
46  Young Scientists Journal | 2013 | Issue 13

Original Research

Crystal self-organization

ABSTRACT

Introduction

“Self-organization” means that regular and complex 
patterns are formed naturally from a chaos. There 
are some self-organized crystals whose shapes are 
fractal. Snow crystals and metal leaves are said to 
be the examples of “Self-organization of Fractals” 
[Figure 1].

These metal leaves are thin layers of zinc. They are 
deposited at the interface between the two liquids by 
electrodeposition [Figure 2].

The main branch was cut off from the metal leaf and 
enlarged by a 1.5 magnification. They seem to have 
similar shapes as shown in these photos. So, metal 
leaves are considered to self-organize with their 
similar branches [Figure 3].

A “fractal” is defined as “a rough or fragmented 
geometric shape that can be split into parts each 

of which is a reduced-size copy of the whole,” a 
property called self-similarity. For example, the shape 
of kinds of artificial fractal is a Koch Snowflake.[1-4]  
It begins with an equilateral triangle and then replaces 
the mid-third of every segment with a pair of line 
segments that form an equilateral “bump.” Therefore, 
the ratio of two sides of before and after division 
is equal. The feature of fractal is that the volume 
approaches to a certain level, while the surface area 
increases steadily as the figure has gotten more 
complicated [Figure 4].

My hypothesis is that if the shapes of catalysts 
become fractal, the rate of chemical reactions 
increases and products are made in a shorter time.

In this paper, the study of the fractal nature of 
snow crystals and metal leaves has been chosen 
to examine the growth mechanisms in different 
boundary conditions.

After taking an interest in the lamella ridge structure of morpho butterfly wings, I 
investigated the self-organisation of crystals. Experiments were carried out by growing 
snow crystals and metal leaves, and analysing the shapes formed for fractal properties. 
It was found that both chosen examples displayed fractal properties and that for metal 
leaves, deposition rate increased with time and decreased with increasing thickness 
of the upper fluid layer, and fractal formation is dependent on the surface tension 
between the two fluids. These properties may have applications in both natural and 
artificial materials.
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On the right side, secondary dendrites appeared 
and the number of fine branches increased. On the 
left side, the branches had become long and they 
looked like needles [Figures 6 and 7].

Each angle between the six dendrites was 60°. The 
dendrite length ratio was almost constant. One of 
the features of fractal figures is the fractionalization 
proceeding in a geometric ratio. The results agree 
with the feature, and so, snow crystals seem to be 
fractal. This morphology is one of the phenomena of 
“self-organization” [Figure 8].

Growth patterns of zinc metal leaves
The second experiment involved making metal leaves 
to observe the growth of “self-organized structure” 
formed at the boundary of two liquids.

Materials for this experiment were: Petri dish 
(made of glass, diameter: 16 cm), ZnSO4 (aq) 
(concentration: 2 mol/l, 100 ml), Methylene Blue (5 ml), 
n-CH3COO(CH2)3CH3(40 ml), a graphite wire (diameter: 
0.5 mm, length: 8 cm), zinc plates (thickness: 0.2 cm, 
width: 2.5 cm, length: 50 cm), a battery, and a torch.

Figure 2: Zinc metal leaves

Figure 3: The branches of zinc metal leaves are cut off and each 
picture is magnified 1.5 times. Note how the shapes are similar at 
each magnification

Figure 4: The bumps of Koch Snowflake are cut off and each picture 
is magnified 1.5 times. Note how the shapes are similar at each 
magnification

Figure 1: Examples of self-organization of fractals. Snow crystal (left), 
metal leaf (right). We can notice the rules of shapes of crystals, which 
are formed naturally from a chaos

Experiments and Results

Growth patterns of snow crystals
The first experiment was the making snow crystals 
to observe the growth of “self-organized structure”.

The materials required for this experiment were: (1) A 
styrofoam box with a lid, (2) A PET (polyethylene 
terephthalate) bottle (500 ml), (3) A fishing line 
(diameter: 0.3 mm, length: 60 cm), (4) Dry ice 
(weight: 1~2 kg), (5) A drinking straw (length: 6 cm), 
(6) Paper clip, (7) Gummed tape.

An apparatus to form snow crystals was designed by 
referring to Mr. Hiramatsu’s[5] way [Figure 5]. A fishing 
line was put into the PET bottle, and water vapor was 
introduced into it by my breath. To cool the PET bottle, 
dry ice was put into the box.

The results of the experiment are as follows: The 
temperature was -59.8oC. After 4 minutes, there 
were a lot of dendrites on the fishing line. Dendrites 
grew radially and became a snow crystal with six 
long branches. After 43 minutes, different patterns 
of growth in opposite directions were seen.
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The solution of zinc sulfate with methylene blue was 
used, and acetic acid butyl ester was added into 
the solution. Because of the difference of density 
between the two liquids, they separated from each 
other. A graphite wire was fixed at the boundary of the 
two liquids as a cathode, and a zinc plate ring inside 
the petridish as an anode. Finally, the voltage was 
adjusted with 5V or 8V and the growth of the metal 
leaves was observed [Figures 9 and 10].

Under 5V, metal leaves continued to grow. After 
2 minutes, each leaf became approximately 0.85 cm 
[Figure 11]. When the voltage was increased from 
5V to 8V, fine dendrites had grown from the tip of a 
metal leaf. The growing speed of dendrites under 
8V was twice or three times as rapid as that under 
5V [Figure 12].

To confirm the figure is fractal, it is necessary 
to show the figure has a certain complexity and 
fractionalization with a fractal dimension. For 
example, the fractal dimension of Koch Snowflake, 
which is a typical example of fractal, is measured 
by scale transformation. The scale transformation is 

one of the well-known methods of calculating fractal 
dimension.

I, therefore, prepared a Koch Snowflake figure and 
counted the number of each scale between two 
apices A and B. The results were plotted on a log-log 
graph, and the linear relationship was obtained. It is 
shown that a fractal figure has a certain dimension 
[Figure 13].

The fractal dimension of metal leaves was measured 
by scale transformation in the same way.

First, I inspected each branch of the metal leaves 
as a line from the cathode to the tip of the branch 
[Figure 14], and next, chose the branches which 
had grown preferentially by the effect of the electric 
shielding. Finally, the values measured by scale 
transformation were plotted on a log-log graph 
[Figure 15].

Figure 5: The inside of the PET bottle is supersaturated with vapors

Figure 6: The snow crystal after 15 minutes

Figure 7: The snow crystal after 43 minutes

Figure 8: The branches appear in almost regular ratio, and so snow 
crystals seem to be fractal
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The lines’ slope became parallel, and so it shows 
that the branches of the metal leaves self-organize 
with self-similarity. Moreover, the fractal dimension of 
these metal leaves was calculated by box counting.

D N
r

= log log 1
[2-4,6]

D – The fractal dimension.

r – The amount of element for which D is being 
calculated. Here r is the length of measurement.
N – The number of times r goes into the element.

The result was 1.653. The fractal dimension of zinc 
metal leaves has been reported as 1.66 ± 0.33 by some 
researchers. The calculated results agreed with this.

Figure 14: The branches of the metal leaves were looked upon as a line

Figure 13: The slope of the graph became a fixed value. This value 
means fractal dimension, so it is concluded that Koch Snowflake have a 
uniform fractal dimension and the shapes of Koch Snowflake are fractal

Figure 12: The metal leaf under 8V

Figure 11: The metal leaf under 5V

Figure 9: The apparatus for making zinc leaves

Figure 10: The cross section of the experiment apparatus. The 
transparent upper layer is acetic acid butyl and the blue lower layer is 
the solution of zinc sulfate with methylene blue. This method of making 
“zinc” metal leaves is written in books such as “Physics of Fractal” 
(Mitsugu Matsushita), but I thought this up myself. For example, 
methylene blue was used to color only the solution of zinc sulfate 
because it made the boundary of the two liquids where the metal 
leaves grew distinguishable. Moreover, methylene blue doesn’t become 
denatured when an electric current flows in the solution of zinc sulfate
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Dependence of growth rate on electric field
I traced the branches of the metal leaves on a section 
paper [Figure 16].

This is assumed as one of the typical examples of the 
metal leaves. Although there is no precise explanation 
for the way of metal leaf growth, it is necessary to 
observe common features of precipitation of metal 
leaves.

Because of the random movement of zinc ions in 
the solution, the growth of metal leaves is dominated 
by the probability of collision between the metal 
leaves and zinc ions. It is considered that the longest 
branch extends preferentially because the metal leaf 
grows toward the opposite electrode, and zinc ions 
precipitate at the tip of the metal leaf according to a 
distribution of the electric current intensity.

So, I decided to carry out an experiment to observe 
the unidirectional growth of metal leaves [Figure 17].
This picture shows a result. The metal leaf grew 
straight along the scale [Figure 18].

This graph shows the rate of the longest metal leaf 
growth [Figure 19].

The rate was almost proportional until 1,100 seconds, 
and then the rate increased because of the effect of the 
electric field when the tip of the metal leaf approached 
the anode. The reason for this is that the zinc metal 
leaves are electrical conductors. As the precipitation 
proceeds, the branch of the metal leaf grows toward 
the opposite electrode and the distance between the 
two poles decreases. When the distance between the 
cathode and the anode is small, the gradient of the 
voltage in the electric field increases and hence the 
electric current is gathering force.

Figure 15: The slope of each graph line became a fixed value and the lines of this figure are parallel

Figure 17: The anode of a zinc plate is left, and the cathode of a graphite 
wire is right

Figure 16: The branches of metal leaves were traced on a section paper, 
and then the data was input into a computer to make the model of 
metal leaves

Dependence of growth rate on the surface 
tension between the two liquids
I assumed that the cause of the complex shapes of 
metal leaves becoming fractal was the state between 
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the two liquids, so first, I changed the quantities of 
acetic acid butyl of each sample.

These figures show the differences between Sample 
A and B.

When the amount of acetic acid butyl was small such 
as Sample A, it showed rapid growth and when there 
was the larger amount of acetic acid butyl, the growth 
of the metal leaves stopped after a while [Figure 20].

Therefore, the thicker the upper layer, the harder 
it is for the branches of metal leaves to grow. The 
thickness of upper layer changes hydrostatic 
pressure on metal leaves and so the amount of acetic 
acid butyl controls the growth of metal leaves.

Because of this result, the surface tension, the power 
between the two liquids, was considered to change. 
Moreover, many kinds of liquid in the upper layer have 
their own different natures including the sizes of the 
surface tension [Figure 21]. So, I decided to see 
the effect of changing the surface tension between 
the two liquids.

I placed a surface-active agent to the solution of zinc 
sulfate for Sample C to reduce the surface tension. 
The precipitation behaviour of Sample C was different 
from that of Sample A. The shape of deposition 
became thin and irregular [Figure 22].

The growing speed of metal leaves of each sample 
was different. When a surface-active agent was 
added between the two liquids, the metal leaves grew 
filmy and more rapidly because the surface tension 
between the two liquids had decreased [Figure 23].

Therefore, the surface tension between the two 
liquids has an effect to the growth and figures of 
metal leaves.

Summary

The figures of crystals such as snow crystals and 
metal leaves have the feature of fractal. Furthermore, 
their figures repeat complication through their growth.

The amount of deposition increases as time passes 
because the stronger the electric field is, the more 
electronic current flows in the solution of zinc sulfate. 
When metal leaves grow and get long, the tip of the 
cathode get closer to the anode of the zinc plate, so 
the electric field becomes stronger as time passes. 

Figure 18: The metal leaf which extended from the cathode to the 
anode along a straight line

Figure 19: The rate of the longest metal leaf was proportional to the 
time until 1100 seconds, and the rate increased because of the effect of 
the electric field when the tip of the metal leaf came near to the anode

Figure 20: The amount of acetic acid butyl was changed under 8V. In 
Sample A, 30 ml. In Sample B, 50 ml
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Moreover, the growth of metal leaves is influenced 
by the electric field and the longest branch extends 
preferentially. This is the factor of the difference of 
the length of dendrites, which have grown like a 
concentric circle at the beginning of the experiment.

About metal leaves, when the amount of the liquid 
of the upper layer is large, the speed at which the 
metal leaf lengthens decreases, on the other hand, 
when the amount is small, the lengthening speed 
increases. Although the weight of the liquid in the 
upper layer presses the boundary of the two liquids 
uniformly, it seems to control the way of deposition 
of the branches which grow along the direction of 
the electric field.

There is the surface tension between the two liquids 
where metal leaves grow, so when a surface-active 
agent is added and the surface tension between 
the two liquids becomes small, the growing speed 
of metal leaves becomes quicker, metal leaves 
don’t diverge clearly, and the tip of the metal leaves 
becomes filmy. The effect of the surface tension is 
thought to be a necessary condition for crystals which 
have the feature of fractal to be formed.

Future Prospects

It is thought that the difference in the amount of the 
surface tension between the two liquids becomes 
one of the factors, which controls the growth of metal 
leaves through the experiment with surface- active 
agent. Furthermore, the reason zinc metal leaves 
continue to grow between the two liquids, despite 
having a higher density than acetic acid butyl and 
the solution of zinc sulfate, seems to be because 
of the force which attracts from the upper layer. 
This force is thought to equal the surface tension 
between the two liquids and so metal leaves do not 
usually sink to the bottom of the container. I want 
to measure the surface tension between the two 
liquids quantitatively and consider the more concrete 
relationship between the figure of metal leaves and 
the effect of surface tension. Moreover, I also want to 
carry out some experiments to clarify the mechanism 
of the hydrostatic pressure that has effects on the 
figures of metal leaves.

There are many phenomena of self-organization 
around us not only in nature but also in an artificial 
world. I think that many things in nature teach 
us some rules. Fractal crystals formed naturally 
showed the feature of growth and it will help future 

fractal catalysts be self-organized. I am going to 
consider how to control the surface tension when I 
make the self-organized crystals which grow three-
dimensionally in the solution.

Moreover, through our own studies and research, we 

Figure 23: The graph about the growth of metal leaves of Sample A, 
B, and C

Figure 22: A surface-active agent was added to reduce the surface 
tension between the two liquids

Figure 21: Olive oil was added on the solution of zinc sulfate instead 
of acetic acid butyl



Young Scientists Journal | 2013 | Issue 13  53

can notice the connection of various science fields 
and learn the importance of the relation of each point 
of view. And I think my research can be linked to 
the development of new materials. For example, at 
present in Japan, there is a new fiber, Morphotex,[7]  
developed by Nissan, Teijin, and Tanaka metal 
company, given hints by the surface structure of 
Morpho butterfly wings.

So, I think utilization of the rules from the phenomena 
of self-organization will arrive at the development of 
new materials.
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