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Homeotropic surface anchoring of a Gay-Berne nematic liquid crystal
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The ordering of a nematic liquid crystal in the presence of a smooth surface is analyzed in detail. In
particular, the force constants for homeotropic anchoring are estimated by a local density functional method
with data from molecular dynamics simulations. The system studied is a model Gay-Berne nematic liquid
crystal. For the molecule-surface interaction both an anisotropic and an isotropic one-particle potential are
taken. In both cases a surface-induced smecticA phase is being observed even though the phase is unstable in
the bulk.@S1063-651X~97!02206-X#

PACS number~s!: 61.30.Cz, 64.70.Md, 05.70.Ce, 62.20.Dc
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Surfaces of nematic liquid crystals show a rich variety
ordered states@1#. With respect to positional order smectic
even crystalline layers of the molecules may form. Conce
ing orientational order the long molecular axes may be
chored along one or along several discrete directions
along a continuous set of directions.

With the help of anchoring conditions one can tailor t
director field in the bulk of a nematic liquid crystal such th
the polarization plane of light is guided according to wish
display purposes.

Anchoring is achieved by a suitable preparation of
cover glasses for the nematic cell, and although a myriad
glasses is being prepared by empirical recipes annually,
underlying microscopic mechanisms of anchoring are not
fully understood.

Phenomenologically, anchoring is described by a surf
potential or anchoring free energy, which depends on
surface directorn̂. For an anchoring configuration cylindr
cally symmetric about a preferred directionn̂p , the potential
most frequently used is of the Rapini and Papoular form@2#,

Fanch5 1
2cusin

2~u2up![
1
2cu@12~ n̂•n̂p!

2#, ~1!

whereu and up are the polar angles ofn̂ and n̂p , respec-
tively.

Alternatively one can expand the surface potential int
series of Legendre polynomials

Fanch5W2P2~ n̂•n̂p!1W4P4~ n̂•n̂p!1•••. ~2!

The coefficientsW2 ,W4, andcu523W2210W4 of the ex-
pansions~1! and ~2!, denoted anchoring strengths, must d
pend both on the properties of the equilibrium bulk nema
liquid crystal and on the way the surface interacts with
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bulk. They have been determined experimentally@3,4#.
Theories about the surface-bulk interaction with the int
duction of a phenomenological anchoring free energy w
developed by Sluckin and Poniewierski@5#, by Sen and Sul-
livan @6#, and by Osipov and Hess@7#. Theoretical estimates
of the anchoring strengths were performed by Tjipto-Mar
and Sullivan @8#, yielding rough limits for the ratio
W2 /W4.

This paper is devoted to a microscopic study of surfa
induced ordering in nematic liquid crystals due to homeot
pic anchoring. The strength of the nematic ordering on
surface is estimated by the Rapini-Papoular constants. T
are found by combining molecular dynamics simulations
constant density~pressure! and temperature with a local den
sity functional approach. The pair interaction of the rodli
molecules was modeled by the anisotropic Gay-Berne po
tial @9#. For the interaction of a molecule with the surfac
first an anisotropic potential was taken which favors
alignment along the surface normal. The equations for tra
lational and rotational motion of a system of 1053 partic
were solved numerically. We not only observe stable hom
tropic anchoring, but also surface-induced smecticA layers,
which penetrate into the bulk with a temperature depend
coherence length. From the molecular data the pair distr
tion function ~PDF! was extracted and converted into th
direct correlation function~DCF! by an iterative solution of
the Ornstein-Zernike integral equation. Finally, relatio
were derived between the surface anchoring strengths
structural quantities like the DCF. This allows us to estim
the temperature variation of surface anchoring.

In the molecular dynamics simulations the rodlike mo
ecules are specified by a set of positionsr i , unit vectorsêi
for the orientations, velocitiesvi , and angular velocities
vi . The phase diagram of particles interacting by the G
Berne potential has been determined by de Miguelet al.
@10#. We have used the same anisotropy parameters and
performed the simulations within the temperature and d
sity range of the stable nematic phase.

The starting point for surface simulations was a nema
bulk phase in equilibrium, subject to periodic boundary co
ditions. We generated it in bulk simulations~no surfaces
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present! by melting a tetragonal crystal of rods perfect
aligned along thez axis. The nematic output configuratio
was increased twice along thez axis to avoid finite size
effects during the surface simulation. The surface potent
were adjusted to the top and bottom of this enlarged nem
atz056zsurf. For simplicity, each surface was modeled on
molecular level through a one-dimensional, one-parti
Lennard-Jones potential inz direction. The depth of the po
tential was taken angle dependent, favoring a molec
alignment along the surface normal (z axis!. For this purpose
we applied a prefactore(êi ,êj , r̂ i j ) as in the Gay-Berne po
tential whereêj was identified withẑ and r̂ i j with x̂:

Vi
surf54 e~ êi ,êj5 ẑ, r̂ i j5 x̂!F S s0

zi2z0
D 122S s0

zi2z0
D 6G . ~3!

FIG. 1. A typical configuration of Gay-Berne particles in th
nematic phase with a surface-induced smecticA phase for nonzero
surface anchoring. Parameters~in reduced units! are temperature
T51.10, pressureP54.5, volume densityr50.33, surface density
s50.43.
ls
tic

e

ar

For an equilibrium period of 20 000 time steps~time step
1023 in reduced units@11#! the positions6zsurf of the sur-
faces were left free to move along thez direction in order to
adjust the pressure to its bulk nematic value, correspond
to a density of 0.33~in reduced units! and the temperature
values of the phase diagram@10#. Afterwards, the walls were
fixed for other 40 000 time steps, to evaluate the time av
ages of the interesting quantities. During simulations the
rector was parallel to thez axis. The box dimensions wer
equal to 8.6938.69332.9 in reduced Gay-Berne units@11#.

A snapshot of the molecular dynamics run~Fig. 1! reveals
top and bottom layers of homeotropic anchoring. Intere
ingly, the surfaces have induced a smectic A phasepenetrat-
ing into the bulk with a temperature dependent cohere
length. Such a phase is not present in the bulk phase diag
of de Miguelet al. @10#.

Figures 2 and 3 display thex-y integrated density profile
for two different temperatures in the nematic range of
Gay-Berne phase diagram@10#. The number of the layers an
the coherence length decrease linearly with growing te
perature. Surface-induced smecticA phases have been ob
served experimentally by x-ray scattering under glanc
angles @12,13#. Coherence lengths of about 100 Å ha
been measured, corresponding to about three to six sm
layers as in our simulations.

During the molecular dynamics runs, temperature, pr
sure, and nematic director were monitored. For the calc
tion of the anchoring strengths the order parameters,
averaged values of the Legendre polynomi

Pn :^Pn&5^(1/N)( iPn@cos(êi•n̂)#&, and the angle depen
dent pair distribution functiong(r i ,r j ,Vi ,Vj ) were evalu-
ated. The latter was processed as an expansion into sphe
harmonics@14#.

Now we turn to the estimates of the Rapini-Papoular
efficients. This is performed by calculating the Helmho
free energy differenceDF between deformed and unde
formed equilibrium nematic states characterized by distri
tionsrd(1) andru(1), respectively, where (1)[(r1 ,V1). To
second order in the density differencedr5rd2ru the ex-
pression forDF may be written as@15#

bDF5bF@rd#2bF@ru#

5E rd~1!ln
rd~1!

ru~1!
d~1!2E drd~1!d~1!

2
1

2!E E c~1,2,@ru# !dr~1!dr~2!d~1!d~2!,

~4!

wherec is the direct pair correlation function of the und
formed confined nematic,d(1)5dr1dV1 ,b is the inverse
temperature, and*d(1)r(1)5N, whereN is the number of
particles.

The anchoring free energy can be extracted from
expansion~4! after a few simplifications. First of all we
choose to treat slowly varying distorted director fiel
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n̂d(r)@ n̂d(r)[n̂(r)# and assume that the free energy fun
-tional is locally in equilibrium. This is equivalent to th
mathematical simplification, widely used in the literatu
@16#, that rd(1)5ru@r,n̂(r)•V#. Also we restrict ~as in
simulations! to smooth planar surfaces parallel to thex-y
plane which implies thatru@r,n̂(r)•V#5ru@z,n̂(z)•V# and
ru@r,n̂u(r)•V#5ru@z,n̂u•V# @n̂u5n̂p5 ẑ stands for the un-
-distorted equilibrium director field andn̂(z) represents the
surface-induced distortion of the director field#.

FIG. 2. Thex-y integrated density profile~in reduced units! of
the nematic phase in the presence of surface anchoring. Param
~in reduced units! are temperatureT51.00, pressureP54.35, vol-
ume densityr50.33, surface densitys50.44.
- The third approximation is based on the gradient exp
sion of the one-particle distribution function
ru(r2 ,V2)5ru(r1 ,V2)1(r12•¹)ru(r1 ,V2)1••• in Eq. ~4!.

With all of the above, microscopic expressions for vario
elastic constants are now easily inferred from Eq.~4!. For
example, the Poniewierski and Stecki expressions@17# for
the Frank elastic constants are given by the gradient ter
The anchoring free energy per unit area is given by the te
that do not involve gradients. Excluding the ideal gas par
reads

ters
FIG. 3. Thex-y integrated density profile~in reduced units! of

the nematic phase in the presence of surface anchoring. Param
~in reduced units! are temperatureT51.50, pressureP54.8, vol-
ume densityr50.33, surface densitys50.40.
ver

ns
bFanch5E r0
2f @z,n̂~z!,n̂p#dz

52
1

2E r0
2dzE dVdP~z,V!dP~z,V8!E E E E c~x2x8,y2y8,z,z8,V,V8,@ n̂p# !dx8dy8dz8dV8, ~5!

wherer0 denotes the volume particle density andP5ru /r0 is the one-particle distribution function. Please note thatn̂(z) in
Eq. ~5! relaxes from its surface valuen̂[n̂(0) to n̂p in a thin layer (Dz) located above the surface. Hence the integration o
z in Eq. ~5! is, in practice, restricted to the intervalDz.

In order to convert the expressions~5! into the Rapini-Papoular form~2! we expand the orientationally dependent functio
into spherical harmonics:

E E c~••• !dx8dy854p (
l1l2l

even

cl1l2l~z,z8! (
m1m2m

~m1m2

l1l2 um
l !Ym1

l1 ~V1!Ym2

l2 ~V2!Ym
l* ~ n̂p! ,

P~z,m̂a•V1!5(
l 8

even

^Pl 8&~z!(
m8

Ym8
l 8* ~V1!Ym8

l 8 ~m̂a!,

a50,1 ~6!
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where the abbreviation (m1m2

l1l2 um
l ) is used for the Clebsch

Gordan coefficients,m̂05n̂(z), andm̂15n̂p . This allows us
to perform analytically the integrations over all solid ang
reducing the anchoring energy to an infinite series. If
additionally replacê Pl&(z) by their averaged valueŝPl&
and assume thatn̂(z) equalsn̂p except for 0<z<Dz @where
n̂(z)5n̂(0)[n̂# then

bFanch'2
4pr0s0

2 (
l1l2l

even

^Pl1
&^Pl2

&F E dz8cl1l2l~0,z8!G
3 (

m1m2m
~m1m2

l1l2 um
l ! (

a,b50,1
~21!a1bYm1

l1

3~m̂a!Ym2

l2 ~m̂b!Ym
l* ~ n̂p!. ~7!

Heres05r0Dz is the lateral particle density in the molec
lar layer closest to the surface. It should also be noted
the terms involving sums overm1 , m2, andm are spherical
invariants ofn̂ and n̂p and hence proportional toPl(n̂•n̂p).
Gathering these terms together and comparing with the d
nition of the macroscopic anchoring energy~2! yields imme-
diately the microscopic expressions for the surface ancho
strengthsWl . These expressions are consistent with the
servation that the Rapini-Papoular surface anchoring ta
place in a thin layer close to the surface. The ‘‘range of
anchoring’’ is determined by the short-range behavior of
direct pair correlation.

The central quantity entering Eq.~7! is the temperature
and density dependent direct pair correlation funct
c(1,2) for theundeformed, equilibrium confined system. It is
related to the numerically determined pair distribution fun
tion g or pair correlation functionh[g21 via the Ornstein-
Zernike equation@15#

h~1,2!5c~1,2!1E d„3…c~1,3!ru~3!h~3,2!. ~8!

Although, in principle, the correlation functionh could be
determined from simulations to an arbitrary degree of ac
racy, reliable calculations ofc from Eq. ~8! for confined
systems do not seem feasible at present. Hence, in ord
make the numerical estimates of the Rapini-Papoular c
stants possible, we are forced to perform a series of sim
fications in Eq.~8!. First of all we impose translational sym
metry onh and c in Eq. ~8! and restrict to the terms with
l 1 ,l 2<4 in their spherical harmonic expansions. Next, t
one-particle orientational distribution functionru(r,V) is re-
placed by its isotropic formr0/4p. The usefulness of this
approximation in the description of ordered nematics as w
as all technical details concerning simulations have been
cussed thoroughly in recent publications@14,18#.

The approximations applied to the Ornstein-Zernike eq
tion also simplify the anchoring energy, Eq.~7!. Now it reads

bFanch5(
l

even FA2l11

4p
r0s0^Pl&

2E drr 2cll 0~r !G
3@Pl~ n̂•n̂p!21#, ~9!
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wherecll 0(r ) are the spherical harmonic expansion coe
cients of the DCF.

A direct comparison of the series~9! with the definition of
the macroscopic anchoring energy~2! yields the microscopic
expressions for the leading surface anchoring strengthsW2
andW4. The surface densitys0 entering Eq.~9! is computed
with the same accuracy as the bulk densityr0 by averaging
the number of particles in the monolayer closest to the s
face over the production run of the molecular dynam
~MD! simulation and dividing this average number of pa
ticles by thex-y cross section of the simulation box.

We have studied how the anisotropy of the molecu
surface interaction influences the anchoring strengths by
forming two independent molecular dynamics series. T
first one is based on the ‘‘anisotropic’’ surface potential~3!,
where surface and bulk Gay-Berne parameters were ta
equal. In the second series we took an ‘‘isotropic’’ surfa
potential, with the ground state energye independent of the
molecular orientations. For both types of surfaces the Rap
Papoular constant differed by less than 10%~Fig. 4!. In both
cases we observed surface-induced smecticA layering and
found that the numerical values ofW2 depend on the numbe
of surface-induced smectic layers. Similar correlations h
recently been suggested by Li and Lavrentovich@4#.

We would like to mention that the possibility of inducin
smectic ordering due to the presence of restricting surfa
strongly depends on the form of the surface potential. R
cently Zhanget al. @19# simulated basically the same system
but with a surface potential that favors planar alignment, a
they found no smectic layering. We have also perform
other series of MD simulations for generalized anchor
directions@20#. The smectic layers, although always prese
were less pronounced in these cases.

In connection with the above results it seems importan
comment on the form of the potential we used in our sim
lations to describe the interaction between a liquid crys
molecule and the surface. One perhaps would expect tha
surface-bulk interaction should be modeled by the conv

FIG. 4. The temperature dependence of the anchoring stren
~in reduced units!. Parameters~in reduced units! and symbols are
pressureP54.3524.8, volume densityr50.33, surface density
s50.4420.40; rhombi:W2, crosses:W4, squares:cu ~anisotropic!,
3 symbols:cu ~isotropic surface!.
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55 7089HOMEOTROPIC SURFACE ANCHORING OF A GAY- . . .
tional 9-3 surface potential~obtained by integrating the 12-
Lennard-Jones potential over all positions of one molecul
the substrate! instead of the 12-6 form we used. In realit
however, neither 9-3 nor 12-6 potentials provide a good
rametrization of the real surfaces that anchore nematics~see,
e.g.,@1,3#, and references therein!. For a given bulk nematic
phase and for fixed temperature and pressure various an
ings could be realized in practice. The primary differen
between them is the coherence length of the induced sm
A layering. As the proposed theory of anchoring emphas
the rôle of the structure of the system one may expect tha
surface potentials generating~for fixed temperature and pres
sure! a smecticA ordering of the same coherence leng
should yield similar anchoring strengths. This has actua
been proven by our simulations.

Furthermore, experimental investigations of the surfa
induced smecticA layering in nematics indicate that suc
effects are present on a length scale of 100–200 Å. This
well to our simulations. Thus, in order to establish a sim
model of short-range surface interaction, we chose the 1
Lennard-Jones parametrization. The 9-3 surface pote
would give rise to a quite long-range surface-induced sm
tic A ordering which~as far as we can say! has not been
reported so far.

The detailed temperature variation of the surface anch
ing strengths is displayed in Fig. 4. We found that the ab
lute values of the constantW4 are about half an order o
magnitude smaller than those ofW2. Similar estimates for
the ratioW4 /W2 have been obtained previously by Osip
and Hess@7# for a liquid-vapor interface. Thus the calcula
tions reveal a rapid convergence of the expansion for
anchoring energy~2!. Due to the negative values ofW2 and
W4 the Rapini-Papoular constantcu is positive. Hence the
homeotropic anchoring yields a stable configuration for
Gay-Berne nematic, i.e., the anchoring energy~2! has its
absolute minimum at the preferred orientationup50. Com-
paring the surface anchoring strengths with the bulk ela
.
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constants of recent calculations@14# ~both in reduced units
@11# and for the same Gay-Berne nematic states! we find that
the former are about an order of magnitude smaller.

The ratios of the Rapini-Papoular constant to the b
elastic constants have been measured experimentally@3#. Al-
though there is a wide discrepancy among the various res
forW2, sometimes by two orders of magnitude, it seems t
most of them are within a range between 1025 N/m and
1026 N/m. Considering typical values for the bulk elast
constantsK510212 N and a thickness of 1026 m for the
liquid crystal cell, the results of our simulations for the rat
cu /K are at the lower edge of the experimental data.

Finally, unlike former calculations of surface anchorin
performed by Tjipto-Margo and Sullivan@8# and by Osipov
and Hess@7# that only treated liquid-vapor interface, we hav
taken into account the interaction between the nematic
an anisotropic solid substrate on a microscopic level. T
theory elaborated here correlates the anchoring stren
with structural quantities. The direct correlation function h
been gained by solving the Ornstein-Zernike integral eq
tion. The pair distribution function which enters this equati
has been determined from the molecular dynamics sim
tions. Emphasizing the dependence on the structure se
important for a correct interpretation of the anchoring
terms of microscopic quantities. Most probably this is t
reason why our dimensionless ratiocu /K is in line with ex-
perimental results, even though the interaction potential u
is relatively simple. As the Ornstein-Zernike equation cou
be solved with controlled approximations this seems to g
an estimate ofabsolutevalues of the Rapini-Papoular con
stants, not just their ratios as in all previous treatments.

One of the authors~L.L.! thanks Dr. M. A. Osipov for
stimulating discussions. This work was supported by
Deutsche Forschungsgemeinschaft~DFG! under Grant No.
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