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Two types of alternating morphology transitions have been observed in crystallization of NH4Cl on agar
plates. One is the alternating morphology transitions between dense branching morphology and sparse branch-
ing morphology, and the other is the alternating morphology transitions between dense branching morphology
and zigzag branching morphology. The appearance of them is found to depend on the mass proportion of agar
to NH4Cl in the initial solution and the relative humidity. It is suggested that both the two alternating mor-
phology transitions result from the oscillation of solute concentration in front of the growing interface caused
by the competition of crystal growth and solute transfer at a moderate mass proportion. Which one of them
occurs depends on the relative humidity, which controls the supersaturation.
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I. INTRODUCTION

Pattern formation in nonequilibrium systems is the subject
of substantial fundamental and practical interests, and it has
been intensively investigated during the past two decades.
Well-known examples are viscous fingering �1,2�, dielectric
breakdown �3�, growth of bacterial colonies �4,5�, crystalli-
zation �6,7�, and electrodeposition �8,9�. These systems ex-
hibit similar morphologies, which are of three typical types:
dendrite, fractal morphology, and dense branching morphol-
ogy �DBM�. Understanding the origin of these morphologies
and looking for possible universal mechanisms are the most
fascinating but challenging problems.

Up to now, much progress has been made towards the
elucidation of these universal mechanisms, and a few unique
morphologies were also found. One example is the zigzag
pattern �10,11�, which is obtained by the crystallization of
NH4Cl in a thin layer of agar gel sandwiched between two
glass plates. Another example is the periodic patterns, which
are often seen in nature and in many branches of science,
such as the annual growth rings in plants and Liesegang
rings. Periodic patterns have been observed in the growth of
bacterial colonies and in the crystallization of HgCl2 on the
agar plate. The former was explained by the cyclical growth
of a colony with alternative migration phase and consolida-
tion phase �5�, while the latter one was considered as peri-
odic crystallization caused by a drying front during the
evaporation �12,13�. When performing crystallization of
NH4Cl on the agar plate �14�, a few periodic rings were also
found during the growth of the DBM pattern, and it was
explained by the variation of growth velocity. It seems that
these periodic patterns are generated by repeated growth and
rest of the crystal or the bacterial colony, and not any mor-
phological transitions were illuminated in these periodic pat-
terns.

Morphology transitions have been frequently observed in
quasi-two-dimensional electrodeposition experiments, they
are well known as the Hecker effect which is generally de-

scribed as a sudden change in color and number of branches
of the growing deposit �15–21�. It is widely accepted that the
changes result from the interaction of the growing deposit
with different chemical fronts advancing from the anode to-
wards the cathode. So the change in the morphology appears
at the same time on an envelope which reproduces the shape
of the anode and one does not observe an oscillating behav-
ior between two different morphologies. Also, alternating
morphology transitions between dendrite and DBM have
been found in the quasi-two-dimensional electrodeposition
of FeSO4 aqueous solution �22�. This transition occurs on
each deposit branch independently, which is unlike the
Hecker effect. It was explained to result from the periodic
accumulation and depletion of H+ impurities in front of the
growing interface. For crystallization, morphology transition
from dendrite to DBM has been observed in the final stages
of the growth of alkali halides from solution �7�. This was
ascribed to the change of concentration profiles caused by
the decrease of drop thickness during the last stages of
evaporation. However, up to now, there are not any reports
about alternating morphology transitions in crystallization to
our knowledge. Investigation on self-organized alternating
morphology transitions should be very useful for understand-
ing the formation mechanisms of different morphologies in
nonequilibrium systems.

In this paper, we report our discoveries on two types of
alternating morphology transitions, which generate patterns
with repeated stripe structure, in the crystallization of NH4Cl
on agar plates. Our attention is focused on their transition
process, growth conditions, relationships with normal mor-
phologies and formation mechanisms. In these morphology
transitions, the changes of branches happen simultaneously
on an envelope, so they are different from the alternating
morphology transitions in the electrodeposition of FeSO4.
On the other hand, the transitions are continuously repeated,
and do not just happen in the final stages of crystallization,
so they also differ from the previously mentioned Hecker
effect and the morphology transitions in the crystallization of
alkali halide. Therefore, there could be some different under-
lying mechanisms, and the investigation on that would be
helpful to understand the crystallization dynamics under a
complex condition.*Corresponding author; xwzou@whu.edu.cn
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II. EXPERIMENTAL PROCEDURE

The experiment was carried out on a thin film of agar gel
containing NH4Cl with a free surface, mounted on a glass
substrate. Agar is a marine polysaccharide, often used as the
model biopolymer in gelation. The agar molecules form a
network, and water molecules are enclosed in the network.
The density of the network can be controlled by the agar
concentration �23�.

The gel was prepared by dissolving agar into deionized
hot water with concentration �Ca� varying from 0.2 wt % to
4.0 wt %. NH4Cl �A.R. grade, 99.9%� was added thereafter
and its concentration �CN� was also in the range of 0.2 wt %
to 4.0 wt %. 0.15 ml of the hot solution was dropped on a
piece of glass slide �7.5�2.5 cm2� and was spread uniformly
to cover the area of 6�2.5 cm2. The thickness of the gel
thus prepared was about 100 �m for all runs. The glass slide
was quickly placed into a small petri dish, which then was
sealed. After being left at room temperature for about half an
hour, the gel became compact. Then the glass slide with the
gel on it was taken out from the dish and placed into a
growth chamber. As the water in the gel medium gradually
evaporated, the NH4Cl solution became saturated first from
the surface. Thus, the crystallization began on the surface of
the thin agar plate. The evaporation rate was controlled by
adjusting the relative humidity �RH� in the chamber from
20% to 80% and the temperature was kept at 23 °C.

The aggregates formed were observed by an optical mi-
croscope �BX51, Olympus, Japan� with a charge-coupled de-
vice �CCD� video system attached to it, and were further
investigated by an atomic force microscope �AFM� �SPM-
9500J3, Shimadzu, Japan� in tapping mode.

III. MORPHOLOGY CHARACTERISTICS
OF THE PATTERNS FORMED BY

ALTERNATING MORPHOLOGY TRANSITIONS

The macrograph of an aggregate with repeated stripe
structure is shown in Fig. 1�a� which is captured by a digital
cameral with black background. There are more than twenty
stripes in the picture. In fact, the repeated stripes can extend
through the whole sample except the edges where the thick-
ness of gel becomes thin. By taking the optical micrograph,
we found that these repeated stripes can be divided into two
types according to the morphologies at small scale. One is an
alternating dense-sparse branching pattern formed by alter-
nating morphology transitions between a dense branching
morphology and a sparse one �alternating dense-sparse tran-
sitions� �see Fig. 1�b��, and the other is an alternating dense-
zigzag one formed by alternating morphology transitions be-
tween a dense branching morphology and a zigzag branching
morphology �alternating dense-zigzag transitions� �see Fig.
1�c��. The dense branching morphology is characterized by
unstable tips, but with a stable flat growth front and a homo-
geneous filling of space. The sparse branching morphology is
formed by the continuous growth of just a few branches of
the previously grown DBM, and the newly grown branches
are spaced sparser than that of DBM. The sparse branching
region corresponds to the dark lines in Fig. 1�a�. The zigzag
branching morphology shows a random and ramified mor-

phology at a large scale, but each branch consists of regu-
larly shaped crystallites. In spite of the differences between
the two morphologies, the zigzag branching morphology is
also sparse in analogy to the sparse branching one, so the
macrograph of the aggregate formed by alternating dense-
zigzag transitions is similar to that of the alternating dense-
sparse ones. In general, the alternating dense-zigzag transi-
tions appear in a condition with larger humidity than that of
the alternating dense-sparse transitions.

IV. TRANSITION PROCESS OF THE ALTERNATING
MORPHOLOGY TRANSITIONS

Figure 2 illustrates a typical growing process from a
dense branching morphology to a sparse one, and then back
to a dense one �alternating dense-sparse transitions�. Figures

FIG. 1. Patterns of the crystallite aggregate of NH4Cl. �a� The
macrograph of an aggregate with repeated stripe structure. Because
a black background is used, the light region corresponds to the
compact part of the aggregate and the dark region corresponds to
the sparse part. �b� The optical micrograph of the aggregate showed
in �a�. It shows the alternating dense-sparse transitions. �c� The
optical micrograph of another aggregate with similar repeated stripe
structure. It shows the alternating dense-zigzag transitions. The ini-
tial concentrations of NH4Cl and agar are 0.2 wt % and 0.4 wt %,
respectively. The relative humidity for crystal growth is 40% for �a�
and �b�, 58% for �c�, respectively.
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2�a� and 2�b� show the DBM growth. In this case, the aggre-
gate grows very fast. At the end of the DBM growth, only a
few protrudent tips continue growing and most of the tips
almost stop developing. These obsolescent tips are marked
by the arrows in Fig. 2�b�. Those protrudent tips split, grow
out, and develop into a sparse branching morphology, as
shown in Figs. 2�c�–2�e�. At the stage of the sparse branch-
ing morphology, the aggregate grows very slow. By the end
of the sparse branching growth, the growth rate of the tips at
the growing front increases and they develop into the dense
branching morphology again �see Fig. 2�f��. It can be seen
that the growth of branches in the sparse branching zone

shows a strong screening effect �24�, that is, a few branches
screen the growth of the others. This screening effect is a
prominent feature of fractal morphology which is described
by the diffusion-limited aggregation model �25�. Thus, the
sparse branching morphology can be considered as a varia-
tion of the fractal morphology.

The growth rate is measured during the alternating dense-
sparse transitions, as shown in Fig. 3. Figure 3�a� shows the
micrograph of the aggregate formed by alternating dense-
sparse transitions, and Fig. 3�b� plots the relationship be-
tween the corresponding growth rate and growth time. The
growth rate of the aggregate is defined as the average enve-
lope moving rate. It can be seen that the DBM grows faster
than the sparse branching morphology, and the growth rate
suddenly jumps during the transitions. The growth of the
sparse branching morphology is slow, but its growth time can

FIG. 2. In situ optical micrographs demonstrating the morpho-
logical evolution from a dense branching morphology ��a� and �b��
to a sparse one ��c�, �d�, and �e��, and then back to a dense one �f�.
By comparison with the viewing field of �c�, that of �d� is shifted
200 �m to the right. The digits in the upper-left corner of each
frame stand for minutes and seconds. In �b� and �d�, the branches
shown by arrows grow very slowly and ultimately stop growing, in
spite of their open neighborhood. The initial concentrations of
NH4Cl and the agar are 0.4 wt % and 0.6 wt %, respectively. The
relative humidity for crystal growth is 40%.

FIG. 3. �a� The optical micrograph of an aggregate formed by
alternating dense-sparse transitions, which develops from the upper-
left corner towards the lower-right one. �b� The interfacial growth
rate measured as a function of time during the morphology transi-
tions in �a�. The dense and sparse branching morphologies are
marked as D and S, respectively. The black squares indicate mea-
sured values. The initial concentrations of NH4Cl and the agar are
0.4 wt % and 0.6 wt %, respectively. The relative humidity for crys-
tal growth is 40%.
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be comparable to that of the dense one, so the sparse branch-
ing zones are narrow.

The growing process of the alternating dense-zigzag tran-
sitions is similar to that of the dense-sparse transitions. In the
case of the dense-zigzag transitions, the dense branching
growth and zigzag branching growth take place in turn, and
the growth rate of the zigzag branches is also much lower
than that of the dense branches.

V. MORPHOLOGICAL PHASE DIAGRAM AND THE
RELATIONSHIP AMONG VARIOUS PATTERNS

To clarify the growth conditions of the two alternating
morphology transitions, and to find out the relationship be-
tween the formed two patterns and others previously re-
ported, overall investigations with various experimental con-
ditions were carried out. It was found out that the mass
proportion of agar to NH4Cl and the relative humidity were
the key factors to determine the morphologies of the NH4Cl
aggregate. The results are shown in Fig. 4. There exist eight
typical patterns in this morphological phase diagram. They
are the dense branching morphology �D�, zigzag pattern �Z�,
alternating dense-zigzag branching pattern �D-Z�, alternating
dense-sparse branching pattern �D-S�, fractal I �FI�, fractal II
�FII�, cluster I �CI� and cluster II �CII�. Corresponding op-
tical micrographs of them are shown in Fig. 5.

By just varying the initial agar and NH4Cl concentrations,
Yasui and Matsushita �14� obtained a morphological phase
diagram of NH4Cl crystals. Five typical patterns were dis-
played, which are crosslike regular dendritic, regular DBM,
random DBM, diffusion-limited aggregration �DLA�, and
compact patterns. The compact patterns and DLA are respec-
tively similar to the cluster II and fractal II observed in our
system. The random DBM pattern is similar to the DBM in
our morphological phase diagram. The regular dendrite and
regular DBM are also observed by us in very small mass
proportion of agar to NH4Cl. In the case of no agar gel, the
aggregate also appears as regular dendrite. Compared to the
random DBM and the other morphologies, the two regular
morphologies have some main branches, which indicates that
the anisotropy plays an important role in the formation of
these regular morphologies. These two regular morphologies

are not shown on the phase diagram because what we care
about mostly in this paper are the morphologies which are
strongly affected by the random perturbations from the gel,
and the transitions among them.

As it is shown in Fig. 4, when the mass proportion of agar
�Ca� to NH4Cl �CN� in the initial solution is small �region D�,
DBM is obtained, an example of which is shown in Fig. 5�a�.
In this region, the width of branches increases with the in-
crease of relative humidity.

Increasing the mass proportion, and with a very high rela-
tive humidity, zigzag pattern is formed �region Z of Fig. 4�.
One zigzag branch is shown in Fig. 5�b�, and a lower mag-
nification of the zigzag pattern will be shown later in Fig.
7�c�. In the system where the zigzag pattern was first ob-
served �10�, the evaporation of water was very slow, which
corresponds to the high relative humidity condition in our
experimental system. Decreasing the relative humidity,
fractal-like patterns are formed �regions FI and FII�. Corre-
sponding micrographs are shown in Figs. 5�e� and 5�f�, re-
spectively. Both of these two patterns have the characteristics
of fractal morphology, but the former has zigzag branches,
and the latter has branches similar to that of the DBM. Thus,
we named them fractal I and fractal II, respectively.

When the initial concentration of agar is much higher than
that of the NH4Cl, the pattern becomes compact and rounded
clusterlike patterns are obtained. In this case, when the rela-
tive humidity is high �region CI�, the cluster seems to be

FIG. 4. Morphological phase diagram of NH4Cl aggregate when
varying the mass proportion of agar �Ca� to NH4Cl �CN� in the
initial solution and the relative humidity. D: dense branching mor-
phology; Z: zigzag pattern; D-Z: alternating dense-zigzag branching
pattern; D-S: alternating dense-sparse branching pattern; FI: fractal
I; FII: fractal II; CI: cluster I; CII: cluster II.

FIG. 5. Optical micrographs showing the various types of pat-
terns grown in corresponding regions of Fig. 4. �a� DBM �Ca=0.2,
CN=0.6, RH=58%�, �b� zigzag pattern �Ca=0.6, CN=0.6, RH
=70%�, �c� alternating dense-zigzag branching pattern �Ca=0.4,
CN=0.2, RH=50%�, �d� alternating dense-sparse branching pattern
�Ca=0.6, CN=0.6, RH=30%�, �e� fractal I �Ca=0.6, CN=0.2, RH
=58%�, �f� fractal II �Ca=0.6, CN=0.2, RH=30%�, �g� cluster I
�Ca=2.0, CN=0.2, RH=58%�, �h� cluster II �Ca=2.0, CN=0.2,
RH=28%�.
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formed by the piling up of a great deal of small crystallites
�see Fig. 5�g��. It evolves from the zigzag pattern and fractal
I, so it has a jagged boundary like that of the zigzag pattern
and fractal I. When the relative humidity is low �region CII�,
the cluster appears as a compact pie with circular shape and
has a rough surface �see Fig. 5�h��. Since it evolves from
fractal II, it has a gently curved boundary similar to that of
the DBM and fractal II. Therefore, we named them cluster I
and cluster II, respectively. The cluster I is similar to the
Eden cluster obtained by two-dimensional computer simula-
tion based on the Eden model �26�. As to cluster II, since it
appears as a compact pie, it can also be considered similar to
the Eden cluster in essence. Increasing the mass proportion
even further, crystals do not appear even after several days,
which is the same as that found in Ref. �14�.

The alternating dense-zigzag branching pattern is found to
grow in the region D-Z, which is located between the regions
D and FI, and the alternating dense-sparse branching pattern
appears in the region D-S, which is situated between the
regions D and FII. The closeup optical micrographs of the
two patterns are shown in Figs. 5�c� and 5�d�, respectively. In
addition, a variation in the alternating morphologies is ob-
served when changing the value of Ca /CN in the D-S or D-Z
regions. With the decrease of Ca /CN in the D-S or D-Z re-
gions, the length of one period of morphology alternation
becomes longer and fewer stripes appear on one sample.

Our experiments show that the growth rates of various
morphologies are also different. For example, the DBM can
extend over the glass slide in several minutes with a growth
rate of about 100 �m /s when the relative humidity is about
50%, while more than two hours are required for cluster I to
start crystallization. In general, the larger the mass propor-
tion �Ca /CN�, or the higher the relative humidity �RH�, the
lower the growth rate.

The effects of the mass proportion and the relative humid-
ity on the morphologies of the NH4Cl aggregate are investi-
gated, respectively. First, the morphology evolution when
just increasing the mass proportion is shown in Fig. 6. It
shows that when the relative humidity is fixed at an interme-
diate value �here, RH=58%�, and the mass proportion is var-
ied from 1 /3 to 10, the morphology appears as DBM, dense-
zigzag branching pattern, fractal I and cluster I, in sequence.
Our experiments also show that accompanying this morphol-
ogy evolution, the rate of nucleation increases, and the
growth rate of crystallite decreases. Then, the morphology
evolution of NH4Cl crystals as the RH increases is shown in
Fig. 7. It illustrates that when the mass proportion of agar to
NH4Cl in the initial solution is fixed at a certain value �here,
Ca /CN=3�, and the relative humidity is varied from 30% to
70%, the morphology changes from fractal II to fractal I and
then to the zigzag pattern. The zigzag pattern in Fig. 7�c� is
shown at a lower magnification. The fractal I pattern has
much smaller size than the zigzag pattern despite that both of
them possess zigzag branches. While many small fractal pat-
terns appear simultaneously on the substrate in the region FI
and FII, one large zigzag pattern can grow throughout the
substrate in the region Z. Moreover, the lower magnification
of the fractal II is similar to that of fractal I. Thus, the crys-
tals grown in region FI show much more similarities with
that in region FII than that in region Z, and this is the reason
why we named the pattern in region FI the fractal I but not
zigzag II.

VI. PARTITION ON THE MORPHOLOGICAL PHASE
DIAGRAM FROM THE MACROSCOPICAL AND

MICROSCOPICAL POINTS OF VIEW

The microscopic surface morphologies of various NH4Cl
aggregates were further studied by AFM. The pictures of the
dense-zigzag branching pattern are taken as a representative
�see Fig. 8�. Figure 8�a� presents a full view of the morphol-
ogy transition from a dense branching morphology to a zig-

FIG. 6. Optical micrographs showing the morphology evolution
of NH4Cl crystals when the mass proportion in the initial solution
�Ca /CN� is varied from 1 /3 to 10 and the relative humidity �RH� is
fixed at 58%. �a� Dense branching morphology �Ca=0.2, CN=0.6,
Ca /CN=1 /3�, �b� alternating dense-zigzag branching pattern �Ca

=0.4, CN=0.2, Ca /CN=2�, �c� fractal I �Ca=0.6, CN=0.2, Ca /CN

=3�, �d� cluster I �Ca=2.0, CN=0.2, Ca /CN=10�.

FIG. 7. Optical micrographs showing the morphology evolution of NH4Cl crystals when the relative humidity �RH� is varied from 30%
to 70% and the mass proportion in the initial solution �Ca /CN� is fixed at 3. �a� Fractal II �Ca=0.6, CN=0.2, RH=30%�, �b� fractal I �Ca

=0.6, CN=0.2, RH=52%�, �c� zigzag pattern �Ca=0.6, CN=0.2, RH=70%�.
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zag branching morphology. Figures 8�c� and 8�d� are the
AFM micrographs of the surface of the DBM part, Figs. 8�e�
and 8�f� are that of the zigzag part. It can be seen that the
surface of DBM is very rough. In contrast, the surface of the
zigzag branch is smooth and faceted. In the zigzag part,
bunched steps can be clearly observed on the side face of the
crystallites, which is consistent with the results of previous
research �10�. A closer view of the transition region is shown
in Fig. 8�b�, from which the difference in surface morpholo-
gies between the DBM and zigzag part can be clearly seen.
In addition, both fractal I and the zigzag pattern have zigzag
branches with smooth surface as the zigzag branching mor-
phology has, and fractal II has the branching morphology
with rough surface as DBM has. As to cluster I and cluster II,
the AFM pictures of their surfaces are shown in Fig. 9. It can
be seen that cluster I has the same smooth surface as zigzag
branching morphology, and cluster II has the same rough
surface as DBM.

To sum up, based on the macroscopic morphological fea-
tures, the morphologies of NH4Cl aggregate could be divided

into three types: DBM, fractal, and cluster. Thus we can
propose a partition of the previous morphological phase dia-
gram. In Fig. 10�a�, three new regions are differentiated by
different colors, and the blank represents the transition zone
where the two alternating morphology transitions occur. So
both the alternating dense-zigzag transitions and the alternat-
ing dense-sparse transitions can be considered as alternating
morphology transitions between DBM and fractal. In detail,
alternating dense-zigzag branching pattern �D-Z� is formed
by alternating morphology transitions between DBM and
fractal I �fractal I has zigzag branches�, and the alternating
dense-sparse branching pattern �D-S� is formed by alternat-
ing morphology transitions between DBM and fractal II �in a
sense, the sparse branching morphology can be considered as
a variation of fractal II�. On the other hand, according to the
characteristics of the microscopic surface morphology, the
NH4Cl aggregates could be divided into two types: rough
and smooth surface. Based on the surface feature, another
partition on the morphological phase diagram is shown in
Fig. 10�b�. It can be seen that D-Z is formed by alternating

FIG. 8. Optical micrograph �a�
and AFM micrographs �b�–�f� of
the morphology transition of
NH4Cl crystals from a dense
branching morphology to a zigzag
branching morphology. �a� A full
view of the morphology transition
from DBM to the zigzag branch-
ing morphology. �b� AFM micro-
graph of the surface of the transi-
tion region from DBM to zigzag
branching morphology, corre-
sponding to the region pointed by
the arrow 2 in �a�. �c� AFM micro-
graph of the DBM part, corre-
sponding to the region pointed by
the arrow 1 in �a�. �d� AFM micro-
graph of the detailed surface mor-
phology of the region pointed by
the white arrow in �c�. �e� AFM
micrograph of the zigzag part,
corresponding to the region
pointed by the arrow 3 in �a�. �f�
AFM micrograph of the detailed
surface morphology of the region
pointed by the white arrow in �e�.
The growth condition is Ca=0.6,
CN=0.6, and RH=50%.
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transitions between the smooth surface growth and rough
surface growth, but D-S still belongs to the rough surface
growth.

VII. FORMATION MECHANISM OF THE DIFFERENT
MORPHOLOGIES AND THE ALTERNATING

MORPHOLOGY TRANSITIONS

As a general rule, different growth patterns are deter-
mined by the interplay between macroscopic driving force
and microscopic interfacial dynamics �27�. It can be seen that
the distribution of different regions in Fig. 10�a� mainly de-
pends on the value of Ca /CN, that is, with the increase of the
mass proportion �Ca /CN�, the morphology changes from
DBM to fractal then to cluster. It indicates that such a distri-
bution, which is divided according to the macroscopic mor-
phological features, is controlled by a macroscopic solute
transport dynamics. In present experiments, the solute trans-
port is mainly controlled by the mass proportion of agar to
NH4Cl in the initial solution. Crystallization of NH4Cl in our
system is realized by the evaporation of water. As time
passes, both concentrations of agar and NH4Cl gradually in-
crease every moment. When the NH4Cl solution becomes

supersaturated, crystallization begins. Compared to the time
taken for NH4Cl to begin crystallization, the completion of
crystallization takes a very short time. So the changes in
concentrations of agar and NH4Cl during the process of crys-
tallization can be neglected in our experiment. Considering
that the mass proportion of agar to NH4Cl in the solution will
be kept unchanged, the higher the initial mass proportion is,
the higher the concentration of agar gel is when crystalliza-
tion begins. As mentioned in Sec. II, the agar molecules form
a network and the density of the network increases with the
agar concentration. So with the increase of the agar concen-
tration, convection is suppressed, and diffusion will be the
only mechanism available for the supply of solute to the
growing crystal �28�. Besides, the diffusion coefficient of
solute also decreases with the increase of agar concentration
�28,29�. Therefore, the larger the mass proportion, the higher
the agar concentration, and the harder the solute transport.
Moreover, as proposed by Yasui and Matsushita �14�, the gel
with random network structure plays a role of random per-
turbations for crystal growth, and the degree of perturbations
is stronger with larger agar concentration. Thus, the distribu-
tion of regions in Fig. 10�a� can be explained as follows. In
the case of no agar gel, the solute diffuses easily and is
amply supplied in front of the growing interface. The aggre-
gate grows up very fast and appears as dendrite morphology
with strong anisotropy, which is a very common morphology
from normal aqueous solution. In the case of small mass

FIG. 9. AFM micrographs of the surface of cluster I and cluster
II. �a� Cluster I and �b� cluster II.

FIG. 10. Partitions on the morphological phase diagram from a
macroscopical and a microscopical point of view, respectively. �a�
According to the macroscopic morphological features, there exist
three regions: DBM, fractal, and cluster. �b� According to the char-
acteristics of the microscopic surface morphology, there exist two
regions: rough and smooth surface. The blank region is the transi-
tion zone in which two phases coexist. The capital letters D, Z, S, F,
and C represent dense, zigzag, sparse, fractal, and cluster,
respectively.
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proportion, the agar concentration is low and the solute is
well supplied, so the aggregate grows up quickly. However,
the anisotropy which stabilizes the dendrite growth is re-
duced by the random external perturbations from the gel.
Thus, random tip-splitting dominates the growth, and a DBM
is formed. In the case of intermediate mass proportion, the
agar concentration is intermediate, solute transport is limited
by diffusion, so the aggregate appears as fractal morphology.
The growth of fractal morphology is also governed by ran-
dom tip splitting, but its growth rate is about 10 times less
than that of DBM. Thus, nucleation takes place simulta-
neously at many places of the slide, each nucleus grows into
a fractal aggregate, and many fractals eventually spread over
the slide. Particularly, in the case of large mass proportion,
the agar concentration is rather high. As a result, the solutes
diffuse very slowly. In the ideal diffusion-limited aggrega-
tion, a deposited adatom diffuses randomly on the surface,
and once it hits an island it is trapped without further diffu-
sion. However, during real growth, the adatom reaching an
island will attempt to relax to a lower energy site by diffu-
sion along the island edge. When the edge diffusion becomes
faster than the rate at which an adatom reaches the island, a
fractal-to-compact morphology transition takes place
�30–33�. Also, if the edge diffusion barrier is sufficiently low,
the atoms can visit many edge sites of an island. Then all
edge sites can grow with an equal probability which is simi-
lar with the Eden growth model, and thus the island shape
will be similar to an Eden cluster �34�. Therefore, in the case
of large mass proportion in our experiment, as the rate of
diffusion decreases further, the adatoms will have sufficient
time to relax locally along the island edges before the arrival
of a new adatom, thus a compact island similar to an Eden
cluster is obtained.

In Fig. 10�b�, the distribution of the two regions based on
the characteristics of microscopic surface morphology is
considered to be controlled by microscopic interfacial
growth kinetics. It can be seen that when the relative humid-
ity is lower than 50%, fractal I and cluster I with smooth
surfaces are replaced by fractal II and cluster II with rough
surfaces, respectively. The transition from smooth to rough
interface is regarded as a kind of phase transition, and it is
termed as “roughening transition”�35–40�. It is well known
that thermal roughening transition occurs when the tempera-
ture becomes higher than a critical value, while kinetic
roughening transition takes place at a sufficiently large su-
persaturation when the temperature is below the thermal
roughening temperature �36–38�. In present case, tempera-
ture is fixed and the surface morphology changes with the
relative humidity, so the roughening transition is a kinetic
roughening transition. Many researches on crystallization
from solution have found that when the supersaturation ex-
ceeds a critical value, kinetic roughening takes place, which
makes the surface structure changes from smooth to rough
�39,40�. In our experiment, the supersaturation for NH4Cl
crystal growth is mainly controlled by the evaporation rate of
water and solute concentration in front of the growing inter-
face. The less the relative humidity, the larger the evapora-
tion rate is, then the larger the supersaturation is. On the
other hand, the smaller the mass proportion of agar to NH4Cl
is, the better the solute supply is, then the larger the super-

saturation is. According to this, the distribution of regions in
Fig. 10�b� can be explained as follows. When the mass pro-
portion is smaller �Ca /CN�1 /2�, the supersaturation is
larger than the critical value for kinetic roughening because
of the well-supplied solute. As a result, the aggregate appears
as DBM or dense-sparse branching pattern, both of which
belong to the rough surface growth. In the case of larger
mass proportion �Ca /CN�1 /2�, the larger agar concentra-
tion obstructs water from evaporation, and the solute is ill
supplied. These factors are unfavorable for raising supersatu-
ration. Therefore, only when the relative humidity is less
than 50%, the supersaturation can be larger than the critical
value for kinetic roughening, and the aggregate appears as
alternating dense-sparse branching pattern, fractal II and
cluster II, which belong to the rough surface growth. Other-
wise, it appears to be zigzag pattern, fractal I and cluster I,
which belong to the smooth surface growth.

As stated in Sec. VI, both of the alternating dense-zigzag
transitions and the alternating dense-sparse transitions can be
essentially considered as alternating transitions between
DBM and fractal. Since DBM results from a well supplied
growth at a small mass proportion and fractal morphology is
formed by the diffusion-limited aggregation at an intermedi-
ate mass proportion, the alternating morphology transitions
between DBM and fractal is considered to be caused by the
oscillation of the solute concentration in front of the growing
interface at a moderate mass proportion. It has been observed
in many systems that the solute concentration in front of the
growing interface oscillates when the competition of crystal
growth and solute transfer becomes very strong �41–43�. In
regions D-S and D-Z in Fig. 4, at the beginning of the ex-
periments, since solutes near the growing interface are suffi-
cient, the deposit has a DBM morphology and the system
belongs to region D. With the growth of DBM aggregate,
solutes in front of the growing interface are consumed, how-
ever, the transport of solutes towards the growing interface is
too slow to compensate the local depletion of solute concen-
tration. Therefore, the solute concentration in front of the
growing interface declines. Due to the local decrease of CN,
then of the local increase of Ca /CN, the system locally
moves horizontally in the diagrams shown in Fig. 4, and
enters region FII and FI, respectively. The deposit morphol-
ogy then switches from DBM to sparse or zigzag branching
morphology, respectively. During the slower growth of the
fractal-like branches, the rate of solute consumption is lower
than that of solute transfer. Consequently, solute in front of
the growing interface increases and fast DBM growth comes
back. This process repeats and thus alternating dense-sparse
transitions and alternating dense-zigzag transitions take
place. This suggested mechanism is compatible with our ex-
perimental data. Since lower agar concentration leads to a
better solute supply in front of the growing interface, when
decreasing the value of Ca /CN in the D-S and D-Z regions,
the DBM will grow longer, and the morphology transitions
will take place less frequently which will make the length of
one period of morphology alternation become longer. This is
indeed observed in our experiment as we have mentioned
before.
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VIII. CONCLUSION

In crystallization of NH4Cl on agar plates, the agar me-
dium plays an important role in impeding the solute transport
and promoting the tip splitting. With the mass proportion of
agar to NH4Cl increasing, the aggregate appears as DBM,
fractal, and cluster in sequence. On the other hand, with the
decrease of growth humidity, supersaturation increases.
When the supersaturation exceeds a critical value for kinetic
roughening transition, the aggregate transforms from the
smooth surface growth type �zigzag pattern, fractal I, cluster
I� to the rough one �fractal II, cluster II�.

The alternating dense-sparse transitions and the alternat-
ing dense-zigzag transitions are determined by the interplay
between macroscopic solute transport dynamics and micro-
scopic interfacial growth kinetics. Macroscopically, both of
them are transitions between DBM and fractal morphology,

and they result from the oscillation of solute concentration in
front of the growing interface at a moderate mass proportion.
Microscopically, the alternating dense-sparse transitions be-
long to the rough surface growth and the alternating dense-
zigzag transitions are transitions between rough surface
growth and smooth surface growth. Which one of them oc-
curs depends on the relative humidity, which controls the
supersaturation.
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