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a  b  s  t  r  a  c  t

Compared  with  previous  Mote  Carlo (MC)  simulations  with  432  particles,  molecular  dynamics  (MD)  sim-
ulations  with  much  larger  number  of particles  have  been  carried  out  to investigate  the  dynamic  process
of  the  structural  ordering  and voids  formation  in charge  stabilized  colloidal  suspensions.  Sogami  and
Ise (SI)  potential  which  has  a long-range  attraction  is used  to represent  the  interaction  between  col-
loidal  particles.  As increasing  the surface  charge  density  on  the  colloidal  particles,  the  data  obtained  from
the  simulations,  such  as  the  crystallization,  bcc–fcc  phase  transition,  homogeneous  to inhomogeneous
transition  and the voids  formation,  are  in agreement  with  previous  observations  of MC  simulations  and
experiments.  The  effects  of  particle  number  used  in the simulations  are  studied  in  detail.  MD  simulations
harged colloids
rystallization
oids

in  highly  charged  colloidal  system  with  small  sizes  show  very  few crystallized  particles,  in  accord  with
the  results  of  MC  simulations.  However,  the structure  in  the  system  with larger  number  of particles  is
always  the  voids  coexisting  crystallites  instead  of  a glasslike  or disordered  inhomogeneous  phase,  indi-
cating that  the glasslike  or disordered  phase  region  obtained  at very  high  charge  density  in  small  system
is  an  artifact  produced  by  very  limited  number  of particles  used  in  the  simulations.  Therefore,  SI potential
is  not  applicable  for explaining  the  reentrant  transition  of  highly  charged  colloidal  systems.
. Introduction

Colloidal suspensions have been considered to model con-

ensed matter systems, due to their structural ordering and related
hase transitions [1–4]. Among the colloidal studies, suspen-
ions of charged colloidal spheres are ideal for model studies of
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crystallization because they are easily observed and their forces are
readily manipulated by controlling the chemistry of the suspension
medium [4–6]. It has been believed for a long time that the inter-
action between charged colloidal particles can be described by the
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, in which the
potential is predominantly screened Coulomb repulsion except the
van der Waals attraction at very short distances [7]. For stable sus-

pensions the van der Waals attraction is negligible so that the DLVO
potential can be referred to the screened Coulomb repulsion only.
DLVO theory has been used to explain some properties of homo-
geneous phases, e.g., the ordering in charged colloids. However,
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ome experimental evidence has emerged such as the nonspace fill-
ng localized ordered structures coexisting with disordered regions
bserved by microscopy and scattering experiments, the existence
f stable voids, vapor–liquid condensation and the reentrant phase
ransition, which suggest the existence of a long-range attraction
etween the charged colloids [8–14].

In order to explain the above-mentioned experimental results
n charged colloids, Sogami and Ise (SI) have proposed an effective
nteraction model based on the Gibbs free energy of the interaction
15]. This model not only takes into account the large size differ-
nce between colloidal particles and small ions, but also relates the
ariation of macroion charge to the release of counterions. Based on
his model, Tata and Ise have performed Monte Carlo (MC) simula-
ions to observe the homogeneous and inhomogeneous structures
n charged colloidal systems. Their results of MC  simulations seem
o be able to successfully explain some experimental observations,
.g. the formation of colloidal crystals, reentrant transitions, and the
oexistence of voids with ordered and disordered regions [16–18].
or the past decades, a debate has been going on in colloidal science
etween the supporters of the classic DLVO theory and those who
end to accept the SI theory [19]. For instance, van Roij et al. used a
olume term theory to explain some important feature of the phase
iagram of charged suspensions at very low ionic strengths from
he first principles, showing that there is no need to invoke long-
ange attraction between particles [20,21]. Moreover, it is difficult
o quantitatively compare the results of previous MC  simulations
ith those of experiments because MC  steps are not real time.
ntil now, there are very few dynamics simulations for the study
f inhomogeneous and homogeneous structures in charged col-
oidal systems with SI potential. On the other hand, the number
f colloidal particles used in MC  simulations by Tata and Ise is very
mall (typically N = 432), possibly due to the computational cost.
ut, many earlier simulations have already shown that the system
ize has a large effect on the crystallization process [22–25]. Such
mall number of colloidal particles used in MC  simulations may  not
e appropriate for the observations of structural ordering in the sys-
em, although the observed results in several different system sizes
up to N = 1024) are the same within statistical error [17,18].

In this work, we carry out molecular dynamics (MD) simulations
n charged colloidal systems. Through simulations with different
olloidal parameters, we can obtain inhomogeneous structures
uch as voids coexisting with ordered regions, and the homo-
eneous structures such as crystal structure without voids. The
ynamic process of crystallization and the formation of voids is

nvestigated in MD  simulations. We  mainly study the homogeneous
nd inhomogeneous phase as a function of surface charge den-
ity on the colloidal particles, keeping the other parameters fixed.
he number of colloidal particles used in MD  simulations (typically

 = 10, 976) is sufficiently large to alleviate finite size effects.

. Details of simulation

The interaction between the charged colloidal particles in the
imulation box is SI pair potential [15], which has the following
orm,

U(rij) = B

(
A

rij
− �

)
exp(−�rij) , (1)

here rij is the pair distance between ith and jth particle, the inverse
ebye screening length � is given as
 =
√

e2(npZ + Cs)
�kBT

, (2)
ochem. Eng. Aspects 441 (2014) 598– 605 599

and the parameters

A = 2 + coth
(

�d

2

)

B = 1
2��

[
Ze sinh(�d/2)

�d

]2

.

(3)

Ze is the charge on the particle (related to effective charge density
by Ze/�d2), Cs is the salt concentration, � is the dielectric constant
of water, and kB is the Boltzmann constant. The temperature T is
fixed at 298 K and the diameter of particles d is taken as 110 nm in
simulations. SI potential has a minimum at the position Rm,

Rm = A +
√

A(A + 4)
2�

. (4)

For convenience, the reduced units are used in the simulation.
The basic units are chosen as follows: energy units kBT, the mass of
colloidal particles m, and the relevant length scale L0 = 3

√
(6V/�N),

where N is the total number of particles and V is the volume of sim-
ulation box. In such reduced units, we  can get d = 3

√
� (� is the

volume fraction of colloidal particles), and the average interpar-
ticle separation D0 of homogeneous body-centered-cubic (bcc) or
face-centered-cubic (fcc) crystal is constant (D0 = 0.879 for bcc and
D0 = 0.904 for fcc, respectively).

The MD simulations are performed in NVT ensemble. The period
boundary condition is applied. The simple truncation of interac-
tions and the minimum image convention are used [26,27], where
the cutoff distance is chosen as rcut = 2.0 in reduced units. The
equation of particles’ motion is integrated using velocity Verlet
algorithm with the time step ıt = 0.0005 and the constant tempera-
ture is controlled via Berendsen thermostat [28]. Initially we place
the particles randomly in a three-dimensional cubic simulation
box. If a particle has an overlap with any other particles, it is rejected
immediately and a new position will be generated randomly until
no overlap happens. After a long enough period of MD  time steps
(typically 1.9 × 106ıt), the system can reach equilibrium and some
parameters of the properties are calculated during another long
runs (105ıt), in order for accurate average value obtained.

3. Results and discussion

According to Eqs. (1) and (2), the interaction between colloidal
particles is determined by many factors, such as the salt concen-
tration, surface charge density and volume fraction of the colloid,
etc. Different values of those factors which influence the interac-
tions will result in different phase behaviors of the system. In this
research, we  keep the diameter and the volume fraction of the col-
loid fixed, i.e, d = 110 nm and � = 0.03, while the salt concentration
is taken as Cs = 0. Here the parameters chosen are the same to those
of previous MC  simulations in order for a convenient comparison
[17]. Therefore, the research is only focused on the phase behav-
iors of the system as a function of the charge density �. The charge
density � on the colloid plays an important role in determining the
ordering of the charge stabilized suspensions as it alters the range
and strength of the interaction. In the case of polystyrene colloids, a
variation in � is possible by controlling the concentration of charge
determining salts during synthesis; In the case of charge stabilized
silica colloids, � can be varied by controlling the sodium hydroxide
concentration [12].

When the charge density � is small, the system exhibits a liq-
uid state. Increasing the value of �, colloidal particles begin to

crystallize and a freezing transition occurs so that the structure
ordering of the system takes place somehow. The colloidal particles’
motion will be restricted to local regions after the crystallization
is completed. The mean square displacement (MSD) measures the
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Fig. 1. From top to bottom: mean square distance (MSD) versus time step, the frac-
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ion  of crystallization versus time step, averaged radial distribution function (RDF)
fter  equilibrium. The dashed lines in RDF curve show the peaks of perfect bcc
tructure. The charge density is � = 0.2 �C/cm2.

istance that the particle in average travels during the simulation,
nd it can be used to characterize whether the particles’ motions
re restricted to local regions or not. MSD  is calculated by averaging
ver all the particles in the system and thus is given by

SD  = 1
N

N∑
i=1

(ri(t) − ri(0))2 . (5)

The evolution of MSD  with the time step is displayed in the top
anel of Fig. 1 (� = 0.2 �C/cm2). The MSD  has an obvious increase
ince the simulation starts, and then reaches a plateau after about

 × 105ıt, which reflects that the system has reached equilibrium
nd the particles are moving only around their equilibrium posi-
ions.

In the simulations, it is needed further to be able to distinguish
articles that are part of the crystal from those belong to the liquid.
e use the method presented by Frenkel and coworkers [29]. In

his method, the type of a particle is determined based on its local
nvironment. First we consider the set of nearest neighbors of a
article i as all particles j that are within a given radius rq from i.
he value of rq is chosen arbitrarily which is close to the first mini-
um  of radial distribution function (RDF) curve. Then, the complex

ector qlm(i) of particle i is defined by

lm(i) = 1
Nnb(i)

Nnb(i)∑
j=1

Ylm(rij) . (6)
ere Nnb is the number of nearest neighbors of particle i. The func-
ions Ylm(rij) are the spherical harmonics, rij is the vector from
article i to particle j, l is a free integer parameter and m is an
ochem. Eng. Aspects 441 (2014) 598– 605

integer that runs from m = − l to m = l. To identify solid-like par-
ticles, the integer parameter l is taken as l = 6 and q6m(i) should be
normalized

d6m(i) = q6m(i)[
6∑

m=−6

|q6m(i)|2
]1/2

. (7)

Using the normalized complex vectors d6m(i), a scalar product
which measures the correlation between neighboring particles i
and j can then be defined by

Sij =
6∑

m=−6

d6m(i) · d∗
6m(j) , (8)

where the * indicates complex conjugation. Two neighboring par-
ticles i and j are defined to be connected if the scalar product Sij
described above exceeds a given value, typically Sij > 0.7. A particle
will be identified as solid-like if the number of connections is above
a certain threshold, typically 8. Finally, we  define the degree of crys-
tallinity fcrystal of a sample as the number of particles in solid-like
environments divided by the total number of particles N.

In the middle panel of Fig. 1, the evolution of fcrystal during crys-
tallization is given. Starting from the initial random configuration
at which fcryatal ≈ 0, more and more colloidal particles begin to crys-
tallize so that fcrystal increases apparently. When the system reaches
equilibrium, almost all of the colloidal particles become solid-like
which indicates the system is crystallized completely. The RDF can
be used to analyze the long-range order of the system and distin-
guish the structure of the resulting crystals. The bottom panel of
Fig. 1 shows the curve of averaged RDF after the system’s equilib-
rium. In the curve of averaged RDF, there are a lot of peaks, the
positions of which fit bcc crystal structure. Therefore, we  can make
the judgement that the crystal structure formed in the system when
equilibrium is bcc. Of course, the peaks are not so sharp as RDF
curve of perfect bcc structure, because the colloidal particles can
always vibrate around the lattice sites when equilibrium. Note that
the number of particles N = 10, 976 we  choose is favorable for fcc
structure, nevertheless the bcc structure is still formed. For having
a clear map  of the bcc crystallization process, Fig. 2 shows some
snapshots of the colloidal configuration during the simulation at
� = 0.2 �C/cm2. The liquid-like particles are plotted as gray spheres
and the solid-like particles are plotted as green spheres.

Upon increasing the charge density � to 0.3 �C/cm2, the sys-
tem exhibits a fcc crystalline order (see Fig. 3). Actually we  also
performed the simulations at � = 0.25 �C/cm2, finding that the
system still exhibits a bcc crystalline order. Hence the bcc–fcc
transition here is expected to take place between the values
of � = 0.25 �C/cm2 and 0.3 �C/cm2, suggesting � = 0.3 �C/cm2 is
nearly close to the boundary of bcc–fcc phase transition. Such result
above is different from the results of MC  simulations [17,18], in
which the bcc–fcc transition occurred at larger charge density. The
difference is believed to be caused by the finite size effects, although
Tata and Ise stated that the number of particles used in simulations
is sufficient and the results of simulations are independent of the
system size when N ≥ 432. In order to have a detailed study on the
finite size effects, MD simulations with the same number of par-
ticles N = 432 as used in MC  simulations have been performed by
varying the charge density �. The crystal structure is always bcc
when � = 0.15 − 0.35 �C/cm2, in agreement with previous MC sim-
ulations. This means that both MC  and MD simulations with smaller
number of particles will make the bcc–fcc boundary shift to larger

charge density, indicating a significant finite size effects on the
bcc–fcc transition. More details about the finite size effects on the
phase behaviors of the system will be discussed in the latter of this
paper. Now we  turn to the bcc–fcc phase transition. Indeed, it has
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Fig. 2. The snapshots during bcc crystallization when charge density � = 0.2 �C/cm2. (a) The initial configuration; (b) the configuration at t = 105ıt; (c) the configuration at
t
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 = 2 ×105ıt; (d) final configuration (t = 2 ×106ıt).

een reported long time ago that improper choice of particle num-
er may  mislead the resulted crystal structure due to the restriction
f periodic boundary condition, especially when the simulation box
s not large enough [30,31,23]. Under small system size, the parti-
les are more readily to reach metastable bcc structures because
here is a lower free-energy barrier for the formation of bcc crys-
allites from the melt, even though fcc is presumably the stable
olid phase [25,29].

Continuing to increase the charge density �, a homogeneous
o inhomogeneous transition will happen beyond a critical charge
ensity. In a typical inhomogeneous phase, the stable voids are
oexisting with ordered structures. Such phase transition has been
bserved both in experiment and in MC  simulations, which is sug-
ested to prove the existence of a long-range attraction in the
nterparticle interaction [32]. Fig. 4 shows the curves of RDF and
crystal during the dynamics process of void formation at charge
ensity � = 0.5 �C/cm2. In the top panel of Fig. 4, four curves of
DF at 103ıt, 104ıt, 105ıt and 2 × 106ıt are given, respectively.
he height of the first peak in RDF curve continues increasing
ith time, until it reaches a comparatively steady value after sys-

em’s equilibrium. Some other peaks which indicates the fcc crystal

tructure also appear with the time. Note that the position of the
rst peak in RDF curves is smaller than that of perfect fcc crystal,
ecause of the void formation. In the Bottom panel of Fig. 4, it shows
he degree of crystallization fcrystal varying with time step. fcrystal
increase apparently since the simulation starts until it also reaches
a plateau after about 5 × 105ıt. The value of the plateau in fcryatal
curve is even smaller than 0.8, so there seems to be still some par-
ticles left not crystallized. Actually, most of such particles are near
the boundary of the voids and not considered to be solid-like. Some
snapshots of the system during the dynamic process of void for-
mation can be seen in Fig. 5, corresponding to the RDF curves of
Fig. 4. The growth of voids and the crystallization of colloids pro-
ceed simultaneously and they both keep stable after equilibrium.
Unlike the results of previous MC  simulations (only one or two  voids
formed probably due to the small size of system), there are several
voids formed in the colloidal system. In experimental observations,
the system that behaves as voids coexisting with order or disorder
regions shows a spongy structure [10,11,33]. From this point of
view, our results of MD simulations with much bigger system sizes
are more likely to be in agreement with experimental results.

The average interparticle separation Ds can be obtained from
the position of the first peak in RDF curve. For perfect lattice, the
average interparticle separation is defined as D0. In reduced units of
our simulations, D0 ≈ 0.879 for perfect bcc and D0 ≈ 0.904 for per-
fect fcc. The ratio Ds/D0 is used to determine whether the ordered

colloidal suspensions in the system are homogeneous or not: When
Ds/D0 = 1, the colloidal particles occupy the full volume and the sus-
pensions exhibit a homogeneous phase; When Ds/D0 < 1, it suggests
that the suspensions could be inhomogeneous. Furthermore, we
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Fig. 3. From top to bottom: mean square distance (MSD) versus time step, the
fraction of crystallization versus time step, averaged radial distribution function
(RDF) after equilibrium. The dashed lines in RDF curve show the peaks of perfect fcc
structure. The charge density is � = 0.3 �C/cm2.
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ig. 4. Top: radial distribution function (RDF) at four typical time steps 103ıt (black
ine), 104ıt (red line), 105ıt (green line), 2 × 106ıt (blue line). Bottom: the fraction
f  crystallization versus time step. The charge density is � = 0.5 �C/cm2. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb  version of the article.)
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can estimate the fraction of the volume occupied by the voids using
the ratio Ds/D0, i.e,

fvoid = 1 −
(

Ds

D0

)3
. (9)

In Fig. 6, the ratio Ds/D0 calculated as a function of charge den-
sity � is shown. As mentioned already, the system is found to have
a homogeneous order firstly, as Ds/D0 = 1.0. Continuing to increase
�, the system become inhomogeneous as Ds/D0 < 1.0. From the
curve of Ds/D0, we  can see that the homogeneous to inhomoge-
neous phase transition where Ds/D0 drops is close to � = 0.3 �C/cm2

(exactly between � = 0.3 �C/cm2 and � = 0.35 �C/cm2). This is a
little different from the results of MC  simulations [17], where
homogeneous to inhomogeneous phase transition happened
approximately at � = 0.37 �C/cm2. According to Eq. (1), Rm is also
an important factor to explain the phase behaviors of the system
such as the void formation and homogeneous to inhomogeneous
transition. When the separation of interparticle rij is less than Rm,
the repulsive interaction is dominant to make the system show
a homogenous state, otherwise the attractive interaction is dom-
inant and the system is likely to become inhomogeneous. In this
research, Rm depends only on � and decreases with the increas-
ing of � (see Eq. (4) and Fig. 6). Here we  may  assume that Rm = D0
(D0 = 0.904, for the crystal structure in inhomogeneous phase is fcc),
i.e, Rm/D0 = 1.0 when the homogeneous to inhomogeneous tran-
sition begins to appear, so the corresponding value of � can be
obtained based on Eq. (6) and Rm = 0.904. Using this method, the
critical value of � for homogeneous to inhomogeneous transition
is solved to be �c ≈ 0.309 �C/cm2. In inhomogeneous region, the
values of Rm are always a little bit larger than Ds(see Fig. (6)). Away
from �c, the curve of Ds/Rm are almost a plateau (the value of plateau
is about 0.96, see the inner panel of Fig. 6). From this, we can easily
estimate the values of interparticle separation Ds using calculated
Rm via Eq. (4) in inhomogeneous region especially away from the
critical point, while the values of Ds in homogeneous region are
constant Ds = D0.

In order to have a further study of the finite size effect on homo-
geneous to inhomogeneous phase transition, the results of Ds/D0
obtained by MD simulations in the system with the same number of
particles N = 432 as that used in MC simulations, together with the
results in the system with larger number of particles N = 10, 976, are
listed in Table 1. For the case N = 432, the crystal structure becomes
fcc until � ≥ 0.4 �C/cm2, i.e, the bcc–fcc phase transition happens
after the homogeneous to inhomogeneous phase transition, differ-
ent from the results of N = 10, 976. Then we can estimate the critical
value to get �c = 0.33 �C/cm2 for the homogeneous to inhomoge-
neous phase transition (Note that D0 of perfect bcc is smaller than
that of perfect fcc, so as to make a small shift of �c). As is shown in
Table 1, the finite size effects (Ds/D0) is significant near the critical
point �c. But the finite size effects on Ds/D0 become almost neg-
ligible when the charge density � is increased far away from the
critical point.

In previous MC  simulations, a glasslike inhomogeneous phase
is observed as increasing the charge density � up to 0.68 �C/cm2

[17]. Later experiments on charged colloidal suspensions seems to
confirm this by showing voids coexisting with dense amorphous
regions [33]. Such agreement between experiments and simula-
tions is considered to be a proof that SI potential can explain the
reentrant phase transition of charge stabilized colloidal dispersions
by varying the charge density � [32,34]. As mentioned already, the
number of particles used in MC simulations is only N = 432. We
have performed MD simulations using much larger number of par-

ticles N = 10, 976 at the same charge density � = 0.68 �C/cm2 as MC
simulations, but do not find any glasslike structures formation. The
final configuration of the system at equilibrium is still the voids
coexisting crystallites. Until the charge density � is increased to
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Fig. 5. The snapshots during the process of crystallization and void formation when � = 0.
configuration at t = 105ıt; (d) final configuration (t = 2 ×106ıt).

Fig. 6. Homogeneous to inhomogeneous phase transition with increasing the
c
f
a

�
c
n
o

lization structures, because there are very few solid-like particles

T
T
9
�

harge density �. Circles+line: Ds/D0; dashed line: Rm/D0; triangles: critical point
or  homogeneous to inhomogeneous transition. The inset shows the curve of Ds/Rm

s a function of �.

 = 0.9 �C/cm2 which is even much larger than the value of the

harge density used in MC  simulations, the glasslike structures do
ot appear yet. Fig. 7 shows the curve of RDF and the snapshot
f the system at � = 0.9 �C/cm2. It can be seen obviously that the

able 1
he value of Rm in reduced units calculated according to Eq. (4), and the comparison of f 

76.  Note that the crystal structure is bcc when � = 0.15 − 0.35 �C/cm2 and the crystal st
 = 0.15 − 0.25 �C/cm2 and the crystal structure is fcc when � ≥ 0.3 �C/cm2, for the case N

0.15 0.2 0.25 0.3 0.35 

Rm 1.2302 1.084 0.9859 0.9147 0.8602 

fN=432 1.0 1.0 1.0 1.0 0.9461 

fN=10,976 1.0 1.0 1.0 1.0 0.9015 
5 �C/cm2. (a) the configuration at t = 103ıt; (b) the configuration at t = 104ıt; (c) the

system exhibits an inhomogeneous phase with voids and crys-
tallites, which is similar to the case of lower charge density, e.g.
the system at � = 0.5 �C/cm2 (see Figs. 4 and 5). The disagreement
between previous MC  simulations and our MD  simulations is prob-
ably caused by the finite size effects too, i.e, the number of particles
used in MC  simulations is too small. As is shown in Fig. 6, the val-
ues of Ds/D0 decrease with increasing of �, so the volume occupied
by the voids at higher charge density is larger resulting in more
particles near the boundary of voids. In this situation, it is no won-
der that the left particles for the crystallization is extremely few at
very high charge density so that the nucleation is nearly impos-
sible, if the number of particles used in simulations is small. In
Fig. 8, we  give the curve of averaged RDF and a snapshot of the
system when equilibrium at very charge density � = 0.9 �C/cm2 for
the case N = 432. Although RDF curve displays some peaks corre-
sponding to fcc crystal structure, the peaks are lower than the case
of N = 10, 976. Furthermore, the system does not exhibit any crystal-
seen from the picture of the snapshot. Thus it may possibly lead to
an artifact when performing simulations of the system with small
number of particles at high charge density, although it does not

= Ds/D0 at different charge density � between the case N = 432 and the case N = 10,
ructure is fcc when � ≥ 0.4, for the case N = 432; The crystal structure is bcc when

 = 10, 976.

0.4 0.5 0.6 0.7 0.8 0.9

0.8169 0.7521 0.7056 0.6703 0.6425 0.6199
0.8706 0.7981 0.7517 0.7152 0.6853 0.6654
0.8580 0.7915 0.7450 0.7118 0.6853 0.6621
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Fig. 7. The curve of averaged radial distribution function (RDF) and the final config-
uration of the system with N = 10, 976. The charge density is � = 0.9 �C/cm2.

Fig. 8. The curve of averaged radial distribution function (RDF) and the final con-
figuration after equilibrium of the system with N = 432. The charge density is
�  = 0.9 �C/cm2.
ochem. Eng. Aspects 441 (2014) 598– 605

affect the values of Ds/D0 within statistical error. By the way, it has
been discovered very earlier that the system size appears to have a
large effect on the rate of nucleation. For instance, Honeycutt and
Andersen have found that the size of the critical nucleus and the
time of formation of a critical nucleus in Lennard-Jones system are
smaller in a small system than those in a large system [23], indi-
cating that the small system size and periodic boundary conditions
are producing artifacts in the crystallization process.

4. Conclusion

We  have performed MD simulations using sufficiently large
number of particles N = 10, 976 to investigate the process of the
structural ordering and voids formation in the charge stabilized
colloidal suspensions. SI potential which has a long-range attrac-
tion is used to represent the interaction between colloidal particles.
In this research, the influence of charge density on the phase behav-
iors of the colloidal system is studied in detail. Increasing the charge
density, the colloidal system firstly begins to crystallize from liq-
uid state and has a liquid–solid transition. Continuing to increase
the charge density, the structural order of the system will have a
bcc–fcc transition. Beyond a critical charge density the interparticle
distance becomes smaller than that expected for a homogeneous
dispersion and voids appear in the bulk of the suspension, i.e, the
system exhibits a homogeneous to inhomogeneous transition. Such
homogeneous to inhomogeneous transition is considered to be
caused by the long-range attractions between particles. All of those
results mentioned above are in agreement with previous observa-
tions of MC  simulations and experiments, except that there is a
shifting of the bcc–fcc boundary probably due to finite size effects.

The same number of particles as previous MC  simulations is also
used to carry out MD simulations and the finite size effects are stud-
ied. Besides the shifting of bcc–fcc boundary, we have found that
the system with large number of particles N = 10, 976 at equilibrium
is still the voids coexisting crystallites instead of a glasslike inho-
mogeneous phase observed in previous MC  simulations and some
experiments, when the charge density is increased to a very high
value. In system with small sizes where N = 432, MD  simulations
shows very few crystallized particles, which is in agreement with
results of MC simulations, indicating that the glasslike or disor-
dered phase region obtained at very high charge density in system
of N = 432 is probably an artifact produced by small system size and
periodic boundary conditions. However, the glasslike or disordered
phase coexisting with voids is indeed investigated in some exper-
iments [10,33], so it seems that the results of our simulations are
not in agreement with experimental observations. There may  be
possibly some reasons listed here: (1) The colloidal particles used
in experiments are fairy large, and the relatively low diffusibility of
such large particles make the system to cost a long time to reach
the equilibrium, so the ordered structures could not form within
the observation period. (2) The effect of polydispersity. In con-
trast to a single-component atomic system, the colloidal particles,
even in a carefully prepared suspension, are usually not identical
in size and charge density. The variations of size and charge from
particle to particle can greatly influence the phase behaviors of
the colloidal suspension. For instance, some studies have shown
that beyond a critical polydispersity the colloidal crystals sponta-
neously transform to an amorphous structure [32,35]. (3) The effect
of many-body interaction. It has been demonstrated that many-
body interaction between particles does exist and has an effect on

the liquid–solid phase transition of the charge stabilized colloidal
suspensions [36,37]. Especially, the many-body interaction appears
to be more significant in strongly interacting systems when the
charge density is very high. At least, we can expect that the effective
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nteraction between particles in homogeneous region is different
rom that in inhomogeneous regions.

In summary, the SI potential is a robust and impressive the-
ry. It can be able to describe qualitatively the outcome of a wide
ange of experiments in colloidal suspensions, such as the struc-
ural ordering and void formation. However, SI theory should not
e looked at as the final word to tell the whole story. From the
ata obtained in our MD  simulations with sufficiently large num-
er of particles (typically N = 10, 976) at high surface charge density,
e may  reasonably conclude that SI potential is not applicable

or explaining the reentrant transition of highly charged colloidal
ystems [12,13,38], and further studies (some other factors which
nfluence the phase behavior of colloidal suspensions, e.g. the effect
f polydispersity and many-body interaction, may  be considered)
re needed to be done in both experimental and theoretical aspects.
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