molecule-molecule
plane parallel to the substrate and form slightly interdigitatedand molecule-substrate interaction potentials. This work pre-
smecticlike rows. More recent temperature-dependent STMicts that perpendicular, planar, and tilted adsorbate struc-
observation$3] indicate that these ordered surface structuresures can arise from cylindrically symmetric molecular po-
can be disrupted or destroyed by changes in the bulk ordetentials at perfectly smooth substrates.
suggesting that bulk transitions lead to changes in surface- The literature contains relatively few simulation studies of
region order. Specifically, for the 8CB on graphite system liquid-crystalline systems confined in slab geometry, due
the 2D crystal structure of the first adsorbed monolayer idargely to the considerable time scales associated with the
found to be destroyed at thmilk nematic-smectic transition processes involved. The lattice-based Lebwohl-Lasher model
temperature. Friction measurements performed on films dfias been used to investigate the suppression of the nematic-
smectic liquid crystal also suggest a coupling between thésotropic transition10]. This has offered a useful compari-
positional ordering of the bulk and this adsorbed monolayerson with the early theoretical work on confined liquid crys-
they show a periodic modulation consistent with a structuredals, but this system’s simplicityno density variation or
adsorbed layer moving with the substrate Wéll and regu- spatial disorder is incorporatedenders it unable to model
larly coupling and decoupling with the bulk smectic when details of the interfacial structure. Specifically, the compet-
sheared past it. Second harmonic generati®iHG) studies ing effects of surface packing density and orientation are not
of similar systems indicate that the first adsorbed monolayeincorporated, and so there is no possibility of observing
tends to be tilted with respect to the surface plEBleWhile  many of Teixeira and Sluckin's predicted scenarios. En-
the observation of tilted structures with SHG may be attrib-abling these requires use of an off-lattice model, such as the
utable to the different substrate materials uged)., mica Gay-Berne moddl11], with an appropriate particle-substrate
rather than graphije recent simulation results suggest thatinteraction. While the bulk behavior of the Gay-Berne model
the invasive nature of the STM technique may promote plais well documented12,13, until recently only a brief inves-
nar structur¢6]. SHG studies have also observed phase trantigation has been performed in slab geomdttyl]. More-
sitions. Specifically J®me etal. have observed a over, this employed a molecule-substrate potential which
concentration-dependent anchoring transition when volatilevas separable into its angular and spatial péres, the lo-
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cation of the minimum in this potential was independent of ep_p(U; ,Gj ,fij)=foff(f1i ,Gj)e‘z‘(ﬂi ,gj ,fij), 3

the orientation of the molecule relative to the subsjrakbis

oversimplification precluded the observation of either paralwith

lel or tilted layers arising due to competing effects at the

interface. (0, G) =[1—x2(0;- G;)?)] ~ 12 4
A recent paper by Zhanet al.[15], which presents simu-

lations of a confined Gay-Berne system with@separable and

particle-substrate interaction potential, has confirmed Teix- 1 GGt G2

eira and Sluckin's predictions that suitable tuning of the 62(ﬁi,ﬁj ’Fij)zl_i)(, ij Ui T Fij- U

molecule-surface interaction can lead to a range of different 1+ X" (G- ﬂj)
pretilt orientations. However, Ref15] concentrated almost A A A Ao
. . . (ri..ui—ri..u.)
exclusively on the effects of particle-substrate coupling on R e L (5)
the surface-region structure and did not explore any 1-x"(U;-uy)

temperature-dependent effects arising due to the various de-

grees of orientational and positional order available to thel "€ parametex is determined by the length to breadth ratio
system. Subsequently, Stelzetal. [16] published a very ¢s/0eVia

brief investigation of a similar system. This latter work em- 5

ployed a separable particle-substrate interaction potential and _ (05/oe)™—1 ©6)
was restricted to a single state point. Furthermore, the X (osloe)?+1

method used to generate the starting configuration was to

instantaneously impose walls on an equilibratetk nematic ~ while y’ is related to the associated well depth ratide,,
configuration. As described in later sections, in our studieshrough

we have found it necessary to cool confined systems very

carefully from the isotropic phase in order to avoid quench- (esl€g)—1

ing in metastable states. This experience, combined with the X' s ka1

observation that the final configuration shown by Stelzer (€s/€e)™ +1
et al. exhibits regions with considerable director distortion

)

leads us to consider that the results presented in[Réfdo Th_e re_sults pre_sented herel_n were all obtained using a param-
etrization of this model which has been well characterized

noﬁr??rzrssgogcrj\}\?ethreesgﬁt”'zggurg]sjlt?stif molecular-d namlcgOr 3D bulk systems by De Migueet al. [13], that is,
bap b y osle.=3, es/e.=5, u=2, v=1. No potential cutoffs have

(MD) simulations that investigate the temperature depenbeen employed.

dence of a Gay-Berne fluid confined in a slab geometry. In In the same spirit as that adopted by Gay and Berne in

the next section, we present the interaction potentials use, %eir choice of the Lennard-Jones-like form of Ed), we
(which differ somewhat from those used previoysind list
have used a substrate-particle interaction based on the inte-

other simulation details. This is followed by a Results sec-

tion and a Discussion. grated Lennard-Jones form adopted in studies of adsorption
of simple liquids. Integration of the Lennard-Jones potential

over the half space beyond the substrate plangives the

II. MODEL AND SIMULATION DETAILS substrate-atom potential

Throughout we have used the standard Gay-Béirig
potential for the particle- particle interactions. Thus each pair Us.atonl |21 — 2| ) = e m
of particlesij (orientationst;, U;, interparticle vectorr;; Satomk 1520

=r;f};) interacts with a potential (8)
Up_p(0;,0;,Fj)=4ep_p(0;,0;,F;j) The equivalent half-space integral for the Gay-Berne particle
1 Lennard-Jones site interaction requires numerical techniques
%0 and so represents an unacceptably high computational load
( rij+oo—op_p(U;,U; ,fij)) for the current simulation study. As a simpler alternative, we

have employed the particle substrate potential

9 ) 1/2

eremma) |
(Fij+ oo op-p(lh. Uy Ty) USP(0i1|zi_zo|):a€SP(0i)(

) 10(1-x%)”

o 9

where the shape parametes_p(U; ,; ,f;;) is given by X i( - )
o 15\ |z~ zo| + 09— os_p( 6;)

(60 ) = 1= = L T ) ’

op-plUi,Uj,Tij) =00 2 X 1+ x (G Gj) —( 7o }, 9
~ 21 1-172 |zi— 20|+ 00— 05 p( )
(rlj ul rii uj) 2
1= x (G- ) @ where cosf;)=u,;, the shape parameter is a straightforward

generalization of that used for the Gay-Berne particle
and the well depth anisotropy is given by Lennard-Jones site interaction
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z | o FIG. 1. Particle-substrate interaction potential
Usp(6,2) as a function of separation, for a
range of particle orientations: d@=0.0 (solid
line); co96)=0.4 (dash-dotted ling cog6)=0.6
(dashed ling cog6)=0.8 (dash-dot-dotted line

0.5+
cog#)=1.0 (dotted ling.

UG) 1 ag,(1- )7

in thex andy directions, the two substrates being normal to
, (100 thez axis and separated by &g Except where explicitly
stated, in what follows we have employed a system of re-
duced units in which the particle masg and ¢, are set to
unity. The moment of inertia orthogonal to the particle long
€sp(0;)=€o[1— x'cOL(6;)]H. (11)  axis was also set to 1, and the reduced time step used was
0.0015. All simulations were performed at a number density
The one new parameter we have introduced is the sealar of 0.3, thex andy dimensions of the simulation box being
which governs the relative strengths of particle-particle andzqual. No cutoff was used for the substrate-particle interac-
substrate-particle interactions. Specifically, the maximuntion so that each Gay-Berne particle experienced two such
well depth in the substrate-particle potential for a moleculgnteractions throughout each simulation. We report results
oriented parallel to a surface is a factorafreater than that for cooling runs for substrate-particle coupling strengths
of the Gay-BerndGB) potential for two particles in side by a=+/10(1— x?)*/9=0.63 and 4/10(1— x?)"/9=2.53, cor-
side, parallel alignment. We illustrate this nonseparablegesponding to weak and moderate coupling, respectively.
substrate-particle interaction potent{8) in Fig. 1. We note  Each cooling run has been started from a highly disordered
that this aims to represent the interaction between an anis@onfiguration, originally obtained by melting a fcc arrange-
tropic molecule and a smooth substrate with no internament at a very low density. Within each cooling run, each
structure. Thus the increase in well depth with decrease inew state point has been generated from a configuration
cos(¥;) should be viewed as being due to the increaseaquilibrated at the previous temperature. At each data point,
molecule-substrate contact rather than to preferential alignwe have performed up to 500 000 MD time steps as equili-
ment due to any other process. The substrate-particle intebration, followed by 200 000 time steps for production.
action used by Zhangt al. [15] in their simulations of a These run times, which are particularly long for a system of
confined Gay-Berne fluid was also of the “9-3" type, spe- only 256 particles, were required due to the extremely slow
cifically fluctuations observed in the relative orientation of the two
surface regions.

og-0s-p(6)=09

[ 1 ]1/2
1_ -
1— x cos(6;)

and the well depth anisotropy similarly becomes

osp(8))°
UER 6, 12— 2]) = 4cves p( 6) ﬁ)
rooo Ill. RESULTS
6,)\3 . . . .
—(UL(')) . (12 To investigate variation across the simulated slab, we
|21~ 20| have divided our system up into 100 equidistant slices to

create a series of profiles. The first of these are run-averaged
density profiles,p(z); Fig. 2 illustrates how these develop
for the =0.63 system as the temperature is lowered. From

strongly dependent on the molecular orientation. We alsdNiS figure we note a well-defined surface layer at each sub-
note that, while Zhangt al. suggest adding an extra term to strate. Immedlatel_y adja_lcent to each surface peak is a low
Eq. (12) to break azimuthal symmetry and so model the ef-density trough which arises due to the excluded volume of
fects of rubbed polymer substrates, the same effect may &€ surface molecules. The development(z) with tem-
modeled using lower symmetry shape parameter and weRe€rature is interpreted as follows: at high temperatures, there
depth anisotropy terms in E). is virtually no structure irp(z) apart from the surface peaks.
Our simulations have all been performed using standardhis is due to orientational disorder beyond the first layer,
MD techniques on a system of 256 particles in the constanitvhich disrupts the layering displayed by equivalent simple
NVT ensemble. Periodic boundary conditions were imposedluids; on cooling, p(z) gradually adopts the more usual

We have adopted the more complicated shifted form of Eq
(9) since, as shown by Gay and Befdd], this alleviates the
unrealistic feature that thevidth of the potential well is
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creasinga, but the maxima remain at the samealues for
virtually all state points investigated. The one exception to
this arises at very low temperatures, where the surface peaks
shift slightly towards the substrates. Théz) profiles for the
a=2.53 system(which we do not show here, for reasons of
space follow a trend similar to that seen at=0.63, except
that the large amplitude oscillations are not seen at low tem-

~

Q-—;.-.._______

X peratures.
’ [ The temperature dependence of the orientational order
e present in the system is shown in Figéa)3and 3b). For all
[ such data, the order parame®§ has been identified with

the largest eigenvalue of th@ matrix,

0 6?5 1'3 NB
1 3 1
Qﬁszmzl EUA,iUB,i_§5AB, (13

z / o

FIG. 2. Run-averaged density profilegz) for the low-coupling
system at a range of temperatur€s:0.7 (solid line); T=0.75(dot-
ted ling; T=1.0 (dash-dotted ling T=1.5 (dashed ling To aid
res_,olution, successive curves have been shifted by 0.1 along thewhere5AB is the Kronecker delta, the labgla,B} are com-
axis. binations of the axe$x,y,z}, and the superscrigé (which

- can be “cent” or “surf’) denotes the set of particles in-

damped oscillatory form; at very low temperatureéz) de-  volved in the sum. Foi3=cent only those in the central
velops regular, large amplitude oscillations which traverses.5o band are useg3=surf denotes analysis performed us-
the whole of the slab. The heights of the surface peaks iihg those particles whose orientations and locations are such

p(2) increase slightly with decreasing temperature and/or inthat a ghost particle could not pass between them and their

0.6
R(T)
044
024
0 y t t ! FIG. 3. Run-averaged orientational order pa-
05 1 L5 2 2.5 rameters as a function of temperature f@
(a) T a=2.53;(b) «=0.63. For both graphs, the key is
1+ Pt one standard errdsolid ling); PS" (dotted
lines). The lines have no significance, and are
shown simply to guide the eye.
08 4
0.6 4
B(T)
04 4
024
0 ' } i
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FIG. 4. Run-averaged recalibrated order-
parameter profileB°z) at a range of tempera-
tures for (a) «=2.53; (b) «=0.63. For both
[ graphs, the key isT=0.7 (solid ling); T=0.75

[dotted line—graph(b) only]; T=1.0 (dash-
m dotted ling; T=1.5 (dashed ling

08 4

06 +
P(z)
04 4+ N I~ /] "\.’_/ o i N \-\ .
024 v —\/*,_ \ -~ 7_\ 7\'\, X
0 } —t
0 6.5 13
(b) 2/ o

nearer substrate without causing a repulsive interaction. Al- In both systems studied, orientational order is enhanced in
gorithmically, the condition satisfied by such a particle is the surface regions throughout the isotropic range. A small
finite-size-based enhancement of this sort should be expected
12— 2o| < oo+ o5 p(6)). (14)  due to the smaller number of particles used in calculating
@f. However, this offset should decrease with increasing
order, whereas for oun=2.53 data it either remains ap-
proximately constant or increases until the smectic range is

data sets are shown for each cooling run entered. For both systems studigf"" shows significant
For the a=2.53 systen{Fig. 3a)] we o.bserve that. on growth at a higher temperature than the isotropic-nematic

. . . . . H t f —
cooling, the orientational order present in the central portiorfeatures inP3°™. As expectedP3" is greater fora=2.53

of the slab behaves very much like that of the 3D bulk Gay_than fora=0.63 for aIIftemperatures in the nematic range. At
Berne fluid: theP$™™ data take the frequently seen double low temperaturesP3™" saturates in the moderate coupling

discontinuity form of the isotropic-nematic-smectic phase seSystem, but exhibits a second discontinuity at low coupling.
quence. The equivalent data for the=0.63 system[Fig.  As a consequence, far=2.53 it is overtaken by 5™ when
3(b)] displays the same behavior and are closely comparabline smectic range is entered. For the=0.63 system, by
with the #=2.53 values. To aid description at this stage, Wecon'[rast,Pgurf follows Pgem closely on entering the smectic
loosely describe the three temperature ranges suggested mhge, indicating that the highly ordered bulk is in some way
these discontinuities as isotropic, nematic, and smectic; wenhancing the orientational order in the surface regions.
shall subsequently return to this to characterize the observed To characterize the dependence of the orientational or-
system symmetries more fully. We note in passing, howeverger \we have obtained the profiRe(z) by implementing the
that the discontinuities in the$*"data are likely just to be Q-matrix calculation on each slice of our system. Interpreta-
remnants of the transitions just alluded to: these bulk transition of the resulting profile is complicated by the now sub-
tions are known to be suppressed by substrate-inducestantial finite-size-based enhancement—the instantaneous
paranematic ordering and the very narrow films being conoccupancies of the individual slices are typically in single
sidered in this work are almost certainly below the CritiCEﬂfigureS7 and vary in accordance with théz) profiles so that
thickness[8]. This view is supported by the considerable this enhancement is dependent. In order to alleviate this
rounding of the jumps iP5"™ difficulty, we have calculated a recalibrated order parameter

In compiling these data, each of the two sets of “surf” par-
ticles have been considered independently, so thatﬁgvg
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0.4

FIG. 5. Run-averagedz ordering profiles
! Q,A2) at a range of temperatures f@ a=2.53;
(a) z/ o (b) «=0.63. For both graphs, the key %&=0.7
(solid ling); T=0.75 [dotted line—graph (b)
only]; T=1.0 (dash-dotted ling T=1.5 (dashed
line).

04 1

0 6.5 13
(b) : /o

—Przecakz) via a route based on Eppenga and Frenkel’'s exprestﬁke slightly reduced values. This systematic discrepancy is
sion for the order parameter in a finite systghT]. Expla- within the.ran.dom error at h|gh temperatures, bgt grows .to
nation of this calculation is deferred to the Appendix. about 0.1 in highly ordered films. The large amplitude oscil-

Figure 4a) shows typicalP¥°¥(z) profiles obtained for lations in P5(2) for the T=0.7 profile match up exactly

the @=2.53 system. All of these show a peak, deep troughwith those in the correspondingz); very low P values

and a slight secondary peak associated with each liquidare inevitable in low-density regions sin€&°°*=0 for any
substrate interface, these features being linked by a centrglice with an instantaneous occupancy of 1.
plateau. AfT=1.0, corresponding to the nematic temperature Ty further sets of profiles are shown in Fig¢asand

range, the profile is clearly shaped, indicating that en- gy These depic,(z), the run- and density-averaged ori-
hanced orientational order penetrates 3 @yAunits into the entational order with respect to the substrate normal. All of

film. For the lower coupling strengﬂﬁg. 4(b)], by compari- these profiles have a sharp minimum and maximum adjacent
son, no secondary surface peak is apparent. Alsol the.0 :
to each substrate. In all cases, this results from the form of

profile is weaklyn shaped, suggesting that in this case a . ) . . :
slight disordering effect resuilts from proximity to the confin- the particle-substrate interaction potential, which favors par-

ing substrates. This disorder would not be predicted simplﬁyel ailgg?megtrfi.e.,nntlagaltiivrﬁzz)r(ﬁat Sni]r?”r|z_izr?| and i”t'
by observation of the correspondiig™" value, indicating creasingly orthogonal alignmenti.e., increasingQ,;) a

. . ) larger|z—z,|. For the moderate coupling systéfig. 5a)],
that the low densityand low ordey region w_h|c_h_ separates the value ofQ,, at the center of the film becomes increas-
the bulk from the surface layer plays a significant role in

determining whether a given substrate enhances or diminmgly negative with decrease in temperature, dropping to

. about —0.25. At low coupling, by contrastQ,, remains
ishes bulk order. largely independent of temperature until the smectic range is
As well as showing this detailed structure, we note that gely P P 9

reached. At this pointQ,, drops to—0.3 or less in the high-
the temperature de;fc(aandences of the central plateaus and SH{a'nsity regions. Also, the sharp maxima near the substrates

face peaks of th@3*(z) profiles are fully consistent with e only to 0.0, rather than the 0.3 observed under all other
the correspondin@S™ and P$" data. The relatively modest conditions.

scatter of the values within the plateau regions indicates an As well as calculating the orientational order across the

acceptable level of random error in these profiles. Quantitasystem, we have obtained a measure of the relative orienta-
tive comparison of the plateau heights and the correspondingons present within the slab using subsystem directors cal-

Pgemvalues indicates a consistent tendency for the former teulated for each surface and for the central region. Taking
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0.75 +

054+
B(T)
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FIG. 6. Run-averaged orientational correla-
(@) tion order parameters as a function of tempera-
ture for(a) a=2.53;(b) «=0.63. For both graphs,
the key isP3 °(solid ling); P3¢ (dotted lines. The
lines have no significance, and are shown simply
to guide the eye.

0.75 +

05+
A(T)
025 4

the second Legendre polynomial of the dot products of thdayers, we have calculated a histogram of the surface-region
three combinations of these yields two measures of therientational probability distribution function(cosf) over
central-region—surface-region relative orientati®§,°, and  all particles satisfying the surface-region criterion already
one of the relative orientation of the two surface regionsdescribed. For the surface coupling @£2.53 [Fig. 7(a)],
P>°. Run averages of these quantities are plotted in Figsy(coss) takes the form of a fairly wide distribution which
6(a) and Gb). In the isotropic region, where the subsystemremains centered on c#s0.65 throughout the isotropic and
directors Correspond to relatively disordered fluid, the meanematic temperature ranges. This corresponds to an average
sured quantities have little Signiﬁcance. e 12, hOWeVer, surface molecule t"(or pret”t) of about 40° away from the
we observe that for botk valuesP3® goes negative while  gypstrate normal. On entering the smectic rangepsd) ex-
one of the twoP$® becomes significantly higher than the hibits a discrete shift towards a slightly more planar pretilt
other. This is the same temperature as that at which the twangle. Correlating this with Figs(8 and a), we conclude
sets of PS*™ data begin their isotropic-nematic rise. The that for T<1.5 the «=2.53 system has tilted monolayers
asymmetry suggested by tiR§° at this point may indicate adsorbed at each substrate. 1.0 these tilted layers be-
competition between the two surface layers, as both seek teome highly aligned with one another. Simultaneously, the
influence the preferred orientation adopted in the central resentral-region fluid becomes orientationally ordered with a
gion. Decreasing the temperature further brings the two surdirector reasonably close to those of the monolayers. At
faces into close alignment with one another and with ther=0.65, the pretilt angle makes a small but abrupt jump at
central region. For thee=2.53 systemP3 °remains slightly ~ both substrates, and for the first timsiagledirector applies
higher than the twoPS® values throughout the nematic tO the entire system.
range, whereas the opposite trend is seen fordhk®.63 In Fig. 7(b) we show they(cos ) results obtained for the
system. This difference is consistent with the previous obsersurface couplingr=0.63. Again this shows a peak centered
vation that, within the nematic range, there is a greater orion co9=0.65 for virtually all temperatures, the distribution
entatonal coupling between the surface layers and the centragcoming slightly sharper with reducing temperature. For
region in thea=2.53 system. For botlx values, all three this lower coupling;y(cosf) shows a considerable change on
measures of relative orientation converge at very high valuesntering the smectic temperature range; it widens and its
in the smectic range. maximum shifts to a much lower value of ¢6g corre-

To relate these data to the behavior within the surfacesponding, essentially, to a relatively disordered, planar align-
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0.03 +

FIG. 7. Run-averaged tilt angle distribution
functions of surface moleculesy (u,). (a)
a=2.53; T=0.5 (solid line); T=0.6 (dash-dotted
line); T=0.7 (dashed ling T=0.9 (dash-dot-
0.03 1 dotted ling; T=1.5 (dotted ling. (b) a=0.63;
T=0.65 (solid ling); T=0.7 (dash-dotted ling
T=0.75 (dashed ling T=0.9 (dash-dot-dotted
line); T=1.5 (dotted ling.

(b) s

ment. This change iny(cos) is consistent with the small apparent at the center of the slab, but in this case the layer
shifts observed in the surface peaksﬁ (we note, how- normal coincides with the substrate plafie., a bookshelf

ever, that no such shifts were seen by Zhahgl.[15] when geometry arrangementThere are some cases where these
they observed changes in the pretilt angla summary, the layers penetrate all 'Fhe way through to the substrate, _the sur-
data for this lower coupling system indicate that tiited sur-face molecules having attached themselves to the limbs of
face layers develop and, on cooling, become aligned witiihe central region layers. As a result, the surface layers are

one another and with a tilted, orientationally ordered central®© longer tilted, and their centroids are shifted towards the

region. At T=0.7, this system too becomes reasonably deSubstrates.

scribed by a single director, but this time it is planar rather While Figs. &) and 8d) indicate significant positional
than tilted. ordering within these systems, we refrain from presenting
We can confirm these interpretations by making referenc&nY_statistical data on this point in the present paper. The
to snapshots of configurations taken from the simulationsP(2) profile corresponding to Fig.(8) certainly suggests
Figures 8a)—8(c) contain typical configurations taken, re- cry;tglhne ra_tther than smectlc_order. That said, tr_lere is some
spectively, from the isotropic, nematic, and smectic temperaposmonal d|sorder.appa_rent in the 'surface regions of th|_s
ture ranges of the moderate surface coupling system. As exystem, and the orientational order is not perfect. Also ani-
pected, Fig. &) shows a relatively disordered central region mations of these systems indicate some flexibility in the Ia_y-
between two well-defined surface layers. Figutb)&hows €rs. To fully catego_rlze_the nature of these phas_e_s requires
the surface layers to be ordered and mutually aligned. Thejpeasurements of diffusion and of layer-layer positional cor-
are separated by an orientationally ordered fluid whose ditelations. The very small number of layers formed in this
rector is tilted in sympathy with, but not perfectly parallel to, Study clearly enhances the latter, however, and so renders
the Surface |ayers_ No positiona' order is apparent_ By Comour EXIStIng data Unl’e|lab|e. We Sha” return to th|S pOII’lt n
parison, the central region of Fig(d contains well-defined ~Subsequent work based on larger systems.
planar layers, whose normal is tilted away from the substrate
plane in what resembles the striped phases seen and pre-
dicted for thin smectic filmg18]. While there is little evi-
dence of the layers traversing the entire slab, there is consid- We have performed extensive MD simulations on a small
erable penetration of the surface layers by nonsurfaceystem of Gay-Berne particles in the presence of two confin-
molecules, a phenomenon that is not observed at all at highémg substrates at low and moderate particle-substrate cou-
temperatures. Figure(@® is a snapshot from the equivalent pling strengths. On cooling, both systems give clear evidence
temperature range for the=0.63 system. Again layering is of two transitions(or remnants therepin the central region

IV. DISCUSSION
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(b) (d)

FIG. 8. Configuration snapshots f@ «=2.53,T=1.5; (b) «=2.53,T=1.0; (c) =2.53,T=0.7; (d) «=0.63,T=0.7.

as, respectively, orientational and positional ordering degion orientational order may be seeded at the surface layers.
velop. For both couplings, the onset of positional order in theData presented in the preceding section show that prior to the
central region appears to induce a pretilt transition in theformation of a central nematic, the surface layers have ori-
surface regions. entational order but are azimuthally uncorrelated. These
As predicted by Teixeira and Sluckif®], and demon- same data suggest a narrow temperature range in which one
strated previously by Zhanet al.[15], competition between surface layer's orientation becomes adopted at the center of
packing constraints and the form of the particle-substrate inthe film; this is certainly consistent with a scenario in which
teraction potential leads to the formation of a tilted layer atthe two surface regions seed domains which compete to de-
each substrate. Given that we have observed this despite thermine the ultimate central-region director. We have found
high symmetry of the interaction potentials employed in thisthat very long run lengths are necessary in this temperature
work, this is clearly a general result for anisotropic particlesrange to enable the system to develop into an orientationally
adsorbed subject to a nonseparable potential. We note thatdered fluid with a reasonably uniform preferred azimuthal
simply increasing the strength of the particle-substrate couangle.
pling (i.e., increasingy) doesnot lead to increasingly planar For the thin films studied, we have found that within the
layers. Rather, it results in the surface particles adopting aematic temperature range, the central 50% of the system has
tighter distribution about that optimal tilt angle which maxi- an approximately constant order parameter. As expected,
mizes the overall substrate-adsorbate interaction energy. large variation in orientational order is found immediately at
On cooling from high temperatures, an orientationally or-the surface layers. Smaller but significant variation is also
dered fluid is formed in the central region of each of ourfound to penetrate several molecular diameters into the cen-
confined films. This fluid is tilted with respect to the sub- tral fluid. This has implications for conventional continuum
strate normal due to the tilt of the adsorbed surface layergheory calculationgwhich neglect order parameter variation
Preliminary Monte Carlo simulations on these systems havef switching in confined systems, since distortions in the
shown that if cooled too rapidly, they can easily be quenchediirector field will tend to accumulate in regions of low order
into two distinct domains of nematic order, separated by amparameter. We note that this order parameter variation is not
interface which remains stable for hundreds of thousands adpparent from other measurements made and certainly could
Monte Carlo sweepgl9]. This suggests that the central re- not be inferred from our density profile and surface order
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parameter data. This is significant since, to our knowledgeeffect of the layered bulk phase causes the structure of the

existing experimental techniques are unable to determine ofirst adsorbed monolayer to change from that found at higher

der parameter profiles to molecular length scales: outemperatures. Perversely, it appears that this structural

P°a7) profiles represent clear measurements of this effectchange serves tweakerthe overall interaction with the sub-
While we are unable to firmly categorize the nature of theStrate.

layered phases which form at the film centers at low tem-

peratures, the effect they have on the surface layers is of ACKNOWLEDGMENTS

considerable interest. The surface layers appear to be the .

major influence at the onset of orientational order in the cen- We gratefully acknowledge C. M. Care for his comments
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each system resolves itself to bulk layering by considering

the competition this generates between the bulk-monolayer APPENDIX: CALCULATION OF RECALIBRATED
and the monolayer-substrate interfaces. At moderate particle- ORDER PARAMETER PROFILES
substrate coupling strength, both are forced to compromise:
the monolayer changes it pretilt slightly away from the opti-
mal angle, and the tilted layers of the bulk attempt to mes
into this monolayer, despite inevitable poor packing. At low
coupling, however, the now less influential monolayer-
substrate interface is forced to accommodate a large chan

in pretilt angle, allowing the bulk-monolayer interface to vir- RS '
- ; Eppenga and Frenkel analyzed the finite-size behavior of the
tually disappear at the limbs of the bookshelf arrangement. hree eigenvalues\(, , \o, and\_) of the Q matrix. In this

The surface layers have shown two changes on cooling. h h d that in th tic ph des th
At the first of these, they have become orientationally or- ay, they showed that in the hematic p aseprovides the
ost accurate estimate d¢f,, but that at and above the

dered, apparently without inducing any other changes in th&

system. In particular, the system density profile and the Surr_1ematic-isotropic transition, the estimate based on the central
face layer tilt-angle probability distribution have proved in- €19envaluéXo, coverages most rapidly with increasing sys-

sensitive to this change. These two quantities have also bedfM Size. The relative merit o, over A in low order
unaffected by the onset of orientational order in the filmSYStems is readily apparent when one notes that sinc@the
centers. Thus it is only the second change in the surfac@?tr'x is traceless\ , is necessarily positive for all configu-
layers—the pretilt transition—that has seen modification infations, whereas, can fluctuate about zero. _
both their translational and orientational characteristics. This N Performing their analysis, Eppenga and Frenkel derived
implies that the onset of bulk layering leads to the most€ cubic equation

significant change in bulk-monolayer coupling in the cooling 3 s 3 ; 3
cycle. This assertion is consistent with the friction measure- ; 3\ ’ P> 3(P3—P3) 1-3P3+2P;
ments of Cagnon and Durarid] which suggest a strong A _m[1+P2(N_1)]_T_ AN NE
preference for registry between an adsorbed surface layer

and a bulk smectic phase. We also recall the STM results of =0 (A1)
Rivera Hernandez and Mild$8], which indicate loss of po-

sitional order in the surface layer on warming through thelinking P,, \, and the system particle numb¥r This equa-
bulk nematic-smectic transition. The implication of both tion was obtained by writing down the characteristic equa-
these STM results and our simulations is that the pinningion of the Q matrix for the general case, and averaging its

It is standard procedure, when simulating liquid-
rystalline systems, to identify the nematic order parameter
, with the largest eigenvalua,, , of the Q matrix[20]. In
practice, this is found to work well in ordered phases, but to
ive nonzero values in the isotropic phase, due to finite-size
fects. In the appendix to their thin hard platelets p&péf,
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coefficients over all configurations. Inaccuracies introducedjion of the slab for all temperaturésven those for which
as a result of this premature averaging did not appear signifip$®™ s found to be small Also, the values obtained show
cant, Eq.(Al1) giving good agreement with independent nu- relatively little variation with either temperature prin con-
merical results. tradiction with other measurements made.

Calculating order parameter profiles across the simulation | order to extract more significant information from these
slab introduces a combination of two complicatiof®: to  data, we have implemented a recalibration using Eppenga
obtain reasonable resolution across the simulation slab remd Frenkel's expression to calculate g corresponding
quires it to be divided up into very thin slices, and the in-tg each slice’s instantaneous occupamtdy), and\ ;. value.
stantaneous occupancies of these are inevitably very smaffis is a straightforward operation involving solution of a
(b) the density profile and, hence, t.hese occupancieg are cybic [or, for n(z)=2, a quadratitin P,; we denote the
dependent. An order parameter profile calculated by naivelyggyting profileP¥(z). For cases where E¢A1) has com-

applying theQ-matrix technique independently to each slice ey solutions, we have used the alternative approximation
of the system suffers, therefore, in tha} there is a signifi-

cant difference between the measukedvalues and the un- P 2)=P,(2)— (P,(n(2))), (A2)
derlying orientational order paramete(b) this system-size-

dependent difference will be dependent. Thus both the where(P,(n(z)))is the average order parameter obtained by
absolute values obtained and the qualitativelependence selectingn(z) orientations from a random distributidieal-
observed will be distorted. Examples of profiles obtained inculating(P»(n(z))) numerically is a trivial exercide These

this way are shown in Fig. 9. As expected, these profilesases with complex solution arise when the instantaneous
suggest moderately large order parameters in the central ra-, value is lower thaq P,(n(z))).
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