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Nematic-isotropic transition in a lattice model with quenched disordered impurities:
A Monte Carlo study

Jaroslav Ilnytskyi* and Stefan Sokołowski
Department for the Modelling of Physico-Chemical Processes, Faculty of Chemistry, MSC University, 200-31 Lublin, Polan

Orest Pizio
Instituto de Quimica de la UNAM, Coyoacan 04510, Mexico, Distrito Federal, Mexico

~Received 12 November 1998!

We have performed Monte Carlo~MC! simulations of the lattice model for a fluid of elongated particles,
mimicking liquid crystalline behavior and of this model in the presence of disordered quenched impurities. The
interparticle interaction is chosen similar to the angular dependent term of the Berne-Pechukas potential. A
pronounced first-order nematic-isotropic transition has been obtained for a bulk pure model at the value for the
elongation parameter,a53. However, at a 5% concentration of disordered quenched impurities, we have
observed a very weak first-order transition in the simulations of the model at different sizes of the simulation
volume. We have discussed a shift of the transition temperature, a suppression of the latent heat and the
maxima of the heat capacity and susceptibility due to the presence of impurities. A histogram analysis and a
finite-size scaling has been applied to the MC data. A comparison of the simulation data with the experimental
results for liquid crystals confined to silica aerogels and porous glasses also has been performed.
@S1063-651X~99!09604-X#
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I. INTRODUCTION

The structure, thermodynamics, and phase behavio
fluids confined to disordered porous media has recei
much attention during the past decade. A large body of
perimental, simulational, and theoretical results has been
cumulated. On the other hand, more interesting, and ph
cally richer, complex fluids under confinement have receiv
less attention. The liquid crystalline materials in confin
geometry are of particular interest for basic science and
applied research.

Interest in liquid crystals~LCs! in the individual pores
and in disordered porous media is very rapidly increasi
see, e.g.,@1–16#. In particular, the nematic-isotropic~NI!
transition in liquid crystals confined to microporous and m
soporous media has been studied experimentally@5–9#. The
experimental results provide evidence that the finite size
pores, the effect of quenched disorder and the intercon
tivity of pores, are main factors that influence phase beha
of LCs in microporous adsorbents. Theoretical investigat
and simulation of the NI transition in porous media therefo
must include modeling of the various factors crucial to t
NI transition @10–16#.

A set of numerical studies of liquid crystalline materia
in microporous media has been attempted during the
decade. In particular, a model of trimers on a simple cu
~sc! lattice has been simulated by Dadmun and Muthukum
@12#. A porous medium has been implied as a dilution, i.e.
has been assumed that a fraction of sites of the lattic
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inaccessible for trimers. The excluded volume effects of
lution have yielded a lower NI transition temperature and
rounder heat capacity maximum of the model, as compa
to its pure counterpart. Moreover, the transition has b
shown to change its nature from first to second order, if
concentration of impurities is larger than 2.5%. The simu
tion data have been shown to agree qualitatively with
experimental results. However, quantitatively the shift of t
transition temperature compared to the pure model, i.e.
the absence of impurities, is essentially overestimated
seems that the size of the lattice system considered in
@12# ~up to 16316316 sites, such that the system consists
less than 1300 trimers! is insufficient to describe the thermo
dynamics quantitatively.

A study of the phase transitions in aerogel has been
dertaken by Uzelac, Hasmy, and Jullian@13# in the frame-
work of the q53 andq54 Potts models. The models ar
characterized by a weak first-order transition in the p
case. The aerogel has been modeled as a set of corre
impurities on the lattice by using diffusion-limited cluste
cluster aggregation; the case of randomly distributed imp
ties also has been studied in@13#. A finite-size scaling analy-
sis ~on the lattices up to 203 size! and the Ferrenberg
Swendsen~FS! histogram technique@17# have been used
The shift of the transition temperature with increasing co
centration of impurities appeared to be smaller in the aero
case, comparing with the case of randomly distributed im
rities. The heat capacity peaks have been obtained as
pressed and essentially broadened with increasing impu
concentration. The finite-size scaling analysis of the simu
tion data has shown that the order of the transition for thr
dimensional~3D! q53 andq54 Potts models changes at
nonzero concentration threshold. However, these res
must be considered with some care due to the small lat
sizes involved, and due to the fact that systematic avera
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4162 PRE 59ILNYTSKYI, SOKOŁOWSKI, AND PIZIO
over disorder have not been performed. Nevertheless,
results presented in Ref.@13# confirm that even a weak dilu
tion may essentially affect the NI transition~these trends
were observed earlier by Hashim, Luckhurst, and Rom
@18#!.

Other models and theoretical developments concern
the behavior of liquid crystalline materials in the presence
quenched disorder have been proposed recently, in par
lar, the random-field Ising model@10,11#, random anisotropy
nematic model@15#, and single-pore model for liquid crysta
in aerogel@16#.

In general, computer simulations are powerful tools
investigating the microscopic nature of the liquid crystalli
phases. The most successfull intermolecular potentials
plied in the simulations of the bulk models include t
Berne-Pechukas@19# and Gay-Berne@20# potentials. How-
ever, reasonably large systems of molecules interacting
these potentials, appropriate to study phase transitions
difficult to consider due to computer time consumptio
Therefore, for practical reasons, it is important to obtain
simulation results for large systems of molecules in
framework of quite simple models, intrinsically preservin
liquid crystalline nature.

With this aim, in the present study we perform Mon
Carlo simulations of the NI transition in a modifie
Lebwohl-Lasher~LL ! lattice model for liquid crystals@21#,
however, both in its pure state and in the presence
quenched random dilution. The particles in the model int
act via the angular part of the Berne-Pechukas~BP! potential
@19# derived from the overlap integral of two ellipsoid
Gaussians of a certain elongationa. The first-order NI tran-
sition in the pure modified LL model becomes stronger w
increasing elongation parameter@21#. We consider the cas
a53, that yields reasonable values for the latent heat and
the order parameter at the NI transition@21#. Our investiga-
tion of the model in the presence of a microporous media
restricted to the case of a 5% dilution~which formally cor-
responds to a highly porous medium!. A more ‘‘liquid crys-
talline’’ model is used in the present study, in comparis
with previous works@12,13#. Consequently, the simulation
are much more time consuming. Moreover, the lattice si
up to 243 are simulated and a wide set of thermodynami
properties is discussed close to the NI transition. We wo
like to investigate how the dilution affects thermodynam
properties near the NI transition, and if the transition rema
of the first order. On the other hand, our intention is to p
form comparison with the available experimental results
LCs in highly porous confining media. A finite-size scalin
analysis and the FS histogram technique@17# are used in the
analysis of the simulation results.

II. NEMATIC-ISOTROPIC TRANSITION
IN THE PURE MODEL

We consider a lattice model of elongated particles int
acting via an angular part of the BP potential. The last o
has the following form@19#:

VBP~ ûi ,û j ,rW !54e~ ûi ,û j !

3F S s~ ûi ,û j , r̂ !

r
D 12

2S s~ ûi ,û j , r̂ !

r
D 6G ,
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wheree(ûi ,û j ) ands(ûi ,û j , r̂ ) are the effective orientation
ally dependent strength and range parameters, respecti
The unit vectorsûi ,û j are directed along the correspondin
long axes of the interactingi th, j th ellipsoids,rW is the center-
of-mass distance vector between them, andr̂ is the unit vec-
tor along rW. In the case of rotatorsûi on a lattice with the
nearest-neighbors interaction only the angular dependenc
e(ûi ,û j ),

e~ ûi ,û j !5
e0

A12x2 cos2u i j

~1!

is involved (u i j is the angle betweenûi and û j ). The anisot-
ropy of ellipsoids is characterized by the anisotropy para
eter:

x5
a221

a211
, a5

s i

s'

,

wheres i ,s' are their major and minor axes, anda denotes
the elongation parameter. In our computer simulations
use the following normalized interparticle interaction:

VBPA~u i j !52
e

2F 6a

~a21!2S 1

A12x2 cos2u i j

21D 21G ,

~2!

where

e5
~a21!2

3a
e0 ~3!

is the parameter used as energy unit in our simulations.
the sake of convenience, this potential is normalized s
that atu i j 50 and atu i j 5p/2 it gives the same energy~in
units of e) as the LL potential@22#. Moreover, the LL po-
tential is reproduced in the limit of small anisotropy (x
!1) by expanding the expression given by Eq. 2 in pow
of x:

lim
x!1

VBPA~u i j !52eP2~cosu i j !1const.

The first-order NI transition, that has been observed in
model at hand becomes stronger with the increasing elon
tion parametera @21#. However, the parametera provides
only a rough estimate of the elongation of real molecules
is more reasonable to think that the anisotropy of the in
molecular potential increases with augmenting value of
parametera. On the other hand, stronger anisotropy can
achieved by adding higherP2n terms to the LL potential
@23–25# and choosing the expansion coefficients approp
ately.

We restrict ourselves to the casea53 in Eq. ~2! @it is
interesting to mention that in this caseVBPA(u i j ) coincides
well with the potential considered by Romano@26# expanded
up to P6 term#. The valuea53 also has been used in th
simulations of the Gay-Berne model@20#.

We have performed simulations of the pure model w
the potential VBPA(u i j ) for four different lattice sizes
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163,183,203,243 and apply a finite-size scaling analysis a
the FS reweighting technique for the data obtained. Our p
cipal interest is in the properties that are expected to cha
at a weak dilution. These are the transition temperature,
maximum values for the specific heat and susceptibility,
minima for the fourth Binder’s cumulant, the latent heat a
the order parameter at transition.

A numerical procedure for each lattice size was simil
First, short scanning runs~up to 105 MC cycles! were per-
formed for the entire interval of temperatures including t
NI transition point. Then we select a temperature for whic
number of configurations~along the run!, with predominant
nematic or isotropic phase, is of the same order. A go
indication for that is a regular ‘‘flow’’ of the order paramete
values from about 0.05 to 0.3. At such a temperature,
would say, the coexistence of two phases is observed. T
an extended run of the 53105 MC cycles was performed a
this temperature and the histograms of energy and of
order parameter have been built up. By applying the FS
weighting the NI transition point was located in the fir
approximation. This estimate for the NI transition tempe
ture is used for the final extended run of not less than6

MC cycles that provides final histograms and the quanti
of interest.

A standard Metropolis algorithm has been used in
simulations. The orientation of each particleûi was at-
tempted to change by adding a vectorlW with random orien-
tation and of controlled length@27#, and then normalizing the
value ûi

85ûi1 lW back to unity. A new configuration was ac
cepted, if the energy becomes lower, or accepted with a B
zmann probability otherwise. The length oflW has been ad-
justed during simulation to provide a ratio of accept
attempts approximately equal to 0.4. The dimensionless t
peratureT* 5kBT/e is used in the simulations.

Each configuration is characterized by the one-particle
ergy

U* 5
1

Nfe
(
i j

VBPA~u i j !

(Nf is the number of unit vectorsûi in the simulation box!
and the order parameter

S5^P2~cosu i !& i ,

whereu i is the angle betweenûi and a director. The orde
parameter is calculated after each simulation cycle as
largest eigenvalue of the corresponding tensor@28#.

The values ofU* andS have been stored after each M
cycle along the extended run performed at certain temp
ture T0* . These arrays were used to build up the normaliz
histograms of energyPT

0*
(U* ) and of the order paramete

PT
0*

8 (S) distribution atT0* . Using the method of Ferrenber

and Swendsen@17#, the reweighted distributionsPT* (U* )
and PT*

8 (S) have been obtained at each temperatuteT* in
the vicinity of T0* . These distributions allow us to calcula
the averageŝU* n& and ^Sn& at eachT* in the vicinity of
-
ge
e

e
d

.
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e
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T0* , as well as dimensionless heat capacity,Cv*
5Cv /(kBNf), and the susceptibility,x* 5xe/Nf , defined
via the fluctuational formulas

Cv* 5
Nf

T* 2
~^U* 2&2^U* &2!, x* 5

Nf

T*
~^S2&2^S&2!.

Also, we have calculated the fourth Binder’s cumulant of t
energy fluctuations@29# as follows:

V4512
^U* 4&

3^U* 2&2
,

which is a useful additional estimate of the transition te
perature, and serves to determine the order of the transi

Let us denote the NI transition temperature~estimated in
the framework of a procedure numbered bym) by Tm,NI* (Lp)
for the system ofLp

3 size, p is the subscript introduced to
emphasize the pure case. For the first-order transition,
would expect from Ref.@30# that Tm,NI* (Lp)2Tm,NI* (`p)
;Lp

23 , whereTm,NI* (`p) is the transition temperature for a
infinite system. Following Ref.@31# we have used three dif
ferent procedures to evaluate the NI transition tempera
for each system size. The locations of the peaks forCv* (Lp)
andx* (Lp) yield T1,NI* (Lp) andT2,NI* (Lp), respectively, and
a location of theV4 minimum givesT3,NI* (Lp). The expected
finite-size scaling behavior holds exactly for allTm,NI* (Lp)
~see, Fig. 1!; this behavior is quite similar to the one ob
served for the LL model@31#. The fitting lines meet atLp

23

50, giving the value

TNI* ~`p!51.054060.0002 ~4!

for an infinite system. We must mention that this value ca
not be compared straightforwardly with the one for the L
model @31# due to a different energy scale@e given by Eq.
~3! is anisotropy dependent#.

Another common test for the first-order transition is t
scaling of the maxima forCvmax* (Lp) and for xmax* (Lp) pro-
portionally to Lp

3 , with increasingLp . We have obtained
typical rounded peaks forCv* (Lp) andx* (Lp); both become

FIG. 1. Finite-size scaling behavior of the NI transition tempe
ture in the pure model defined in different ways~circles and dia-
monds are obtained from the peaks of the heat capacity and
susceptibility, respectively; triangles are from the minima of t
fourth Binder’s cumulant!, Lp is the linear size of the simulate
model.
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higher, narrower and shift to a lower value ofT* as Lp
increases. For the sake of brevity, we do not present th
curves in the present work~see, e.g. Refs.@13,31,32#!. The
values forCvmax(Lp) and for xmax(Lp) versusLp

3 , together
with the corresponding fitting lines are shown in Fig. 2. O
can see that the scaling law of theLp

3 type is satisfied very
well.

The properties that can be compared with the experim
are the latent heat at the NI transitionDHNI(Lp) and the
order parameterSNI(Lp) at TNI . To obtain the value for
DHNI(Lp) we seek first the temperatureTeq* (Lp), at which
the maxima of the energy distributionPT

eq* (U* ) are of equal

height. This temperature turned out to be very close to
susceptibility peak positionT2,NI* (Lp) for all Lp . It is known
that the energy distribution of a system close to the fi
order transition can be approximated reasonably well b
double Gaussian@33#. However, we have obtained better fi
ting by using a double non-Gaussian distribution of the fo

PT
eq* ~U* !'AN expS 2

uN
2

aN
2

uN
3

bN
2

uN
4

gN
D

1AI expS 2
uI

2

a I
2

uI
3

b I
2

uI
4

g I
D , ~5!

whereuN5U* 2Unem* anduI5U* 2Uiso* are the deviations
of energy from the expected valuesUnem* andUiso* in nem-
atic and isotropic phases, respectively. These expected
ues and the fitting coefficients are obtained numerically
using the least-squares method. The dimensionless la
heat per particle was then estimated atTeq* (Lp)
as DHNI* (Lp)5Uiso* 2Unem* ~see Fig. 3!. To get a better
accuracy, we have used the following averag
^DHNI* (Lp)&6 5 1

3 @DHNI* (Lp)1DHNI1* (Lp)1DHNI2* (Lp)#,
whereDHNI1* (Lp) has been estimated similar toDHNI* (Lp)
at Teq* (Lp)1dT* and DHNI2* (Lp) has been estimated a
Teq* (Lp)2dT* . Here ~for the pure model! we choosedT*
50.0005. These estimates^DHNI* (Lp)&6 do not exhibit a
finite-size scaling dependence within the accuracy of our
culations~see, Fig. 4!. The latent heat for an infinite system
can be derived as the average over all simulated lattice s

DHNI* ~`p!5Š^DHNI* ~Lp!&6‹Lp
50.17960.005. ~6!

FIG. 2. Finite-size scaling behavior of the heat capacityCvmax*
and the susceptibilityxmax* maxima in the vicinity of the NI transi-
tion in the pure model of linear sizeLp .
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Similar methodology has been used to evaluate the o
parameter at the transitionSNI . In this case the distribution
PT

2,NI*
8 (S) is reweighted atT2,NI* (Lp). The isotropic maxi-

mum, which is very low, was fitted by a Gaussian and
nematic maximum by a non-Gaussian:

PT
2,NI*

8 ~S!'AN8 expS 2
sN

2

aN8
2

sN
3

bN8
2

sN
4

gN8
D 1AI8 expS 2

sI
2

a I8
D ,

~7!

wheresN5S2Snem andsI5S2Siso ~see, Fig. 5!; moreover,
we have assumedSNI(Lp)5Snem. Similar to the case of
DHNI* (Lp), the averaging in the form ^SNI(Lp)&6

5 1
3 @SNI(Lp)1SNI1(Lp)1SNI2(Lp)# has been used~the 1

and2 signs have the same meanings as above!. The values
for ^SNI(Lp)&6 do not exhibit theLp dependence within the
statistical errors~see, Fig. 6!. The average value over a
simulated lattice sizes

SNI~`p!5Š^SNI~Lp!&6‹Lp
50.33360.005 ~8!

is used as an estimate for an infinite system. The res
obtained for the latent heat and for the order parameter
more accurate in comparison with our previous study@21#, in

FIG. 3. Histogram of the energy distribution~the pure model,
Lp524) at Teq* and its fit by a double non-Gaussian according
Eq. ~5! ~the fit practically coincides with the histogram!. A nematic
and an isotropic non-Gaussian also are shown separately. The
pected values areUnem* andUiso* , respectively.

FIG. 4. Finite-size scaling behavior of the latent heat of the
transition calculated asUiso* 2Unem* and averaged over the vicinity
of Teq* . Black circles represent the pure model, the average
shown by the dashed line. Empty circles are for the diluted mo
a dashed line corresponds to the linear fit.
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which a system of single size has been simulated, an
which the FS technique has not been applied to the sim
tion data.

To conclude this section, the pure model undergoes a
nounced first-order NI transition. This conclusion follow
from a finite-size behavior of the transition temperature, h
capacity, and susceptibility. The latent heat and the or
parameter at the transition are obtained by fitting the co
sponding histograms. These properties are of particular in
est. We would like to compare them with a weakly dilut
case, which is the subject of the following section.

III. NEMATIC-ISOTROPIC TRANSITION
IN A WEAKLY DILUTE MODEL

The method described above is now applied to stud
weakly dilute model. We have used a so-called random
lution, i.e., whenNm randomly chosen lattice sites are a
sumed to be occupied by quenched impurities. The o
sites,Nf5N2Nm , are characterized by the unit vectorsûi ,
which describe the orientational interactions between liq
crystal molecules. Similar to the pure model, a neare
neighbors interaction betweenûi andû j is assumed, also we
assume that there is no interaction between the impur
and ûi . Therefore, only the effects of excluded volume a
taken into account. A porous medium formed by impurit

FIG. 5. Histogram of the order parameter distribution~the pure
model,Lp524) at the temperatureT2,NI* and its fit by a sum of a
Gaussian and a non-Gaussian according to Eq.~7!. The expected
value of a nematic non-Gaussian gives the order parameter a
transition,SNI .

FIG. 6. Finite-size scaling behavior of the order parameter at
NI transition obtained from the fits atT2,NI* and averaged over th
vicinity at this temperature. Black diamonds represent the p
model, the average is shown as the dashed line. Empty diam
are for the diluted model, the dashed line is a linear fit.
in
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may be thought to consists of highly interconnected por
We consider the case of a weak dilution,c5Nm /N50.05,
which may correspond to a LC confined in a highly poro
medium. Due to the CPU time limitations, we have averag
the results over not more than three quenched configurat
of impurities for each lattice size.

Similar to the pure model, we denote the NI transiti
temperature of the dilute model of linear sizeLd estimated in
the framework of a procedure denoted bym by Tm,NI* (Ld).
An estimate for the NI transition temperature from the pe
for Cv* (Ld) and forx* (Ld) corresponds tom51,2, respec-
tively, and from the minimum ofV4 corresponds tom53.
We have observed the shift of the transition temperature
the order @Tm,NI* (Lp)2Tm,NI* (Ld)#/Tm,NI* (Lp)'c50.05 for
each lattice size in accordance with a mean field estimate
finite-size scaling behavior for the first-order transitio
Tm,NI* (Ld)2Tm,NI* (`d);Ld

23 , holds very well within the ac-
curacy of our data~see, Fig. 7!. For an infinite system, we
obtain

TNI* ~`d!51.003560.0002. ~9!

Further confirmation of the first-order nature of the transiti
in the dilute model is the finite-size scaling behavior of t
maximaCvmax* (Ld) andxmax* (Ld). The heights of the maxima
are essentially supressed, compared with the pure model
their Ld

3 dependence expected for the first-order transition
still pronounced~Fig. 8!.

The presence of dilution has a strong effect on the form
the energy and order parameter distributionsPT* (U* ) and

the

e

e
ds

FIG. 7. Finite-size scaling behavior of the NI transition tempe
ture in the diluted model defined in different ways~the meaning of
the symbols is the same as in Fig. 1!, Ld is the linear size of the
simulated system.

FIG. 8. Finite-size scaling behavior of the heat capacityCvmax*
and the susceptibilityxmax* maxima in the vicinity of the NI transi-
tion in the diluted model of linear sizeLd .
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PT*
8 (S). Even for the largest lattice size simulated,L524,

the double-maxima form for the energy distribution is n
observed. This is due to a much weaker first-order transit
The distributions for two coexisting phases intersect ess
tially and it is practically impossible to evaluate the spinod
points for this case. Therefore, we are not able to de
formally the temperatureTeq* , with equally heighted maxima
~as for the pure model!. Instead, we have used the tempe
ture where the upper part of the distribution has a symme
shape~see, Fig. 9!. Similar fitting formula forPT* (U* ) ~5!
was used to extract the expected values forUnem* andUiso* ,
and to estimate a latent heat of the transitionDHNI* (Ld)
5Uiso* 2Unem* ~see Fig. 9!. We have observed that this pro
cedure is very sensitive to the accuracy of the distribut
tails. The accuracy can be unsufficient for the simulated te
perature farther fromTeq* . In this case, an additional curva
ture of the distribution tails is present, and the least-squa
method fails to fit the histograms correctly. Similar to t
pure case, we have calculated the average^DHNI* (Ld)&6

5 1
3 @DHNI* (Ld)1DHNI1* (Ld)1DHNI2* (Ld)# for each Ld ,

whereDHNI1* (Ld) has been estimated atTeq* (Ld)1dT* and
correspondingly the value forDHNI2* (Ld) at temperature
Teq* (Ld)2dT* . The shift of the temperature,dT*
50.000 25, was chosen twice smaller, in comparison w
the pure model. At these shifted temperatures,Teq* (Ld)
6dT* , the distribution is essentially asymmetric with th
isotropic or nematic maxima clearly seen. Therefore a va
DH

1
(Ld)5Uiso* (Teq* 1dT* )2Unem* (Teq* 2dT* ), provides a

reasonable upper limit of the latent heat. In the majority
cases it is approximately 10% higher than the va
^DHNI* (Ld)&6 . We have used this fact as an additional te
As one can see in Fig. 4, the values for^DHNI* (Ld)&6 reflect
theLd dependence. For an infinite system we then obtain
value

DHNI* ~`d!50.06360.002, ~10!

which is essentially lower, if compared with 0.179 for th
pure model~6!.

The order parameter at the transition is estimated q
similar to the pure model. The only difference is that
T2,NI* (Lp)1dT* , the nematic maximum for the order param
eter is not very well defined to provide fitting successful

FIG. 9. Histogram of the energy distribution~the diluted model,
Ld524) at Teq* and its fit by a double non-Gaussian according
Eq. ~5!. A nematic and an isotropic non-Gaussian also are sho
separately. Their expected values areUnem* andUiso* , respectively.
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Thus, instead of evaluating the average,^SNI(Ld)&6 , we
have investigated the dependence ofSNI2(Ld) @obtained
from the fitting at temperatureT2,NI* (Ld)2dT* , slightly
lower thanT2,NI* (Ld)# with increasingdT* . One might ex-
pect linear dependence ondT* , if it is chosen small. This is
indeed the case fordT* P@0.000 25,0.000 75#. We have used
this fact as an additional test of stability of the fit
T2,NI* (Ld). One can note a well pronouncedLd dependence of
SNI(Ld) ~see, Fig. 6!, in contrast to the pure model. Thus, th
fitting procedure yields for an infinite system the value

SNI~`d!50.22060.005. ~11!

This value must be compared with the value 0.333 for
pure model~8!.

The essential finite-size dependence of the latent heat
of the order parameter for the diluted model can be explai
according to the following arguments. The finite-size beh
ior of the pure system is governed by the fact that the co
lation lenghtj cannot overcome linear size of the system,L.
Therefore, in the pure model all of the singularities a
scaled by the single characterictic lengthj @30#. In the dilute
model, another characteristic length appears, which is an
erage distance between impurities. Alternatively, influen
of the dilution on the phase transition can be described by
parameterk5cj3 ~proposed by Imry and Wortis@34#!, k
represents the average number of impurities in a cohere
volume. Actually, this parameter measures the relative in
ence of impurities on the phase transition. We assume
this parameter must be kept constant for differentL, rather
than the absolute concentration of impuritiesc. For L
,jbulk , one can assume thatjL'L, therefore it seems rea
sonable to keep constant the parameterk5cL3 for different
L. Thus, in this case, one must rescalec by L23 with increas-
ing L. ForL larger thanjbulk , a concentration correspondin
to saturation,cbulk , would arise. This concentration chara
terizes a diluted system of infinite size. In the case o
constant dilution, used most generally, one would obtai
progressive suppression of the transition by impurities aL
increases~this behavior can be seen from Figs. 4 and 6!.

To summarize the results about the influence of a c
stant, weak, 5% dilution on the NI transition in the lattic
model of this study we would like to mention the following
At chosen concentration of impurities, the transition rema
the first-order transition. However, it is much weaker th
for the pure case, i.e., in the absence of impurities. A shif
the transition temperature in an infinite system according
Eqs.~4! and ~9! can be written in the form of a ratio:

TNI* ~`d!

TNI* ~`p!
50.95260.0004. ~12!

The supression of the maxima of the heat capacity and of
susceptibility in an infinite system can be obtained from a
using finite-size data~see Fig. 10!. We have obtained the
following ratios:

Cvmax* ~`d!

Cvmax* ~`p!
50.3560.01,

xmax* ~`d!

xmax* ~`d!
50.4560.01.

~13!

n
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A decrease of the latent heat and of the order paramete
the transition point in an infinite system are obtained by
ing the values~6,8,10,11!. Then, our estimates are,

DHNI* ~`d!

DHNI* ~`p!
50.3560.02,

SNI~`d!

SNI~`p!
50.6660.02.

~14!

It must be mentioned that the effects of lowering the tran
tion temperature, and of suppression of the heat capa
maxima, have been observed previously for a dilute mode
trimers undergoing orientational transition@12#, for q53,4
state dilute Potts models@13#, and for the model of random
anisotropy @15#. However, in the present study we ha
simulated a quite different model and studied the influence
dilution on the susceptibility, on the latent heat and on
order parameter.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

The influence of dilution on thermodynamic properti
close to the NI transition can be related to the experime
results for LC’s confined in a highly porous media. In pa
ticular, Wu et al. @9# have studied the NI transition in 8CB
LC confined to silica aerogels at different porosity. Forr
50.08 g cm23 aerogel density~which corresponds roughly
to the 5% volume fraction of impurities for our model! the
shift of TNI of the magnitude20.45° has been observe
thus yieldingTNI

gel/TNI
pure50.9986. The shift, following from

our simulations, and given by the ratio~12! is much more
pronounced. The integrated enthalpy estimated from the
periment is given bydH5DH1dW, whereDH is the latent
heat anddW is the contribution from the integrated area o
pretransitional region. For the pure model, it follows th
dHpure5DHpure1dW5(2.115.58) J g21 @9#. It was ob-
served experimentally, that the heat capacity points~plotted
versus temperature! for aerogels at different density may b
fitted by the same curve in the ‘‘pretransitional’’ region~ex-
cept for the area of approximately 1.5° width near the tr
sition point! @9#. This lead to the assumption that the dens
of a confining aerogel influences mostly the value forDH,
but do not affect strongly the values fordW. In this case, one
can use the ratioDHdil /DHpur50.35 @Eq. ~14!# from the
simulations and obtain an estimate,dHdil5DHdil1dW
5(0.73515.58)J g2156.315J g21. This value is indeed

FIG. 10. Suppress of the heat capacityCvmax* and the suscepti-
bility xmax* maxima resulting from a dilution of the model. Her
Lp5Ld5L and indicesd andp denote the pure and diluted mode
respectively.
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very close to the experimental one,dHgel56.28 J g21, for
r50.08 g cm23 aerogel@9#. We can also compare the sup
pression of the heat capacity maxima by increasing prog
sively the aerogel densityr. As it follows from the experi-
ment @9#, the excess heat capacityDCpmax decreases almos
linearly with the increasingr, at r,0.36 g cm23. For the
aerogel densities,r150.08 g cm23 and r250.17 g cm23,
we then obtain the ratioDCpmax(r2)/DCpmax(r1)50.51, which
is higher, but nevertheless comparable to the ratio 0.35@Eq.
~13!# obtained in the simulations.

Other experiments for the NI transition in 8CB LC co
fined to porous glasses have been performed by Ian
chioneet al. @8#. In the case of a macroporous confineme
~1000 Å mean pore size!, the shift of the transition tempera
ture of 22.05° has been observed. This gives a ra
TNI

glass/TNI
pure50.993 which again is higher than the ratio~12!.

The latent heatDHglass has been shown to decrease and
ratio DHglass/DHpur is 0.74; it is approximately twice
as large as Eq.~14!. Similar discrepancy can be observe
for the suppression of the heat capaci
DCpmax(glass)/DCpmax(pure)50.65, which is again highe
than 0.35@Eq. ~13!#. In this context, it is interesting to not
that the values obtained for the smallest lattice,Ld516, are
much closer to the experimental data, givin
DHNI* (16d)/DHNI* (16p)50.63 and Cvmax* (16d)/Cvmax* (16p)
50.60. Augmenting discrepancy with increasing system s
is due to the hypothesis that the dilution concentration,c,
must be rescaled for a finite-size system, keeping the va
cj3 constant.

We have obtained an essential overestimate for the s
pression of the NI transition at a weak 5% dilution, wh
compared with the experiments. However, our results h
been obtained in an infinite volume limit via finite-size sca
ing. Following the considerations of Imry and Wortis@34#,
we had assumed that the valuecj3 must be kept constant a
increasingL, rather than the impurity concentrationc. Nev-
ertheless, a shift of the transition temperature is overe
mated. Possible explanation of these trends is that one
ticle in a lattice model describes a group of real molecul
rather than a single one~a simple estimate of Belliniet al.
@16# has shown that a group of approximately ten molecu
corresponds to a site in the LL model!. Thus, a dilution due
to only one site would destroy six bonds on the sc lattice, a
the energy of six surrounding particles~six groups of mol-
ecules! would be essentially underestimated. The tempe
ture of the transition, in fact, is proportional to the number
‘‘surviving’’ bonds, so it would shift too much. According to
that argument, we would like to mention, in particular, tha
5% dilution corresponds effectively to a higher density ae
gel than ther50.08 g cm23 implied in a comparison per
formed above.

V. CONCLUSIONS

We have performed extensive Monte Carlo simulations
a weakly dilute liquid crystal lattice model with quenche
impurities. The nearest neighbors interact via the angu
part of the Berne-Pechukas potential. The elongation par
eter is chosen equal to 3; the corresponding pure sys
undergoes a pronounced first-order nematic-isotropic tra
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tion. The model in the presence of impurities at a const
dilution of 5% has been simulated; four lattice sizes w
linear dimensionsL516,18,20,24 have been used. The
sults of simulations have been averaged over three quen
configurations of impurities for each lattice size. T
Ferrenberg-Swendsen reweighting technique has been
in the vicinity of the transition; also, a finite-size scalin
analysis was applied to the simulation data. The latent h
of the transition and the order parameter have been evalu
by fitting the correspondent histograms by a double n
Gaussian distribution.

We have observed an essential suppression of
nematic-isotropic transition in the model at 5% dilution. Th
result is in agreement with general theoretical estimates
the influence of the quenched disorder on the first-order t
sitions @35,36#. However, at a 5% dilution considered her
the nematic-isotropic transition remains an extremely w
first order. A shift of the transition temperature, a suppr
sion of the latent heat and of the heat capacity maxima in
infinite volume limit have been obtained. However, the
e
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effects are essentially overestimated, in comparison with
experiments on the 8CB liquid crystal confined to a high
porous media. This behavior seems to appear due to the
sumption of rescaled concentration of dilutions for a fin
system at a fixed value for the parametercj3.
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