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We study the kinetic pathways for the isotropic-to-nematic transition in a fluid of colloidal hard rods. In
order to follow the formation of the nematic phase, we develop a new cluster criterion that distinguishes
nematic clusters from the isotropic phase. Applying this criterion in Monte Carlo simulations, we find
spinodal decomposition as well as nucleation and growth depending on the supersaturation. We determine
the height of the nucleation barrier and we study the shape and structure of the cluster. More specifically,
we find ellipsoidal nematic clusters with an aspect ratio of about 1.7 and a homogeneous nematic director
field. Our results are consistent with theoretical predictions on the shape and director field of nematic
tactoids. Classical nucleation theory gives reasonable predictions for the height of the nucleation barrier
and the critical nucleus size.
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The kinetics of phase transitions in systems of non-
spherical particles is poorly understood, even for the rela-
tively simple isotropic-to-nematic (IN) transition of
uniaxial hard rods. Recent experiments with supersaturated
suspensions of colloidal rods show a rich phenomenology,
which involves a nucleation-and-growth regime as well as
a spinodal decomposition regime, depending on the degree
of supersaturation [1–5]. Moreover, nonspherical nematic
droplets (so-called tactoids) that grow with time at the
expense of their isotropic environment have been observed.
Despite these recent new results there are many remaining
questions. How high is the nucleation barrier that is to be
crossed during this process, what is the shape of the critical
nucleus at the top of the barrier? How does all this depend
on the supersaturation and on the length of the rods?
Questions like these have so far not been answered, neither
experimentally, since one can only detect macroscopically
large (postcritical) nematic droplets that exist when phase
separation is almost completed [1–5], nor theoretically,
since classical nucleation theory predicts a diverging bar-
rier height and critical nucleus size for infinitely long rods
(see below). Surprisingly, perhaps, also computer simula-
tions have so far not been able to shed any light on this
subject, even though a substantial recent progress in our
understanding of gas-liquid and fluid-crystal nucleation of
spherical particles is due to Monte Carlo (MC) simulations
[6–8]. Applying simulation techniques to study nucleation
of rods has been prohibited by problems to formulate an
appropriate cluster criterion that is able to identify nematic
clusters in an isotropic phase [9].

In this Letter, we develop a new cluster criterion that
distinguishes nematic clusters from the isotropic phase.
Employing this criterion, we are able to study for the first
time the kinetic pathways of the IN transition in a suspen-
sion of colloidal rods, modeled by hard spherocylinders
(HSC) with diameter � and length L. We perform MC
simulations of colloidal hard rods with L� � L=� � 5 and
L� � 15 in a rectangular box with periodic boundary con-

ditions. These systems show a phase transition from an
isotropic fluid phase to an orientationally ordered nematic
phase at a pressure P�IN � 1:117 for L� � 5 (P� � �P�3,
� � 1=kBT, where kB is Boltzmann’s constant, and T the
temperature), and at P�IN � 0:097 for L� � 15 [10]. For
L� � 5, the transition is weakly first order without a clear
density jump [10]. For L� � 15 the I-N transition is of first
order with a density jump of about 20%.

In order to follow the formation of the nematic phase
from the isotropic fluid phase in MC simulations, we need
a cluster criterion that identifies the nematic clusters. To
this end, we first make a distinction between particles that
have a nematiclike and an isotropiclike environment.
Particle i is nematiclike if its local environment has an
orientational order significantly larger than in an isotropic
phase. The local environment of particle i is defined by all
particles j with a surface-to-surface distance �ij � 1:5�
such that this local environment is not defined by only the
nearest neighbors, but also by the next-nearest neighbors,
thereby taking advantage of the long-ranged orientational
order in the nematic phase. The local orientational order of
particle i is defined by
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where uj is the unit orientation vector of particle j and ni
the number of particles with �ij � 1:5�. We have adopted
the cluster criterion that particle i is nematiclike if S�i�>
0:4. After identifying the nematic particles in the system,
we determine the nematic clusters by the criterion that two
nematic particles i and j belong to the same cluster if
(i) �ij < 0:5� and (ii) the dot product jui � ujj> 0:85.
Applying this cluster criterion, we find independently of
rod length only a small number of very small nematic
clusters (<5% of all particles) in the coexisting bulk iso-
tropic phase and a single big nematic cluster in the nematic
phase.
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We now employ this cluster criterion to study the tran-
sition pathways of the IN transition. To this end, we com-
press an isotropic fluid of N � 8640 particles at
�P� � P�=P�IN � 1 � 0:137 for L� � 5 using MC simu-
lations in the isobaric-isothermal ensemble. As shown in
Ref. [11], both molecular dynamics and MC simulations
can be used to sample the transition pathways. We note that
we only used translational and rotational moves in our MC
simulations and no unphysical ones like cluster moves,
which allow us to sample the most probable and realistic
pathways. At this pressure, we find that the isotropic phase
transforms spontaneously into a nematic phase. Upon
compressing the isotropic phase, the density of the system
increases gradually and we are not able to find a state on
the metastable isotropic fluid branch. We find that phase
separation sets in immediately after compressing as many
small nematic clusters are formed throughout the system
[Fig. 1(a)]. These clusters grow until they coalesce to form
an interconnected ‘‘labyrinth structure’’ [Fig. 1(b)]. The
nematic order parameter of this interconnected structure is
small as the orientations of the original clusters of this
labyrinth structure are very different. Subsequently, the
nematic order parameter of the labyrinth structure in-
creases as the clusters reorient. The immediate phase sepa-
ration and the formation of a labyrinth structure is typical
for spinodal decomposition. At this pressure, the isotropic
phase is unstable. At lower supersaturations, one might
expect to find the nucleation-and-growth regime. We were,
however, unable to find any metastable isotropic fluid
branch or nucleation-and-growth phenomenon for L� �
5. This might be explained by the weak first-order charac-
ter of the transition and the short metastable isotropic fluid
branch [10].

We now turn our attention to L� � 15, for which the IN
transition is strongly first order [10]. We first compress the
isotropic fluid phase of N � 4320 particles beyond coex-
istence to �P� � 0:289. At this supersaturation, the iso-
tropic phase is unstable and we observe spontaneous

formation of the nematic phase. We again find all the
characteristics of spinodal decomposition. Figure 2(a)
shows the size of the biggest cluster in the system identified
by our cluster criterion, the nematic order parameter of this
cluster, and the global nematic order parameter as a func-
tion of the number of MC cycles. The nematic order
parameter is defined by the largest eigenvalue of the stan-
dard 3� 3 nematic order parameter tensor. In the initial
stage of phase separation, we find that many small nematic
clusters appear throughout the system with a high nematic
order. After about 1� 105 MC cycles, the nematic clusters
coalesce and form an interconnected cluster: the nematic
order parameter of this cluster drops suddenly as the origi-
nal clusters have different orientations. Subsequently, the
size and the nematic order of this interconnected cluster
grow gradually until the whole system is transformed into
the nematic phase. The observed phase separation process
has all the typical features of spinodal decomposition and
is similar to the behavior described for L� � 5.

Next we compress the system at a lower supersaturation
of �P� � 0:082. We again observe that the isotropic phase
transforms spontaneously into the nematic phase.
However, at this pressure, we observe all the characteristics
of nucleation and growth. Upon compressing the system,
we find that the system remains for a very long time in a
metastable isotropic fluid phase at a density �� � ��3 �
0:147, slightly above the coexisting density of the isotropic
fluid phase ��I � 0:144. Along the simulation, small ne-
matic clusters are formed but they also disappear. After a
certain number of MC steps, a single nematic cluster starts
to grow. Figure 2(b) shows that the size of this single
cluster grows gradually and that the nematic order of this
cluster remains nearly constant. It is evident from Fig. 2
that the global nematic order parameter follows the growth
of the nematic cluster. The long period that the system
stays in a metastable isotropic fluid phase and the induction
time before a single cluster starts to grow is typical for
nucleation and growth.

 

FIG. 1 (color online). Typical intermediate configurations in the IN transition for a HSC fluid with L� � 5 at �P� � 0:137. (a) Many
small clusters with number of particles n � 462 (red), 115 (blue), 69 (pink), 60 (light pink), 49 (light blue), 40 (orange), 34 (green),
and 32 (light green) are formed in the initial stage of spinodal decomposition. (b) In a later stage these clusters coalesce and form an
interconnected labyrinth structure.
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At lower supersaturation �P� � 0:07, spontaneous nu-
cleation never occurred on the time scales of our simula-
tions. However, at these pressures, we can study the height
of the nucleation barrier and the structure of the nematic
clusters using the umbrella sampling technique [6,7,9].
This technique allows us to bias the sampling to configu-
rations containing clusters with a certain size. Using this
technique, we measure the equilibrium probability P�n� to
find a cluster of n rods. The Gibbs free energy of a nematic
cluster of size n is given by ��G�n� � � lnP�n�, which
we compute for �P� � 0:041, 0.052, and 0.062, as shown
in Fig. 3. The top of the barrier determines the Gibbs free
energy of the critical cluster �Gcrit and its critical size is
ncrit. For �P� � 0:041 clusters with n > 145 start to per-
colate and it is therefore impossible to calculate the barrier
height and the critical nucleus size. We note that the
calculation of the present Gibbs free energy curve took
more than 4 months of CPU time on a desktop PC. We can
conclude that the height of the barrier is ��Gcrit > 25 and
ncrit > 145. For �P� � 0:052, we find ��Gcrit 	 19:5
with ncrit 	 95, while for �P� � 0:062, ��Gcrit 	 16:0
with ncrit 	 83.

Next we study the shape and the structure of the nematic
cluster as a function of its size using umbrella sampling.

Contour plots of the density profiles ���z; r� of the nematic
particles in the cluster are shown in Fig. 4 as a function of
the distance from the center-of-mass of the cluster in the
direction parallel (z) and perpendicular (r) to the nematic
director. We show profiles for a critical cluster (n � 95)
and for a precritical one (n � 20) for P� � 0:102. The
density profiles show that the shape of the nematic cluster
is ellipsoidal with the long axis parallel to the nematic
director. The aspect ratio of the clusters are zmax=rmax �
1:7
 0:3. We also find ellipsoidal symmetry for the den-
sity profile inside the cluster with a density decreasing
gradually from the center to the surface of the cluster.

We also plot the nematic order parameter profile S�z; r�
of all the particles (isotropic and nematic). The nematic
order parameter is defined by the second Legendre poly-
nomial S � h�3jui � nj2 � 1�=2i, where n is the nematic
director of the cluster. Upon closer inspection of S�z; r�, we
observe a homogeneous director field inside the cluster.
This is also supported by the striking similarities that we
find for the shape and aspect ratio of the contour plots for
���z; r� and S�z; r�. The value of the nematic order parame-
ter at the center of the cluster is 	 0:8, which is consistent
with the nematic order parameter of the corresponding
bulk nematic phase, and decays slowly from the center to
the surface of the cluster.

We now compare our results with a recent theoretical
study based on a minimization of the free energy of a
macroscopic nematic droplet [12]. Because of a competi-
tion between the interfacial tension, the anchoring strength,
and bulk elasticity, this theory predicts different morphol-
ogies of nematic tactoids as a function of a dimensionless
elastic stiffness � � K=�V1=3 and dimensionless anchor-
ing strength!, where K denotes the Frank elastic constant,
� the interfacial tension, and V the volume of the droplet.
Using values from Onsager theory for K,!, and � [13,14],
we find ! ’ 0:6 and �� 1 with V equal to the size of our

 

FIG. 3 (color online). Gibbs free energy of a HSC fluid with
L� � 15 as a function of the nematic cluster size n at super-
saturation �P� � 0:041, 0.052, and 0.062. As a guide to the eye
we have fitted the barrier with an 8th degree polynomial. The
inset shows a typical configuration of a critical cluster (n � 95)
for �P� � 0:052.

 

FIG. 2. Evolution of the size of the biggest cluster n in the
system (bottom panels), the nematic order parameter S of the
biggest cluster and of the total system (top panels), for a HSC
fluid with L� � 15 at (a) �P� � 0:289 in the spinodal decom-
position regime, and (b) �P� � 0:082 in the nucleation-and-
growth regime.
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critical cluster. For these values the theory predicts homo-
geneous spheroidal (ellipsoidal) droplets with an aspect
ratio of 1! ’ 1:6. Our results on (i) the shape of the
critical cluster, (ii) the aspect ratio, and (iii) the homoge-
neous director field are in excellent agreement with these
theoretical predictions.

We also compare our results with classical nucleation
theory (CNT). According to CNT, the Gibbs free energy of
a spherical nucleus with radius R reads �G�n� �
4�R2�� 4�R3�Nj��j=3 with �N the number density
of the coexisting nematic phase and ��< 0 the difference
in chemical potential of the nematic and isotropic phase.
The maximum height of the nucleation barrier is given by
�Gcrit � 16��3=3��N���2 with a critical nucleus radius
Rcrit � 2�=�Nj��j. Using ��L� � 0:183 and �NL2� �
5:431 from Onsager theory [13], we find ��Gcrit ’
�0:0035=j���j2�L=� and Rcrit ’ �0:067=j���j�L. In
the Onsager limit L� ! 1 both ��Gcrit and Rcrit diverge.
For L� � 15, however, we find using Onsager theory that
�P� � 0:041, 0.052, 0.062 correspond with ��� �
0:041, 0.052, 0.063, respectively, and thus ��Gcrit ’
31:2, 19.4, 13.7, Rcrit=� ’ 24:7, 19.4, 16.3, and ncrit ’
1524, 738, 438. Hence, CNT gives reasonable predictions
for the barrier height. In addition, we find good agreement
of Rcrit=� with the elongations r�max=�� 20 (see Fig. 4)
and �16 obtained from simulations for �P� � 0:052 and
0.062, respectively. However, CNT overestimates dramati-
cally ncrit. The theory can be improved by taking into
account the ellipsoidal shape of the cluster and the anisot-
ropy of the interfacial tension.

In conclusion, we have developed a new cluster criterion
that allows us to follow for the first time the IN transition.

Applying this criterion, we find spinodal decomposition as
well as nucleation and growth in accordance with the
experimental observation of both phenomena in solutions
of boehmite rods [5], F-actin [2], clay rods [3], and on
mixtures of rodlike viruses and polymer [1,4]. In addition,
this cluster criterion enables us to determine the height of
the nucleation barrier and to study the shape and size of the
nematic clusters. Our results show that the critical cluster
size is many times smaller than the experimentally ob-
served tactoids. This suggests that the ‘‘long-lived and
stable’’ tactoids that are observed experimentally are post-
critical and are in a late stage of the phase separation, i.e.,
the tactoidal growth regime. We hope that our findings
stimulate new experiments on the nucleation process,
which is present at an earlier stage of the phase separation.
CNT overestimates the number of rodlike particles in the
critical nucleus, which calls for better nucleation theories
for anisotropic particles. We note that our cluster criterion
opens up a whole new field in which the kinetics of many
other phase transitions of anisotropic particles can be
studied, including transitions in molecular fluids and
isotropic-smectic transitions of short hard rods and of
attractive rods, for which recent experiments show intrigu-
ing phenomena such as surface-induced smectic phases on
nematic tactoids, smectic membranes winding off from
tactoids as twisted ribbons, and melting of lamellar phases
[1,15].
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FIG. 4 (color online). Contour plots for the density [(a),(b)]
and nematic order parameter [(c),(d)] as a function of the
distance from the center of mass of the cluster in the direction
parallel (z� � z=�) and perpendicular (r� � r=�) to the nematic
director for a critical cluster of size n � 95 [(b),(d)] and for a
precritical cluster of size n � 20 [(a),(c)] at �P� � 0:052 in a
HSC fluid with L� � 15.
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