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Single particle and collective orientational relaxation in an anisotropic
liquid near the isotropic–nematic transition
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We report molecular dynamics simulation results for the single particle and collective orientational
correlations for Gay–Berne fluid of anisotropy parametersk53 andk855. The following significant
results are reported.~i! The decay of collective orientational relaxation of rank two is found to slow
down appreciably while approaching the isotropic–nematic~I–N! transition. It eventually becomes
even slower than the single particle orientational relaxation of rank one. Surprisingly, even the latter
shows a marked slowing down near the I–N transition.~ii ! Analysis of the long-time behavior
shows a breakdown of the rank dependence predicted by the Debye law in the same region.~iii ! An
analysis of the memory functions of the orientational time-correlation functions shows that for the
collective relaxation surprisingly approaches a Markovian behavior near the I–N transition.
© 1997 American Institute of Physics.@S0021-9606~97!51403-6#
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I. INTRODUCTION

Fluids exhibiting liquid crystalline phases are of partic
lar interest to study the interplay between single and col
tive orientational dynamics at the molecular level. Partic
larly, in the vicinity of the isotropic to nematic phas
transition region, it is well known that long-range orient
tional correlations play an important role, and their grow
will eventually destabilize the isotropic phase.1 The dynam-
ics of this growth at very large fluctuation lengths is dom
nated by defects and domain walls and this appears no
be relatively well understood in terms of scaling and ph
ordering kinetics.2,3 But at the molecular level a theoretic
description is still pending. Allen and Frenkel4 have studied,
by molecular dynamics, a system of hard ellipsoids a
shown that the dynamics in the vicinity of the I–N transitio
is dramatically influenced by the growth of orientational co
relations. As far as we know, this is the first microscop
evidence of such dynamical effects. While a considera
amount of work has been done in theoretical investigation
the orientational microscopic dynamics in dense liqui
these investigations are often restricted or applicable to s
anisotropies.

From the point of view of microscopic approach, o
can address several questions concerning the dynamics i
vicinity of the I–N transition. For example, is the Debye la
of rotational diffusion still applicable in this vicinity? Wha
is the validity of the phenomenological models such as
extended Gordon model or the Langevin model?5 How many
relaxation times are necessary to describe the single par
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and collective orientational motions of highly anisotrop
molecules? Answers to these questions are now urge
needed because new experimental techniques such a
transient grating optical Kerr effect technique6 now allow
accurate measurements at faster time scales, thus allo
detailed probe of molecular motions hitherto impossible. T
separation of different time scales such as those of dire
fluctuations from the faster molecular motion is also no
measurable.7,8

From the theoretical point of view, dynamics of the I–
pretransitional behavior poses interesting problems beca
one needs to take into account the intermolecular corr
tions, both spatial and orientational, that arise at h
density.9–11 In the absence of any detailed microscopic the
ries, computer simulations of simple model systems can
particularly useful in providing valuable insight.

The Gay–Berne~GB! fluid12 has been extensively stud
ied recently by computer simulations.13 While the GB model
may not be the best or the only choice of the anisotro
potential, the modified version14 of the potential does exhibi
surprisingly rich liquid crystalline phases such as nema
and various smectic phases. In addition, the model is su
ciently general and allows one to study the role of anisotro
and the influence of the attractive part of the potential. In t
Communication we shall focus on the GB model with anis
ropy parametersk53 and k855 for which the isotropic–
nematic transition has been reported atr*50.323 for the
isothermT* 5 1.25.13We report here first- and second-ran
orientational time correlation functions defined for the sing
particle as
7/106(3)/1280/4/$10.00 © 1997 American Institute of Physics
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1281Letters to the Editor
Cl
~s!~ t !5

^Pl~ êi~0!•êi~ t !!&

^Pl~ êi~0!•êi~0!!&
, ~1!

and similarly for the analogous collective quantity

Cl
~c!~ t !5

S j^Pl~ êi~0!•êj~ t !!&
S j^Pl~ êi~0!•êj~0!!&

, ~2!

whereêi is the unit orientation vector along the major axis
the ith molecule, andPl is the Legendre polynomial of orde
l . The symmetry of the GB interaction imposesC1

s5C1
c . We

find here thatC2
(c)(t) decays slower thanC1

(s)(t) when the
density is increased towards the I–N transition density. T
reflects the coupling of the collective motion with the sing
molecular motion as well as the increase of the collect
orientational correlations near the I–N region. We show
Sec. II that this effect is linked to the growing orientation
instability of the isotropic phase which is reflected by t
divergence of the Kirkwood factor. Similar results were r
ported earlier by Allen and Frenkel for the case of ha
ellipsoids.4 In addition, we find here that the correlatio
times deviate strongly from the Debye law and that the
laxation of the collective orientational correlations becom
surprisingly Markovian near the I–N transition.

II. SIMULATION METHODS AND RESULTS

A system of 243 prolate Gay–Berne~GB! particles was
studied using standard molecular dynamics~MD!
techniques.15 Both translational and rotational equations
motion were solved using leap-frog-type algorithm.16 Our
simulation results for various static and dynamic quantit
were successfully checked for consistency against those
tained by de Miguelet al.13 We have used the same simul
tion parameters as these authors, in particular the redu
time stepDt* was taken to be 0.0015. We have concentra
on the isothermT* 5 1.25 for which we found that the I–N
transition takes place betweenr* 5 0.323 andr* 5 0.331, in
good agreement with the previously reported results.17

Special attention was paid to extract accurately the lo
time dynamics from the orientational correlation function
For that purpose it was found that runs longer than th
reported in Ref. 13 were required mainly close to the I–
transition region. For all the simulations reported he
equilibration runs were made over 105 steps and the trajec
tories were recorded during further 23 105 time steps. This
allowed a thorough sampling of the time correlations wh
were necessary in order to isolate properly the exponen
decay of the orientational time correlation functions at lo
times. Nearr*50.32 the system has strong tendency to
cillate between the isotropic and the nematic phases,
care was taken to discard any statistics related to the nem
phase. For densities between 0.25 and 0.32, the expone
decay of the orientational correlations sets in only af
t*>8, which is already above the time scale reported in R
13. For the case of the collective orientational correlat
function C2

(c)(t), at least four independent runs were ma
J. Chem. Phys., Vol. 106,
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for each density in order to ensure proper convergence.
single and collective correlation functions for rankl 5 1,2 are
written as

Cl~ t !5dCl~ t !1a exp~2t/t l !, ~3!

wheredCl(t) is a time-short-ranged function~i.e., it decays
faster than 1/t2) and the exponential decay timet l is deter-
mined by fitting numerically the long-time behavior o
Cl(t). The density dependence of single and collective de
times thus obtained is plotted in Fig. 1 as ln(tl) vs r* . One
sees immediately that betweenr*50.2 andr*50.26 the De-
bye relation@t1

(s)/t2
(s) 5 3# is well-obeyed; but this relation

breaks down afterr*50.28. In addition to this, we see tha
the collective relaxation timet2

(c) also becomes greater tha
both the single relaxation times, the cross over occurring
r*50.27, and the difference grows faster for higher den
ties. We find it more appropriate to look at the relaxati
time t l defined by Eq.~3! rather than the integrated time
t l 5 *0

`dt Cl(t), which is often used in the literature. Th
main reason for our choice is that the time correlation fu
tions are not exponential at all time especially in the int
mediate density range, and they do have a clear expone
decay as defined by Eq.~3! at longer times.

In order to understand the long-time dynamics, it is
structive to look at the time relaxation kernel as defined
the relation

]

]t
Cl~ t !5E

0

t

dt Ml~ t2t!Cl~t!. ~4!

In a purely diffusive regimeMl(t) would simply become
t l

21d(t).The kernelMl(z) can be easily extracted from th
Laplace transform of the above relation. One needs to t
special care of the long-time decay so that the smallz de-
pendence of the Laplace transformMl(z) can be accurately
analyzed. This might give valuable information of the exi
ence of the scaling laws, if any, ofCl(t) in the large time
limit. We have found here no special scaling law, in t

FIG. 1. Density dependence of the exponential decay times for sin
particle orientation correlationst1

(s)~circles! andt2
(s)~squares! and for collec-

tive orientation correlationst2
(c) ~diamonds!. The line serves as a guidelin

for the eyes.
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1282 Letters to the Editor
sense that in the limitz→0,Ml(z) 2 Ml(0) ' zg, with g51
as from a Taylor expansion ofMl(z). This is to be expected
since we find that at long timesCl

(c)(t) decay almost expo
nentially for all l values. The time-correlation functions a
plotted in Fig. 2 for two densities,r*50.25 andr*50.32,
chosen before and after the crossover as observed in Fi
The corresponding memory functions are shown in Fig.
One sees clearly in Fig. 2 that atr*50.32 the orientationa
correlations decay much slower than for the case ofr*50.25
and, in addition, thatC2

(c) is dramatically slowed down. Fo
the high density, the collective time correlations are found
decay exponentially at almost all times. As a conseque
one sees that the corresponding memory kernelM2

(c)(z) is
just a constant, as might be expected from Eq.~3!. However,
it is clear that this Markovian behavior cannot be explain
entirely in terms of Debye-type diffusion, since cooperat
effects tend precisely to breakdown the Debye law at th
densities. This non-Debye behavior is also apparent in
strong nonexponentiality observed at small times for
single particle correlationsC1

(s)(t) andC2
(s)(t).

III. DISCUSSION AND CONCLUSION

Let us first summarize the main results of this Comm
nication. We have performed MD simulations of orient
tional relaxation of a dense liquid of anisotropic molecu
interacting via the Gay–Berne potential. Our aim was tw
fold. First, we wanted to find the nature of orientational
laxation in dense anisotropic liquids. Second, we wanted
find the effects of the impending isotropic–nematic transit
on the single particle and collective relaxations. It is fou
that the Debye model of rotational diffusion is not obeyed

FIG. 2. Correlation functionsC1
(s)(t) ~solid line! andC2

(s)(t) ~dashed line!
for single-particle orientation, andC2

(c)(t) ~dotted line! for collective orien-
tations. Lower panel is forr*50.25 and upper panel forr*50.32.
J. Chem. Phys., Vol. 106,
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high densities, although the decay of the correlation fu
tions are exponential. Another interesting result is that e
the first-rank correlation function shows a significant slowi
down as the I–N transition is approached.

The breakdown of the Debye mechanism can only
explained by the cooperative molecular motions due to
increase of orientational long-range order. This effect can
explained semiquantitatively by using a molecular hydrod
namic theory where the effects of interactions are includ
through a mean-field potential. However, the behavior of
first-rank correlation function is hard to explain by usin
such a simple theory. We are not aware of any theoret
discussion on this point.

It is the existence of long-range orientational order th
give the I–N transition its weak first-order character. This
certainly linked to the appearance of small prenematic
mains in the I–N region, whose growth leads to an incre
of the relaxation time of the underlying dynamical process
Such dynamics have been studied recently by Fayeret al.,6,18

both experimentally through fast optical Kerr affect a
theoretically through modified Landau–de Gennes-type
proach. What is observed in thermotropic liquid crystals a
in the I–N pretransition region, is a fastuniversalrelaxation
linked to intradomain orientational motion, and slower rela
ation due to domain motion which is temperature depend
The above-mentioned experiments might have probed
namics beyond the linearized hydrodynamics regime and
perhaps requires a mode-coupling theory approach19,20to un-
derstand the experimental results of Fayer and co-work
We are currently examining this problem.

FIG. 3. Memory kernelsMl(z) associated with the orientation correlatio
functions. Symbols and conventions as in Fig. 2.
No. 3, 15 January 1997
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