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Nucleation: What Happens at the Initial Stage?**
Tian Hui Zhang and Xiang Yang Liu*

Nucleation, a process taking place on a nano- or sub-
nanoscale in typical atomic and molecular systems, creates
original crystal embryos from the mother phase. It is one of
the most important aspects in our daily life. It is important in
situations ranging from the condensation and freezing of
water (e.g. rain, snow, freezing),[1] the formation of bones and
teeth and the correlation between synergetic structures and
their superior properties,[2] to semiconductor/IT and nano-
technologies,[3, 4] because in most cases nucleation determines
whether a phase will form, how the formation will occur, and
what structure will be formed.[5, 6] Therefore, it is the corner-
stone for many very important modern technologies, includ-
ing life/nanosciences and engineering. Although many differ-
ent nucleation theories, both classical and nonclassical, have
been developed, nucleation, in particular its mechanism,
continues to be one of the most poorly understood and
disputable phenomena in the past half century.[7–9]

The formation of nuclei is essentially a dynamic process
dominated by the competition between the reduced bulk free
energy and the increased surface free energy. This competi-
tion gives rise to the so-called nucleation barrier and the
critical size of nuclei. One of the major issues in the
theoretical study of nucleation is to determine the nucleation
barrier. However, the nucleation barrier is dependent on the
structure of nuclei as well as on supersaturation. The so-called
classical nucleation theory (CNT),[7, 8] which is the most widely
used theory about nucleation, assumes that the structure and
hence the surface tension of nuclei are the same as that of the
new stable phase. Nevertheless, this assumption has been
challenged by evidence from simulations[10–12] and experi-
ments.[13–15] The key point of this evidence is that in
crystallization, nucleation begins with a metastable structure
and the stable structure is reached subsequently. This picture
is consistent with the prediction of the Ostwald�s rule.[16,17]

However, the kinetics of the transition from the metastable
structure to the stable structure has so far been unclear
because of the absence of direct observation of the transition

process in real space. This is because in typical atomic systems,
atoms are too small to be observed directly. As an alternative
approach, colloids have been employed as a model system to
study phase transitions,[16,21] because colloidal particles in
solutions behave like large “atoms”,[18, 19] and the phase
behavior of colloidal suspensions is similar to that of atomic
and molecular systems.[20] The advantage of this kind of model
system is that colloidal particles, and thus the nucleation
process, can be observed directly by a normal optical micro-
scope. Furthermore, the thermodynamic driving force for the
nucleation can be controlled precisely in colloids, so that
quantitative measurement and data interpretation become
possible.[18, 19]

In this study, the structure evolution of nucleating clusters
at the initial stage of nucleation was examined in a two-
dimensional colloidal model system driven by an alternating
electric field. It was found that distinct from the assumption of
the CNT, nuclei are created with a metastable liquid-like
structure, and the final stable crystal-like structure is
approached through a continuous structure transition. This
study offers the first experimental observation of the structure
transition. Furthermore, the impact of the metastable struc-
ture on nucleation barrier was investigated in a quantitative
manner. As two-dimensional (2D) and three-dimensional
(3D) nucleation kinetics are very similar,[23] the knowledge
acquired in this study will significantly advance our under-
standing of nucleation in general.

Figure 1a shows the experimental setup, and Figure 1b
shows the phase diagram of the solution used in this study.
Three different phases were identified: three-dimensional
liquid (3DL), two-dimensional crystal (2DC), and three-
dimensional disordered aggregate (3DDA). In the 2DC
region, the attractive force between the colloidal particles
will be enhanced by increasing the amplitude or decreasing
the frequency of the alternating electric field (AEF).[21, 22] To
quantify the ordering of the two-dimensional crystal nuclei, a
local two-dimensional bond-order parameter was defined by
Equation (1).

y6ðriÞ ¼M�1j
X

j

ei 6 qij j ð1Þ

Here, ri is the center of particle i, and qij is the angle
subtended between the vector from particle i to its jth nearest
neighbor and the arbitrarily chosen x axis. M is the number of
nearest neighbors of particle i. Positions of particles in a
nucleus were extracted by an image processing program
developed in house. The average minimum of the center–
center distance d between two particles was measured, and
1.5d was used as the cutoff value in determining the nearest
neighbors. A value of 0.8 for hy6i in a typical crystalline
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structure was used as the criterion for defining a crystal-like
nucleus.

Figure 2 shows a typical process of nucleating a crystal
nucleus under the conditions Vpp = 2.5 V and f = 5000 Hz.
Figure 2a suggests that the initial structure of the nucleus is
liquid-like. In the subsequent growth, its core first becomes
ordered, but the outer layer remains liquid-like (Figure 2 b).

The nucleus becomes entirely crystal-like and grow sponta-
neously only when it is big enough (Figure 2c). To quantify
the structure evolution, hy6i was measured as a function of
the nucleus size N. From Figure 2d, we can see that as the size
of the nucleus increases with time and that hy6i increases
gradually at the early stage and reaches a plateau of
approximately 0.8 as the size exceeds 70. Before the plateau,
the increase of the value of hy6i could be fit as a linear
function of time. The size corresponding to the intersection
point of the fitting line and the horizontal line of hy6i= 0.8 is
identified hereafter as the transition size Ntrans. The nuclei can
grow spontaneously with a stable crystal-like structure only
when they are larger than Ntrans. In this observation, the initial
structure of the crystal nuclei is different from its final stable
structure, and the crystallinity of the nuclei is size-dependent.
The structure transition from liquid-like to the final crystal-
like structure is a continuous process in terms of the order
parameter. This result is in conflict with the assumption of the
CNT.

The behavior of hy6i and N as a function of time, however,
may be different for different individual growing nuclei: some
nuclei may grow much faster than other nuclei. Furthermore,
since the electric field in the solution is not perfectly
homogeneous, Ntrans can be different in different regions.
However, under the same conditions, our observations
suggest that the transition size Ntrans of different nuclei
within the observation window is essentially the same. The
behavior of the dependence of Ntrans on the frequency and on
the amplitude of the AEF is also qualitatively consistent in
the whole system. In this work, all the related quantitative
measurements were conducted in the same observation
window in the center of the sample.

In this system, the supersaturation necessary for crystal-
lization is enhanced by decreasing frequency.[23] Figure 3
shows a typical structure transition at a higher degree of

Figure 1. a) Experimental setup: A colloidal suspension is sealed
between two ITO-coated conducting glass plates separated by insulat-
ing spacers. The gap between the two glass plates is H =120�5 mm.
The dynamic process is recorded by a digital camera (CCD) for
analysis. AEF = alternating electric field. b) Phase diagram of the
system when the concentration of Na2SO4 is 2 � 10�4

m. Vpp = peak-to-
peak voltage.

Figure 2. Structural evolution of nuclei under conditions of Vpp = 2.5 V,
f =5000 Hz. a) The initial structure of nuclei is liquid-like. b) As the
nucleus grows, its core first becomes ordered and the exterior layer
remains liquid-like. c) The nucleus becomes completely ordered after
the size exceeds a critical value. d) hy6i (*) and N (&) as a function of
time. Particles in this system are illustrated by the diffracted light. The
screening of particles to each other makes the particles in the core of
the nuclei look smaller than those in the outer layer.

Figure 3. Transient crystalline structure of nuclei under conditions of
Vpp = 2.5 V, f = 3000 Hz. a) hy6i (*) and N (&) as a function of time.
b,d) Fluctuation cause nuclei to have transient crystalline structure.
c,e) Liquid-like structure displayed by precritical nuclei.
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supersaturation with f = 3000 Hz and Vpp = 2.5 V. In contrast
to the behavior of hy6i in Figure 2, hy6i in Figure 3a can be as
high as 0.8 instantaneously even when it is smaller than the
transition size (ca. 30). This result means that the nuclei can
acquire a crystalline structure even before they reach the
transition size. However, the crystalline structure of the
precritical nuclei, as suggested by the substantial fluctuation
of hy6i in Figure 3 a, is transient. This transience can be seen
more clearly from the time sequence Figure 3b–e. In Fig-
ure 3b,d, the structure of the nucleus is ordered. In the
subsequent seconds (Figure 3c,e), the structure becomes
disordered again. Only as the size is beyond the transition
size of around 30 does the crystalline structure become stable.
Experimentally, it was found that when the degree of
supersaturation is enhanced further by decreasing frequency
to 1000 Hz, hy6i can be as high as 0.8 from the beginning
(Figure 4), and crystal nuclei are created initially with a stable
crystalline structure as suggested by the CNT.[7, 8]

The fluctuation of the value of hy6i in Figures 2–4 is
induced by thermal fluctuations. For a nucleus, the energy
barrier between its metastable liquid-like structure and its
stable crystal-like structure is dependent on both the degree
of supersaturation and its size. At high degrees of super-
saturation, when the energy difference between the metasta-
ble liquid-like structure and the stable crystal-like structure is
smaller than kB T, the thermal fluctuation can induce a global
transition from the liquid-like structure to the crystal-like
structure or vice versa, as we have seen in Figure 3. When the
energy difference becomes larger at low degrees of super-
saturation, the thermal fluctuation can induce only a local
structure transition at the interface between the liquid-like
fringe and the crystal-like core, giving rise to a local
fluctuation of hy6i as shown in Figure 2.

The results in Figures 2–4 reveal that the initial structure
of the crystal nuclei and the route of the structure evolution of
the crystal nuclei are supersaturation-dependent. At low
degrees of supersaturation, a metastable liquid-like structure
is highly desired to occur first. The common understanding of
the occurrence of a metastable structure is that the nucleation
barrier for the metastable structure is much lower than that
for the final stable structure.[24, 25] Therefore, the nucleation of
the metastable structure occurs much faster. According to the

CNT, the 2D nucleation barrier DG*
c for a crystalline nucleus

is given by Equation (2).[7, 8]

DG*
c ¼

pg2
cW

Dmc

ð2Þ

Here, gc is the 2D line tension of the stable crystal phase,
Dmc is the difference in chemical potential between the
mother phase and the stable crystal phase, and W is the
average area occupied by a structure unit. However, in
simulations,[11, 12] it was supposed that the precritical nuclei of
crystal are completely liquid-like, and a liquid-crystal struc-
ture transitions will occur sharply at the critical size. In this
case, the nucleation barrier is determined by Equation (3).

DG*
l ¼

pg2
l W

Dml

ð3Þ

Here gl is the 2D line tension of the liquid phase and Dml is
the difference in chemical potential between the mother
phase and the liquid phase. Since the liquid phase is
metastable with respect to the crystalline phase, one can
expect that Dml<Dmc. However, because DG* is proportional
to the square of gl, DG* is more sensitive to the change of g.
Because gl is usually much smaller than gc, DG*

l in practice
should be greatly smaller than DG*

c . Nevertheless, in our
experiments as shown in Figure 2, the structure transition was
a continuous process in which the core of precritical nuclei
becomes first crystal-like while the outer layer remains liquid-
like. In this case, the nucleation barrier should be given by
Equation (4).

DG*
conti ¼

pg2
l W

Dmc

ð4Þ

Since in a crystallizing system, Dml<Dmc, then DG*
conti<

DG*
l , which may explain why a continuous structure transition

rather than a sharp structure transition occurs experimentally.
However, when the degree of supersaturation is high enough,
the transition size or the critical size for nuclei becomes so
small that the nucleation barrier for a crystalline nucleus
becomes negligible with respect to kB T. As a consequence,
nuclei can be created with a stable crystalline structure from
the beginning as Figure 4 indicates.

Equations (2) and (4) suggest that to quantify the relative
reduction of the nucleation barrier DG*

conti/DG*
c , it is necessary

to determine gl/gc. However, it is a big challenge experimen-
tally to measure gl and gc directly. As an alternative approach,
these values can be derived from the experimentally deter-
mined nucleation rates and the critical sizes. In the CNT, the
nucleation rate is determined by nucleation barrier DG*
[Eq (5)][7, 8]

J ¼ C expð�DG*
kB T

Þ ð5Þ

The radius of critical nuclei in CNT, assuming 2D disklike
nuclei, is r* = gW/Dm. With J and r*, g can be determined by
Equation (6).

Figure 4. Under the condition of Vpp =2.5 V and f =1000 Hz, nuclei are
created with a crystalline structure from the beginning when the
degree of supersaturation is high enough. *: hy6i ; &: N.
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g ¼ �kB T
p

ln J1�ln J2

r*
1�r*

2
ð6Þ

In Equation (6), it is assumed that g is the same at
different degrees of supersaturation. In our experiment, the
critical size of nuclei is represented by Ntrans. Ntrans and the
nucleation rate J were measured at different frequencies
(Figure 5a). The value of r* was determined by Ntrans from

r* = (NtransW/p)1/2, and W was determined from the average
center–center distance d according to W = pd2/4. A plot of lnJ
versus r* is shown in Figure 5b. Although the interaction
between colloidal particles and thus g in this system are
dependent on the frequency and the strength of the electric
field,[21, 22] in this work we assume that the interaction changes
little and Equation (6) can be applied when the frequency
changes are minimal, for example, from 5.0 kHz to 4.5 kHz or
from 1.5 kHz to 1.0 kHz. With this assumption, g was
determined as g1� 0.14 kB T/a (a is the diameter of the
colloidal particles) with J and r* measured at frequencies of
5.0 kHz and 4.5 kHz, and g was measured as g2� 0.57 kB T/a
with J and r* measured at frequencies of 1.5 kHz and 1.0 kHz.
The value of g1 is much smaller than that of g2, because the
precritical nuclei at frequencies of 5.0 kHz and 4.5 kHz are
characterized by a liquid-like exterior layer. Therefore, g1 is
actually the line tension gl of the liquid phase. However, at
low frequencies, nuclei are created with a crystalline structure
from the beginning as Figure 4 shows. Therefore, g1/g2� 0.25
can serve as an measurement of gl/gc. However, in our system,
the decrease of frequency will increase the strength of the
attraction between colloidal particles,[21, 22] which suggests that

gc at high frequencies of 5.0 kHz and 4.5 kHz should be
smaller than those measured at low frequencies of 1.5 kHz
and 1.0 kHz. Thus, gl/gc at high frequencies should be larger
than 0.25. Given the interaction between colloidal particles,
gl/gc can also be estimated roughly from the bond number. In
our system, the average bond number for a 2D crystal surface
particle is 4.0, whereas the average bond number for a 2D
liquid-like surface particle is around 2.9, which can produce a
rough estimate of gl/gc� 0.73. However, the bonding between
two liquid-like particles is usually weaker than that between
two crystal-like particles. Therefore, we should have gl/gc<

0.73. On the basis of the above discussion, we suggest that the
value of DG*

conti/DG*
c should be 0.06–0.53, which means that

the nucleation barrier at low degrees of supersaturation is
significantly reduced because of the occurrence of the
continuous structure transition.

In summary, the initial structure of the crystal nuclei is
supersaturation-dependent. At low degrees of supersatura-
tion, the crystal nuclei tend to nucleate with a metastable
liquid-like structure and subsequently experience a continu-
ous transition from the metastable to the final stable and
crystalline-ordered structure. This route promises a nuclea-
tion barrier that is much lower than that predicted by the
CNT. In other words, the gradual approach to the final stable
structure can significantly facilitate the nucleation dynamics.
At high degrees of supersaturation, where the nucleation
barrier decreases substantially, adopting the structure of the
bulk crystals during nucleation is not energetically unfavor-
able and then the CNT becomes valid in describing the
dynamic behavior of nucleation.

The conclusions of this study are based on the observation
of 2D nucleation. Thermodynamically, however, the under-
lying mechanism of 2D nucleation and 3D nucleation are very
similar: both are dynamical processes dominated by the
competition between the reduced bulk free energy and the
increased interface free energy. Therefore, the conclusions
obtained in this study can be logically extended to 3D
nucleation.[26–28] Nevertheless, in 3D crystallization, the nucle-
ation barrier is determined by Equation (7).

DG* ¼ 16
3

p g3 W2

Dm2
ð7Þ

Comparing Equation (7) with Equation (2), we can see
that the 3D nucleation barrier is more sensitive to the change
of surface tension g, which implies that in 3D nucleation, a
continuous structure transition is more effective in reducing
the nucleation barrier.

While it offers new insight into the crystallization of
colloids, the knowledge acquired in this study can also be
applied to improve our understanding in protein crystalliza-
tion, because it has been found that the solutions of globular
proteins exhibit the similar phase behavior to colloidal
suspensions.[20, 29, 30] We notice that there is also evidence that
nucleation in atomic systems may be dominated by similar
mechanisms as observed in colloidal systems.[24, 29–31] However,
it is necessary to point out that nucleation is essentially a
kinetic process, which is, to a large extent, dominated by the
nature of particle–particle interactions, the properties of

Figure 5. a) Experimentally measured critical transition size and nucle-
ation rate. *: Ntrans ; &: J. b) Plot of ln J versus r*, from which the line
tension is determined. a is the diameter of the colloidal particles.
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substrates, etc. Therefore, the route of nucleation may vary
from system to system.

Experimental Section
Monodisperse colloidal particles (polystyrene spheres of diameter
0.99 mm, polydispersity < 5%, Bangs Laboratories) were dispersed
uniformly in deionized water. The colloidal suspension was then
sealed between two parallel horizontal conducting glass plates coated
with indium tin oxide (ITO). In this system, particles in the bulk liquid
are transported by the fluid flow induced by the AEF to the surfaces
of the glass plates. On the surfaces of the glass plates, colloidal
particles are brought together by a long-range attraction induced by
the electrohydrodynamic mechanism,[21, 22] and two-dimensional crys-
tallization occurs under certain conditions. The processes of crystal-
lization were recorded for analysis by a digital camera (CoolSNAP cf,
Photometrics), which was mounted on an Olympus BX51 microscope.
The interaction between colloidal particles was modified by adding
Na2SO4 at a concentration of 2 � 10�4

m.
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