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Dynamical heterogeneityin a system of Gay-Berne ellipsoids near its isotropic-nematicsI-Nd transition, and
also in an equimolar mixture of Lennard-Jones spheres and Gay-Berne ellipsoids in deeply supercooled regime,
is probed by the time evolution of non-Gaussian parameterssNGPd. The appearance of a dominant second peak
in the rotational NGP near the I-N transition signals the growth of pseudonematic domains. Surprisingly, such
a second peak is instead observed in the translational NGP for the glassy binary mixture. Localization of
orientational motion near the I-N transition is found to be responsible for the observed anomalous orientational
relaxation.
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The dynamics of liquid crystalsf1g across the isotropic-
nematicsI-Nd phase transition displays an array of dynamical
features that have been a subject of renewed interest in recent
times f2–5g. In particular, the emergence of multiple time
scales in orientational relaxation has been demonstrated in
the isotropic phase of a number of liquid crystals as the I-N
transition temperatureTIN is approached from abovef3,4g.
The long-time exponential decay with a temperature-
dependent time constant has been observed to obey the
Landau-de GennessLdGd theoryf1g. This long-time decay is
ascribed to the orientational randomization of the so-called
pseudonematic domains. Although the isotropic phase is
macroscopically homogeneous, near the I-N transition a lo-
cal nematiclike order persists over a length scalejsTd that
characterizes these pseudonematic domains. The LdG theory
predicts thecorrelation lengthjsTd to grow as temperatureT
approachesTIN from above:jsTd=j0fT! / sT−T!dg1/2 where
j0 is a molecular length. It suggests thatjsTd eventually di-
verges atT! which falls just belowTIN stypically, TIN −T!

,1 Kd f1g. The concomitant slow down of orientational re-
laxation is so dramatic that it finds ananalogin the phenom-
enal increase of the time scale of orientational dynamics in
the molecular liquids with the glass transition temperature
approached from abovef2g.

Recently, Fayer and co-workers have carried out exten-
sive optical Kerr effectsOKEd measurements which indicate
that the analogy between the isotropic phase of liquid crys-
tals and the supercooled liquids in orientational relaxation
persists over a rather wide range of time scalesf2,3,6g. A
description, that involves a power law at short times and an
exponential decay at long times with a second power law in
the crossover region, has been found to conform well to the
optical heterodyne detected OKE experimental data for a
number of liquid crystals in the isotropic phase and super-
cooled liquidsf2g. The resemblance suggests that a similar
underlying microscopic mechanism for relaxation is opera-
tive in liquid crystals in the isotropic phase nearTIN and in
the supercooled liquids, even though the latter do not un-
dergo a structural phase transitionf2g.

The goal of the present Communication is to explore the
analogy following a different approach. The appearance of

pseudonematic domains in the isotropic phase nearTIN is
expected to result in heterogeneous dynamics. Such hetero-
geneity in dynamical behavior has been observed for glassy
liquids in a large number of experimental and computer
simulation studiesf7–9g, but has not been studied near the
I-N transition. We have therefore carried out extensive com-
puter simulation studies to gain further insight into the ap-
parent analogy between the dynamics of the isotropic phase
of the liquid crystals nearTIN and that of the supercooled
liquids from the perspective of heterogeneity with special
emphasis on rotational degrees of freedom. To this end, we
have investigated two systems:s1d a collection of 576 Gay-
Berne ellipsoidsswith aspect ratiok=3d along an isotherm at
a series of densities across the I-N transition;s2d a binary
mixture of 128 Lennard-Jones spheres and 128 Gay-Berne
ellipsoids along an isochore at a series of temperatures down
to the deeply supercooled regime. For our liquid-crystal sys-
tem, we have used the well-known Gay-Berne pair potential
f10g with the most studied parametrizationf11g, that is
known to undergo a rather sharp I-N transition on scanning
the density along an isothermf12g. In a recent simulation
studyf5g, this system has been shown to exhibit a short-time
power-law decay of the second-rank orientational correlation
function in single particle as well as collective dynamics on
approaching the I-N transition from the isotropic side. On the
other hand, the binary mixture studied here is a model intro-
duced with the intention to study orientational dynamics in
the supercooled regime. The choice of a binary system is
motivated by the success of the Kob-Andersen binary mix-
ture f13g that is widely used for computer simulations of
supercooled liquids, as the additional complexity of the sys-
tem is sufficient to avoid crystallization. Here, the interaction
potential between a sphere and an ellipsoid, which is chosen
to be a prolateswith k=2d, is given by following Cleaver and
co-workersf14g. We have determined the set of energy and
length parameters such that neither any phase separation oc-
curs nor any liquid-crystalline phase with orientational order
appears even at the lowest temperature studied at a high den-
sity f15g. For the present purpose, we concentrate on the
dynamics of only ellipsoids in the binary mixture.

This Communication invokes non-Gaussian parameters
f16g for the description of dynamical heterogeneityf13,17g.
The non-Gaussian parametersNGPd for the translational de-
grees of freedom is defined for a three-dimensional system of
N rigid bodies of the same kind by*Electronic address: bbagchi@sscu.iisc.ernet.in
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a2
sTd =

3kDr std4l
5kDr std2l2 − 1, s1d

where

kDr std2nl =
1

N
o
i=1

N

kur istd − r is0du2nl.

Herer istd is the position of the center mass of theith body at
time t. If r std is a Gaussian process,a2

sTd vanishes for all
time. The analog to this description for the rotational degrees
of freedom can be obtained through the replacement ofr istd
by the corresponding angular variablefi f18g, the change of
which is defined in terms of angular velocityvi by Dfistd
=fistd−fis0d=e0

t dt8vist8d. For the symmetry of the ellip-
soids, the definition for the rotational non-Gaussian param-
eter then reads as

a2
sRd =

kDfstd4l
2kDfstd2l2 − 1, s2d

where

kDfstd2nl =
1

N
o
i=1

N

kufistd − fis0du2nl.

Figure 1sad shows the time dependence of the rotational
NGPa2

sRdstd for a series of densities across the I-N transition.
In this case, the transition density is atrIN

* =0.315 when tem-
peratureT* =1 f5g. Note the growth of a dominant peak fol-
lowing a shoulder on approaching the I-N transition from the
isotropic side.The appearance of a shoulder at small times
in the rotational NGP is accompanied by a signature of a
subdiffusive regime in the temporal evolution of mean-square
angular deviationsdata not shownd. Also, the time scale of
the shoulder is found to nearly coincide with that of the onset
of the subdiffusive regime. The shoulder in the rotational
NGP can therefore be ascribed to what may be called the
rotational analog ofrattling within a cage. Subsequent to the
shoulder, the second peak appears around a timetmax

! <20,
which shifts rather slowly to higher values with increasing
density. We note that this time is comparable to the time of
the onset of diffusive motion for rotational degrees of free-
dom. We have further explored whether the time scale of the
second peak ofa2

sRdstd has any correlation in the relaxation of
the second-rank single-particle orientational time-correlation
functionC2

sstd. The latter is defined for a system of ellipsoids
as

C2
sstd =

Ko
i

P2„êis0d · êistd…L
Ko

i

P2„êis0d · êis0d…L , s3d

where êi is the unit vector along the principal axis of sym-
metry of the ellipsoidi , P2 is the second-rank Legendre
polynomial, and the angular brackets stand for statistical av-
eraging. In Fig. 1sbd, the time dependence ofC2

sstd is shown
for several densities. We find that the time scale of the sec-
ond peak also marks theonset of slow relaxationin C2

sstd.

This suggests that the second peak is due to the heterogene-
ity in rotational dynamics arising from pseudonematic do-
mains that have random local directors.

In Fig. 2, we show the microscopic reason for the glassy
relaxation of the nematogens with a display of single-particle

FIG. 1. sad Semilog plot of rotational NGP vs the reduced time
near the I-N transition at different densities ranging fromr*

=0.285 tor* =0.32 in a grid ofdr* =0.005sarranged in the increas-
ing order of density from bottom to topd. sbd Single-particle second-
rank orientational time correlation function vs reduced time for the
corresponding densities arranged in the reverse order.

FIG. 2. Typical single-particle trajectories of the unit orientation
vector at four densities:sad r* =0.285 sin the isotropic phased, sbd
r* =0.31svery close to the I-N transitiond, scd r* =0.315sat the I-N
transition pointd, andsdd r* =0.32 sin the nematic phased.
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trajectories in the orientational space. This clearly demon-
strates the onset of localization of the orientational motion in
a preferred direction which is the direction of the director of
a pseudonematic domain. The single-particle trajectories
give the direct evidence of rotational symmetry breaking in
the dynamics near the I-N transition. Note that the interac-
tion between the ellipsoids still has the up-down symmetry;
however, the dynamics of the director loses this symmetry in
the nematic phase.

The above dynamical features have been found to have
some correspondence with those revealed by the simulations
of our binary system in the supercooled regimef19g. Figures
3sad and 3sbd show the temporal evolution of the rotational
and translational NGPs, respectively, of the ellipsoids in the
binary mixture for a series of temperatures close to the
mode-coupling theory critical temperature. It is evident from
Fig. 3sad that the growth of the rotational NGP to its maxi-
mum valuea2max

sRd before it starts decaying is rather smooth at

all the temperatures studied, and the inset shows that the
maximum is reached on a time scale that characterizes the
onset of diffusive motion for rotational degrees of freedom.
This time tmax

sRd gets lengthened with decreasing temperature.
The time dependence of the translational NGP, however, dif-
fers in having a shoulder that resembles that of the rotational
NGP near the I-N transition. Starting froma2

sTdst=0d=0,
translational NGP rises smoothly to a valuea2max

sTd on a time
scale that characterizes the crossover from the ballistic to
diffusive motion for translational degrees of freedom at high
temperatures. It then starts falling off to reach the long-time
limit. As temperature drops,a shoulderor a steplike feature
appears in between the initial rise and subsequent growth to
its maximum value. We note that the shoulder appears as a
subdiffusive regime sets in between the ballistic and diffu-
sive motion as evident from the time dependence of the
mean-square displacement shown in the inset of Fig. 3sbd. It
has been further observedsdata not shownd that the shoulder
in translational NGP appears on a time scale that coincides
with the second maximum of the velocity autocorrelation
function which shows oscillatory character, particularly at
low temperatures. The above analysis suggests that the
shoulder at small times in the translational NGP can be at-
tributed to what is known as therattling within a cagewhile
the dominant peak appears on a time scale that characterizes
the escape of a particle from the cage formed by its nearest
neighbors. The absence of the steplike feature in the time
dependence of the rotational NGP may be ascribed to the
observation that the freezing in rotational degrees of freedom
is less pronounced than it is in translational degrees of free-
dom f19g.

That the long-time limit of the rotational NGP, defined by
Eq. s2d, is different from its translational counterpart requires
further attention. Note that there is as yet no unique way of
computing NGP for rotational degrees of freedom because
the angular space is as such bounded while one needs the
rotational analog ofr istd to be an unbounded one. Here we
have followed a procedure that has been used previously to
compute rotational diffusionf18g, but there is no earlier re-
port of rotational NGP in a three-dimensional system. Al-
though the prefactor of 1/2 in Eq.s2d, which is the appro-
priate one for there being two rotational degrees of freedom
for the ellipsoids within the linear molecule approximation,
can capture the expected zero time limit, it does show a
deviation from the long-time limit which one would desire to
be zero.

In Fig. 4, we display single-particle trajectories of the
ellipsoids in the binary mixture in the orientational space.
While the dynamics is ergodic at high temperatures, the sig-
nature of non-ergodicity is evident at the lowest temperature
studied. A comparison between Figs. 2 and 4 reveals both the
similarities and the differences between the rotational dy-
namics of the nematogenssnear the I-N transitiond and the
ellipsoids in the binary mixture. For the liquid-crystal system
“nonergodiclike” behavior is driven by the rotational aniso-
tropy that emerges near the I-N transition. Note the large-
scale angular displacement near the I-N transition which is
similar to the one observed in the supercooled regimef19g.

Mode coupling theorysMCTd may provide valuable in-
sight into the origin of the slow down in both the cases. MCT

FIG. 3. sad Semilog plot of rotational NGP vs the reduced time
for the ellipsoids in the binary mixture for all temperatures studied.
From bottom to top the temperature decreases fromT!=5 to T!

=0.505. The inset shows the time evolution of the mean-square
angular deviationsmsadd for the same set of temperatures in a log-
log plot. sbd Semilog plot for the corresponding translational NGP
showing its time evolution. The inset displays the time dependence
of the mean-square deviationsmsdd in a log-log plot.
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predicts that near the I-N transition, the low-frequency rota-
tional memory kernel should diverge in a power-law fashion
f3g.

MRszd <
A

za , s4d

with a.0.5. This leads to the power law in the temporal
decay of the orientational time-correlation function at inter-
mediate times. Note, however, that the above singularity is
not robust in the sense that it assumes a divergence of static
orientational pair-correlation function at small wave numbers

sk.0d, which never occurs because the I-N transition inter-
venes before thatf20g. For density fluctuations in the super-
cooled liquid, the relevant memory function is that of the
longitudinal current and this function also develops a power-
law singularity of the same type as Eq.s4d f21,22g. However,
the origin of this singularity is due to the formation of pro-
nounced local order at molecular length scalesfirst peak of
the static structure factord. Considering the analogous dy-
namical behavior revealed in recent studies, an attempt to
explore the difference in physical origin within the frame-
work of MCT would definitely be a worthwhile undertaking,
particularly the crossover from the power law to the LdG
exponential relaxation near the I-N transition.

Perhaps the difference is best understood by looking at the
free energy landscape. While the free energy with respect to
orientational density fluctuations becomes increasingly flat
as the I-N transition is approached, the free-energy surface
becomes rugged for the supercooled liquid. The confining
mean potential for the orientation is a symmetric double well
separated by an angle ofp at the I-N transition. This point,
however, deserves further study.
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FIG. 4. Typical trajectories of the orientational unit vector of a
single particle at the highestsleftd and lowestsrightd temperatures
studied.
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