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Orientational transitions in a nematic liquid crystal confined by competing surfaces
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The effect of confinement on the orientational structure of a nematic liquid crystal model has been investi-
gated by using a version of density-functional theory. We have focused on the case of a nematic confined by
opposing flat surfaces, in slab geometsjit pore, which favor planar molecular alignmefparallel to the
surface and homeotropic alignmeigperpendicular to the surfageespectively. The spatial dependence of the
tilt angle of the director with respect to the surface normal has been studied, as well as the tensorial order
parameter describing the molecular order around the director. For a pore of given width, we find that, for weak
surface fields, the alignment of the nematic director is perpendicular to the surface in a region next to the
surface favoring homeotropic alignment, and parallel along the rest of the pore, with a sharp interface sepa-
rating these regionsS phasé. For strong surface fields, the director is distorted uniformly, the tilt angle
exhibiting a linear dependence on the distance normal to the surfapdgse. Our calculations reveal the
existence of a first-order transition between the two director configurations, which is driven by changes in the
surface field strength, and also by changes in the pore width. In the latter case the transition occurs, for a given
surface field, between th@phase for narrow pores and thephase for wider pores. A link between theS
transition and the anchoring transition observed for the semi-infinite case is proposed.
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I. INTRODUCTION [10]. In Ref.[9] our attention was restricted to the study of a
nematic in the presence of a solid interface. Model param-
In recent years there has been a vast theoretical effort teters were chosen such that the surface forced the molecules
understand the properties of liquid crystals in bulk phasesto lie perpendicular to the interfa¢eomeotropic orientation
However, it is only recently that the interfacial phenomenawhile in the nematic-isotropic interface the nematic director
presented by these complex fluids have attracted increasirttpd a preference for lying parallel to the interfagdanar
interest. The ability to manipulate the direction of the pre-orientation. In the model, surface parameters responsible for
ferred molecular alignment, thdirector, by coupling to sur- the order are the particle-wall interactiore,f) and the
faces, is a property with great practical interest. For this reaparticle-particle interactione:) which plays an important
son, there is now an effort at trying to describe this richrole in the interplay between anchoring and wetting transi-
surface phenomenology liquid crystals. These studies have tions. A first-order anchoring transition between planar and
mainly used phenomenological Landau—de Gennes agromeotropic regimes was found; in a-T (chemical
proaches and aimed to describe, with more or less succegmtential-temperatuygepresentatiofisee Fig. 1this transi-
different phenomena such as subsurface deformafibaS]  tion appears as a line called the anchoring line. This line
(ordering close to a surfagechanges in the alignment of the approaches the nematic-isotropic transition line tangentially
director due to the interaction with a solid substrigtg the (it eventually cuts this line afp), due to the existence of a
nematic-isotropic transitiofb], wetting[6], etc. On the other total wetting state at coexistence. Later, the nematic phase
hand, microscopic-type theories claim to provide a more prewas confined by symmetric walls, i.e., both walls favored the
cise description of these inhomogeneous problems since thesame orientatiothomeotropi¢[10]. Then also the same an-
take account of the structure at the molecular scale. In thishoring line appeared, and it was found to be very insensitive
framework, there is a recent literature describing attemps tto the pore width except with respect to the localization of
answer such questions and it is supposed to provide morgy, which is shifted by capillary effects. These findings
satisfactory theories on the interfacial phenomena. For exaave a bearing on the phenomenology that appears when the
ample, by employing an Onsager-type theory van Ro&l.  liquid crystal is confined.
[7] investigated the problem of biaxiality and wetting for the  In the present paper, the theory is generalized to the case
Zwanzig model. Teixeira discussed in a recent wi@&kthe  where the walls compete in molecular alignment. We believe
existence of subsurface deformations for the case of a conhat deeper insight into the surface-induced effects in liquid
fined nematic phase by using a generalized van der Waalgystals can be obtained from a molecular approach and, in
theory. In previous papers, also employing this last approachhis respect, density-funtional theory appears to be a power-
we studied surface phenomena in the case of a nematic fal tool. The confinement of the nematic phase is imposed by
contact with a single wall9] as well as capillary effects in the presence of a boundary made up of two opposing flat
the case of a nematic in slab geometry with symmetric wallsurfaces, one favoring homeotropic orientation and the other
favoring planar orientation. In these conditions, a spatial
variation in the tilt angle between the director and the surface
*Corresponding author. Electronic address: inma@likix2.us.es normal is found. The textures adopted by the nematic direc-
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particle distribution functiorp(r,ﬂ), which depends on both
molecular positions and orientations2, gives the equilib-
rium structure of the interface. This functiop(r,€)

Ep(z)f(z,ﬂ) contains a mass distributign(z) and an an-

gular distributionf (z,Q). These quantities vary locally with
the distance fromx=0 toz=H, H being the pore width. The
expression fo)[ p] in a mean field approximation is
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FIG. 1. Phase diagram containing bulk phase transitions and th@/here 4 is the chemical potential and
anchoring transition for the cagg,/e,=0.53(they join at the tem-
peratureTp). NI coexistence is denoted by the thick solid line. The .
dotted line is the anchoring line for the case of a nematic in the F.[p]= | drf,s(p(r))+ kBTJ drp(r){In[47f(z,Q)])
presence of a single surface that favors homeotropic orientation;

this line divides the nematic phase into a region with homeotropiqs the reference system free energy. In the above expression
(L) and plana_r_\() ne_matic.states. The thin solid line corresponds tofhs(p(r)) is the hard-sphere free energy density of a uniform
the bulk transitions involving the vapor phase. fluid with a density equal to the local density atand

) (---) is an angular average. The attractive potentiaon-
tor depend very dramatically on the values of both surfacgins anisotropic (dispersion forces driving the liquid-
and a wide pore this dependence is linear with respect to the
coordinate normal to the interfaces except close to the sur- A O — A. O/ A7
faces. This configuration satisfies surface boundary condi—v(r’ﬂ'Q J=0aln) +ua(NPo(- Q&) Foc(NPo(£-1)
tions but entails an elastic energy which is a minimum for a +P,(Q-1)], 2)
linear tilt configuration. For weaker surface fields and/or nar-
row pores a different texture occurs where the tilt angIeW
adopts a steplike configuration. Our calculations also reve%
the existence of biaxial behavior close to the surface favorin
planar orientation as well as in a small region associated wit
the change of orientation in the steplike configuration. Thes
biaxilities are direct surface effects due to the existence of _ anduv,(r)=0 otherwise, wherer is the diameter of
different interfaces. the hard splhere '

In the next section we give a short account of the theoret- The walls are. modeled via the following potentials:
ical model used to describe the structure and thermodynam- '
ics of the confined liquid crystal. In Sec. lll we show the
different tilt configurations that result and argue that the

herer=r/r, andv A(r), vg(r), andvc(r) are functions of

e intermolecular center-of-mass distamceéNote that this
otential is adequate to model uniaxial molecules with top-
ottom symmetry. In this work we choose them to have a
imple Yukawa form, i.e.p;(r)=—ejexd —\(r—a)]/r for

vi(2,0)=—epe MWETIP,(cosh)  (left wall, z=0),

phase transition between the linear-tilt and the steplike-tilt ©
configurations can be related to the anchoring transitio hich favors homeotropic anchoring, and
found in the semi-infinite problem. We also discuss how bi-
axiality is affected by the pore width. We end with a section v2(2,0)= eye WM =7Ip_(cosh)
of conclusions. W w 2
(right wall, z=H), 4)
Il. THE MODEL which favors planar alignment. The parametgris the sur-

eflace strength of the walls and plays an important role in
%nchoring phenomena.

In order to describe the orientational structure of the fluid
Qa tensorial order parameter is defined as

The theoretical model is a standard generalized van d
Waals theory based on a perturbative expansion, using
hard-sphere fluid as reference systghi]. Details of the
physical basis of the model and how to obtain its solution
numerically can be found elsewhef#&2,13. Our starting P
point is the grand potential functional per unit system aea Q zf d0i(z ﬂ)( 30,05— 5aﬁ)
Q[ p]/A, whose functional minimum with respect to the one- B ' 2

®
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whered, ; is the Kronecker symbol and,, is thea compo- 1 3 > 5
nent of Q. This quantity is a traceless symmetric tensor with B(2)= 2 7(2)+ EU(Z) In(2) = (L2e@)+ v(2)*).
eigenvaluesh ;=\,=\3. In this description, the isotropic (13)
state is defined by the conditian;=X\,=A3;=0. Uniaxial . _
states occur when there is a twofold degenerate eigenvalue Numerlcal_ values for the potential parameters were taken
and then two cases can be distinguished: the uniaxial nematRS €a=1 (which sets the temperature sgales/e,=0.847,
state §,;>\,=\3) and the random planar casa &\, and ec/ep=0.75. The range pgramet@rs are set, in units
>X\3). In the first case, the molecules align preferentially©f o (throughout we choose this unit to set the length scale
along the director, defined as the eigenvector correspondin@ \i=2.4,1.75 (=A,B,C) and\y=1. The model predicts
to the largest eigenvaluéhe uniaxial order parametay @ bulk phase diagram with vapor, isotropic liquid, and nem-
=\,). In the second case, the molecular orientations are un@tic liquid coexisting at a triple point temperaturg)y [11].
formly distributed on a plane perpendicular to the eigenvec-
tor corresponding to the lowest eigenvalue. Ill. RESULTS

For the case of nondegenerate eigenvalues, we can define . . - .
the uniaxial(U) and biaxial(B) order parameters in terms of Confinement of simple liquids generally brings about cap-
the eigenvalues of this tensor. The former is defined, as bdlary effects and associated capillary condensation phenom-
fore, as the largest eigenvalue of the order parameter tens§P@ Whereby condensation occurs below the saturation point
(\1) and the corresponding eigenvector is the local directof! bL."k' as measured, for example, by th(_a Che”."'ca' potental.
of the fluid. The biaxial parameter is proportional to the dif- Sl_m|lar p.h.enomena must occur in nematic liquid qrysta!s but
ference of the two smallest eigenvalues. This quantity give¥"Ith add|t|onal comphcatln.g'factors due to the orientational
information on the amount of orientational order on the plan rder induced by the confining surfa(_:es. .
perpendicular to the director. In this way, a secondary direc- [N the following we use the chemical potentjal as the
tor can be defined as the eigenvector corresponding to th%xternal thermpdynamlc potenpal, in addition to the tem-
eigenvalue),. By the symmetry of the problem, we have _peratur_eT. Capillary condensation c_)f the nematic from the
focused on the case where the director varies irxthglane Isotropic Pha$e occurs when, at flxgd the.tempera.ture
and is invariant with respect to a reflexiga-—y. In these TN'(H).at Wh'Ch. the pore pecomes filled with an onentgd
conditions, the director is characterized by the tilt angle (nematig phqse is shifted with respect to the. corresponding
defined as the angle formed between the director and the teMperature in bulky,(c). We are thus sgeklng a nonzero
axis. By convention, we definB==2(\,—\3)/3, with B value of AT=Ty (H) — Ty (). Ogr calculations reveal that,
>0 if the secondary director is on tlxez plane andB<0 if cc_)ntrary fo the case of symmetr!c Wa[I]sO] for .Iarge pore
it is along they axis. Wl(_jths _(H Iarger_ than 26) no 5|gn|f|9ant ca_lplllary gaffect

For numerical reasons, it is convenient to obtain the ori£Xists, i.e., we find that the nematic-isotropic transition oc-

entation distribution of the molecules referred to a laboratoryFurs at the same temperatures as in the bulk state. However,

reference system, described by three order parameters, therg are indications that for sm_aller pore W'ths this situa-
tion is no longer trudthis aspect is currently being studjed

Note though that condensation lines involving confined va-
W(Z):f d¢ sinadof(z,Q)P,(cosh), (6)  por states are expected to be affected by confinement; since

these lines are not central to our argument we do not give
any results in the following.

Figure 1 shows the bulk phase diagram, with vapéy, (
isotropic (), and nemati¢N) phases and their corresponding
phase transitions. We have superimposed the anchoring line,

. representing surface phase transitions between states with
G(Z)ZJ de sin 6d 6f (z,€2)sin? 6 cos 2. (8) different director alignments for the semi-infinite problem
(i.e., only one surface, inducing homeotropic alignment
These independent parameters can be related to the 'Iéhge states_loca_lized to the right of the anchoring line possess
{1,U,B} by the following expressions: omeotropic ahgr_nment and the states localized tp the I.eft
possess planar alignment. These results were obtained with a
surface fielde/ep=0.53; for larger values this transition

v(z)=J' de sin 6d 6f (z,)sin 26 cose, (7)

tany(z) = v(2) curve tends to approach the coexistence lines, reducing the
n(2)=0(2)/2+\[n(2) - a(2)/2P+1(2)>"  redion of planar state®]. |
(9) Next we calculated equilibrium states but with the sample

confined between two opposing walls separated by a distance
1 3 H. There is a molecular ordering field due to the surfaces
U(Z):Z 7n(z)+ 50’(2) through the potential parametes,. If the surface field
strength is sufficiently high, one expects the director to adopt
the configuration that satisfies the orientation favored by
+3[7(2)— (12 a(2) 2+ v(2)?], (100  each surface, at least approximately. However, this necessar-
ily demands that the director becomes distorted within the

051704-3



RODR,IGUEZ-PONCE, ROMERO-ENRIQUE, AND RULL

PHYSICAL REVIEW B4 051704

90 T | T T | T 1 I T I T
sol - P i
08 _
70(- - J
ol ] 0.6 u
50 — 04l
y(deg)
40— B i
02} _
301 _ |
B
20 | 0 _
or Ny 02k -
0 . L . | . L . -
0 5 10 15 20 | [
_0.4 1 1
Zis 0 5 10 15 20
z/lo

FIG. 2. Tilt-angle profile for a confined nematic BET/ea
=0.57 andu/kgT=—3.7 (L phasé Values for the surface field
and pore width are,/e,=0.7 andH =200, respectively.

FIG. 3. Density p) and uniaxial(U) and biaxial(B) order pa-
rameter profiles for thé phasee,,/e,=0.7 and values of andu
are given in text.
pore, which entails a free energy cost due to the elastic con-

tribution. In fact, the distribution of this inhomogeneity rectol and with some small degree of order along yhexis
along the pore is found to depend sensitively on the values Qkecondary director The decrease of the amount of order is

pore width and surface field strength, and is expected to dey,e 1o the surface potential which promotes a random planar
pend also on the thermodynamic paramejerandT. distribution.

_ Competition between these two energies results in the ex- |t the surface field strength is reduced the director ftilt
istence of two tilt configurationd:, where the tilt angle ro- configuration changes to a step, i.e.,%phase. Here the tilt
tates uniformly along the pore and the resulting tilt-anglezngie is uniform and equal to 90° except in a narrow homeo-
proﬂle is I|'near inz, S, where the tilt angle adopts a steplike tropic region close to the homeotropic wéfiig. 4). In gen-
configuration, being constant throughout the sample exceplrg|, this homeotropic region increases with increasing wall-
In a narrow region (ilose to the=0 surfacoe where a cross- aricle potential range and with increasing strength of the
over exists from 0°(homeotropig to 90° (planaj. This  gyrface field, so for the case ef,/ex=0 one recovers the
variation in the tilt-angle profile has also been described by onfiguration that corresponds to a nematic—hard-wall inter-

Zarlah andZumer employing a semiphenomenological ap-face (planar throughout the poreNote that theS phase is
spatially asymmetric, the tilt orientation being different from

proach for the study of a confined nematic fil20].

Figure 2 shows ah phase foH =200, €y/ex=0.7, and

planar only in a small region close to the homeotropic wall.

for thermodynamic conditions of temperature and chemicaln fact, a corresponding phase where the tilt was in a ho-
potential where, in the semi-infinite case, the nematic is
clearly in the homeotropic stateu(kgT=—3.7kgT/ep . , :

=0.57). In the middle of the pore the tilt profile is almost a o
linear function ofz, approaching smoothly the favored values 801

at the walls.

In Fig. 3 the density and the uniaxial and biaxial order
parameter profiles are plotted for thephase. The profiles 60~
present a smooth behavior, reaching a clear plateau in thi
middle of the pore with values close to the bulk values. Thewdes)
vanishing value ofB in regions far from the interfaces is 40
consistent with the uniaxial nature of the fluid particles. 30|
Close to the walls the profile behaves differently depending
on the favored orientation. Around tlee=0 surface theU
order parameter increases due to the strong surface interar 10
tion (despite a decay in densjtyHowever, these deforma-

70

50

0_

tions do not induce biaxialityi.e., B=0) due to the smooth 5 . ' . '
character of the tilt profile along the pore. On the other hand,

near thez=H surface, where the tilt angle is 90°, thé
order parameter gets lower values @ 0, which reflects
the orientation of the molecules mainly distributed onxthe
plane, thex axis being the in-plane preferred directiGafi-

5 10
zle

same as in Fig. 2.
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FIG. 5. Density p) and uniaxial(U) and biaxial(B) order pa- FIG. 6. Uniaxial(U) and biaxial(B) order parameter profiles for
rameter profiles for th& phase.ey/e,=0.3 and the values of different pore widths andy,/e,=0.7. The pore widthsl are, from
and u are the same as in Fig. 2. left to right, 7.5, 200, 300, and 4@r. The values ofl andu are

the same as in Fig. 2.

meotropic configuration except in a very small region CIOSefree interface with planar director alignment has been ob-
to the planar wall is not observed in our calculations becausgerveol in simulation&14]

of the_effect due to the .ord_ering field acting through the In order to study in more detail the dependence of the
potential parameteec . This field promotes molecular con- hematic ordering on the pore width, we have calculated
figurations where the director lies along a direction eitheryniayial order and biaxiality profiles for different valuestf
perpenqllcular or pgrallel to the direction of mhomggenelw,and for ey /ex=0.7 (Fig. 6). For pore widthsH =20, 300,
depending on the sign ef. (ec>0 or ec<0, respectively.  and 40y, for which theL phase is the stable phase, the pro-
In our caseec>0, which means that the preferred director files exhibit inhomogeneity regions close to the surface fa-
orientation is planar except in the region, closezte0,  voring planar alignment, being almost constant in the rest of
where the effect of the wall promoting homeotropic align-the pore. Note that biaxiality occurs only where the tilt angle
ment is more pronounced. is significantly close to 90°. An interesting feature is that the
In Fig. 5 we plot the density and uniaxial and biaxial order parameter profiles converge aroardd (z=H) to the
order parameter profiles in th& phase obtained with profiles obtained for the=0 surface against a nematic in a
ew/ea=0.30. Again, the profiles deviate from the bulk val- homeotropic configuratiofthe z=H surface against a nem-
ues only close to the surfaces. The deviation aromsadd ~ atic in a planar configuration Furthermore, such semi-
has the same origin as that in theohase. However, close to infinite profiles are the equilibrium ones for these values of
z=0 this behavior has a different nature. An analysis of theew, &, andT. On the other hand, foH=7.50, the stable
order parameter profiles reveals that the system goeRhase is theésphase, and additional regions of inhomogene-
smoothlyfrom a homeotropic to a planar configuration via aity (and biaxiality develop in the neighborhood of tre
random planar state in thez plane. This point%; in Fig. 5 =0 surface.
corresponds to a jump of the tilbrigin of the step function The transition between thie and S phases involves a fi-
profile). This mechanism is reponsible for the decay of thenite free energy barrier, implying the existence of a thermo-
order and the biaxial behavior around this region. In fact, th&lynamic first-order phase transition between the two phases.
existence of a crossover between a homeotropic configura-his is revealed by computing the relevant free energy for
tion and a planar configuration is closely linked to the capaconfined systems, i.e., the grand potential, as a function of
bility of the fluid to have biaxial behavior in a small spatial the potential parameters and/or the thermodynamic param-
range between the two anchoring states. So the roles that tigéersp and T. In our case we have chosen to fix the latter
zandx axes play as the local director and secondary directorgdnd varye,,. Figure 7 shows the behavior of the grand po-
respectively, for 8z<z, are exchanged at=z,. However, tential as a function oé,,. Two branches, corresponding to
in order to make this mechanism feasible a dramatic deplethel andSphases, are shown. The point where the branches
tion of the amount of order is needed. Moreover, the secondeross, ey, gives the transition point. Note the existence of
ary director changes its alignment from thexis to they = metastable branches in both phases, which indicates the first-
axis asz is increasedi.e., B changes its sign before the order nature of the phase transition. Tilt-angle profiles along
biaxiality virtually disappears in the middle of the pore. Bi- the pore corresponding to the coexistibgand S phases at
axiality directly induced by the breaking of symmetry asso-ey/ex= e/ ea=0.554 for H=200 are shown in Fig. 8.
ciated with the presence of the interfaces and in the case ofldote that the linear behavior in tHe phase has a smaller
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FIG. 7. Thermodynamic grand potential as a function of the
surface fielde,y for thermodynamic conditions and pore width as in
Fig. 2. Branches corresponding to steplit® and linear(L) tilt-
angle profiles are shown. The point at which these branches cro
gives the transition point af/e,=0.554. The values of, u«, and
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FIG. 9. Phase diagram in thg-H plane. The values dof andu
are the same as in Fig. 2.

the transition pointy,, the finalL states having lower grand

SS

potential energies than the fin@ktates. This is the region of
metastability of theS phase. Proceeding in the same way but
from theL branch at highe,, and decreasing,y provides the

range and its slope is also less than in the case presented Tietastability region for thé phase.

Fig. 2. On the other hand, the step in tBghase is located

Figure 9 shows the global phase diagram with respect to

further from thez=0 surface than in the case presented inthe parameters,y andH and for thermodynamic conditions

Fig. 4.

T=0.57 andpw=—3.7. The line indicates the phase transi-

As in any analysis of metastable states, some caution hd¥n separating. and S phases. As the pore width is in-
to be exercised in analyzing the occurrence of the differen¢réased, the region of stability of the phase is enlarged
phases. In particular, the initial conditions required in ourSINce the elastic energy associated with the deformation of

numerical minimization scheme have to be chosen carefullythe director along the porgoroportional to the integrated

For example, the reality of the metastahléranch is shown
by performing the following analysis(i) Equilibrium S

squared gradient of the tilt profilelecreases, as opposed to
the case of thé& phase, for which this energy is essentially

states at lowe,, are obtained by conducting minimization constant and seems to approach asymptotically the value of
processes starting from linear and steplike profiles; these préw= €y at which the anchoring transition occurs for the

cesses give the same equilibrivgnstates.(ii) For higher,

semi-infinite case of the nematic against #e0 wall. For

increasing values ofy,, using steplike profiles or linear pro- narrow pores, we find a quick increase «f; as the pore
files as starting conditions give different final states beyondvidth is reduced, indicating that, in order for thephase to

felo] o
80
70+
60
50
y(deg)
40
30

20—

8

10
zlc

12

14

16

18

20

become stable, a large surface field is required to compensate
for the large elastic energy associated with a high tilt-angle
gradient. An interesting issue, which we have been unable to
address for technical reasons, is whether this first-order
phase transition may end up at a critical point as the pore
width is reduced or even become second order through the
appearance of a tricritical point.

An analysis of the results quoted above shows that there is
a relationship between the-S transition and the anchoring
transition observed in the semi-infinite problem. Let us con-
sider the case ofl>o¢. We have observed that the density
and order parameter profiles deviate from the bulk values
only in regions around the surfaces that are the ranges of the
inhomogeneities of the order of the molecular interactions.
This feature is not surprising for th® phase, since in the
middle of the pore the nematic is in a nondistorted tilt con-
figuration(i.e., planay, so its tilt profile can be understood as
two uncorrelated semi-infinite profiles linked via the bulk

planar state. However, this fact is also true for thphase
even when the tilt distortion is propagated through the pore
(see the discussion of Fig. 6 abgve&his is the scenario that

FIG. 8. Tilt-angle profiles forL and S phases at coexistence
corresponding to pore widthi =200 and critical valueey,/ea
=0.554. The values of andu are the same as in Fig. 2.
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the phenomenological theory implicitly assumes: The excesgoes from a tilt close to 0° &= 0 to a value close to 90° at
free energyAQ)=Q+pV (wherep is the bulk pressure and z=H, and a state with nondistorted planar tilt through the
V=AH is the volume of the samplecan be split into two pore. The former corresponds to thephase described with
terms, an elastic terd )€ that comes from the distortions of the microscopic approach and the latter corresponds t& the
the director field on a macroscopic scale, and surface ternhase on the scale defined bly and where the inhomoge-
AQSUTandAQSY that include the effect of the density and neities on the microscopic scalare localized around the
order parameter inhomogeneities on a microscopic scalwalls. These states correspond to theand S phases de-
close to the boundaries. The elastic term is given in terms o$cribed by the microscopic approach. For the latter, a remark
the elastic constantk;, K,, K3, andK,, by the Oseen- is needed. A direct application of the phenomenological
Frank free energy15,16 as functional to the sharp step profile in the tilt angle would
lead to a divergence on the free energy due to an elastic
contribution. However, we have seen that the step associated
with the inhomogeneities of the intrinsic order parameter
profiles and consequently the elastic free energy is inad-
—(K2+Kzg) V- (nV-n+nXVXn) (12 equate to describe the step. This is the reason that a surface
, , , term is needed to account for the stefp((S"").

wheren(r) is the director field. Note that the splay-bend Furthermore, by using this phenomenological approach a

term is not included sinck;3=0 in bulk [17]. If we restrict gt order transition can be predicted close to the anchoring
our study to the cases in which there is translational symme;,. inside the homeotropic region. Equati¢t), up to
try in the x-y plane and the director is assumed tern’ws of the order 0O(1/H), is ’

to be in the x-z plane (there is no twist then
n(r)=(cog(2)],0,sif(2)]). In our model of uniaxial AQ AqurOf((//O 0) AQS“'J'(w/Z 0) K3(7T )2
z= 1 z= 1
— 0

K K K
AQT=Z2(V )+ 22 (0 V)2 2 (nx Vxn)?

molecules  with  top-bottom  symmetry, K;=K3= A A A +m >

—2mp2UZ[5drr*ug(r), wherep, andU, are the bulk den-
sity and uniaxial order parameter, respectivel®,17. So
the total excess free energy is given by

(14

where =0 or 7/2 for theL andS states, respectively. The

A AQIWO0),#(0) AQWH) p/(H)  ansiton occursor
A A A 72Ky
H= (15
K. [H t surf _ surf
+73L dA (D 19 8[AQSU (/2,00 AQSY(0,0]

which implies thatAQSU(#/2,0)>AQ5""(0,0), i.e., the
wherey’ =d¢/dz. Note the dependence of the surface termsonditions should correspond to having a homeotropic con-
on the contact values at the boundaries of the tilt angle anfiguration in the semi-infinite case, and the transition is first
its derivative with respect te[18]. Functional minimization order due to the free energy barrier that exists between the
of Eg. (13 leads to an equilibrium tilt linear profile)’ two minima for the semi-infinite case. So, fidi>H, a stable
=const=0(1/H). The exact expression for the profile will L configuration exists and fdid <H, the Sstate is the stable
depend on the surface terms of the free energy, so somsne. From Eq.(15) it is clear thatH,—% as the system
information about them is needed. The values{\@ﬁirg can approaches the anchoring lifieharacterized by the condi-
be obtained microscopically from the excess free energy cottion AQS"(7/2,0)=A05"7(0,0)], i.e., theL-S transition
responding to the case of a wall against a distorted nematieccurs for infinitely wide pores and, consequently, the an-
whose tilt profile varies asymptotically ag0)+ ' (0)z for choring line can be understood as the limit of théS tran-
o<<z<H (this discussion is analogous for tkze=H case. sition for H— oo,
Sincey’ (0)<1/o the effect of the distortion far from the Strictly speaking, the scenario presented above is true
=0 surface will be a perturbation with respect to the casennly for H>o. However, our calculations reveal that theS
' =0, which corresponds to the semi-infinite case studied irtransition observed by our density-functional the¢BFT)
[9]. In this reference it was shown that, if the wall promotescalculations is the continuation of the transition predicted for
homeotropic anchoring, depending on the ratio betwggn wide pores. First of all, the free energy of tisephase is
and ec two local minima can appear foy=0° and 4  expected to converge toward its limiting value given by Eq.
=90° (S phase with a free energy barrier between them. (14) very fast, as was observed in the symmetric walls case
However, if the surface favors planar anchoring only a globain [10]. For theL phase, we have compared the DFT results
minimum at=90° can exist. We can now expand the sur-for e, /e,=0.7 with the limiting expression given by Eq.
face free energy in a series of both and ¢’ around (14) (see Fig. 10 The values ofw andT are the same as in
(¢,¥")=(0°,0) and (90°,0). The special symmetry of our all our calculations, i.e.u/kgT=—3.7 andkgT/e,=0.57.
problem(rotational invariance around ttzeaxis and the top-  For such conditiong o/ e,=0.615. On the other hand, cal-
bottom symmetry of the moleculesmplies that the linear culations for the semi-infinite case show that the asymptotic
term in¢’ vanishes. From this analysis we can conclude thavalue forH—« is given by AQ/AkgT=1.841. It is clear
for H>o two different states can exist: a linear state thatthat the values oA () converge for relatively small values of
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2 of its richness, giving rise to capillary effects not present in
simple, nonorientable fluids. The competing conditions at the
surfaces imply a deformed state of the director inside the
1.96 pore.

The main result of our study is that the system may adopt
two possible states: one where the director changes orienta-

1.98

1.94

AUAKT oo Y tion at an interface located close to the surface that favors
homeotropic anchoringdepending on the wall-particle po-
19 tential rangg and one where the deformation takes place

uniformly, giving rise to a basically linear tilt profile, with
some degree of deformation close to the surfaces. The direc-
1.86 \*’\Mﬁ\‘ tor may change from one configuration to the other via a
first-order phase transition. The interplay between these two
ey 20 40 60 8 100 120 140 160 phases may be understood in terms of the competition be-
Ho tween the elastic energy associated with a deformed director
FIG. 10. Comparison between the density-functional theory andtate and the energy associated with the orienting surfaces.
the phenomenological theofgxpression in the textThe diamonds ~ We have also shown that this transition is closely linked with
correspond to the excess free energy per area in unitgBof a  the planar-homeotropic transition observed in the semi-
nematic confined by opposing walls in thestate withkgT/e,  infinite problem. In order to prove this aspect, a phenomeno-
=0.57, ulkgT=—3.7, andey/ep=0.7, calculated by using the logical treatment has been employed. On the one hand, the
density-functional approach. The solid line is the surface tensionheory shows how for big poredHE> o) the L-S first-order
given by the phenomenological theory of Eg4). transition can occur at a threshold value of the pore width
H,. On the other hand, the phenomenological approach also
H to the expression given by the phenomenological theoryseveals that foH—c the L-S transition corresponds to the
and in any case the behavior is qualitatively correct. Fromanchoring transition of the semi-infinite problem. We also
this analysis we conclude that theS transition is driven by  conclude that the transition obtained by the DFT is the con-
the anchoring(surface transition that occurs for the semi- tinuation to shorter scales of the transition predicted by the
infinite case of a nematic against the O surface. phenomenological theory, which in principle is valid only for
much larger pore widths.

1.88

IV. CONCLUSIONS
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