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Metallic clusters of cadmium have been revealed in CdI2 crystals
grown from a melt or a gas phase by means of the scanning
electron microscopy (SEM) technique. It is shown that, in the
former case, the clusters are formed when a composition deviates
from the stoichiometric one towards a cadmium content growth.
In the latter case, the metallic clusters form fractal structures,
whose fractal dimension is D ≈ 1.73, on the surface of crystals.
The algorithms to analyze the cluster structures on the basis
of their images are proposed and implemented. This makes it
possible to calculate the radii of clusters, intercluster distances,
and distribution functions for these parameters. It is demonstrated
that there exists a difference in numerical parameters between the
clusters formed in crystals grown by different techniques, which
points to the differences in the cluster formation mechanisms. The
formation of cluster structures on the surface of the crystals grown
from a gas phase is simulated in the frame of a diffusion-limited
aggregation model. It is concluded that these structures are formed
by the particle-cluster mechanism, with the growth centers being
inhomogeneous regions of the surface of a crystal.

1. Introduction

Crystals of iodine cadmium belong to a MX2-type
halogenide family with a layered structure which is
characterized by a dense hexagonal package of iodine
atoms, where a half of octahedral voids is occupied by
cadmium atoms. Strong ionic-covalent bonds between
cadmium and iodine atoms give rise to the formation
of triple layers (or “sandwiches”) I–Cd–I, which are
considered as the structure unit of a crystal. Three-
dimensional crystals are formed by stacking these
sandwiches. In this case, each two triple layers are
bound by weak van der Waals forces, which brings
about an ideal cleavage of CdI2 along (0001) basal
planes.

Separate stacking faults, which exist in a dense
atomic package, give rise to a one-dimensional (along
the c-axis) structure disordering, whereas their periodic
repetition results in the formation of polytypic
modifications, the number of which reaches 200 for
CdI2 [1].

The ordered arrangement of triple layers along
the c-axis, which corresponds to the hexagonal close
package rule, constitutes the 2H polytype with unit cell
parameters a = b=0.428 nm and c=0.686 nm. However,
most wide-spread is the four-layered 4H-CdI2 structure,
whose unit cell contains two triple layers. Therefore, the
c-parameter of the 4H polytype is twice as greater as
that of the 2H one and equals 1.373 nm.

A weak bond between the iodine atoms from the
neighboring triple layers leads to the existence of van
der Waals gaps in the CdI2 structure, which are formed
by unoccupied octa- and tetrahedral voids. Since the
thickness of an I–Cd–I sandwich is 0.342 nm [2], the
width of the van der Waals gap in CdI2 can be calculated
from the value of the c-parameter for the 2H polytype
and is 0.344 nm.

A characteristic feature of CdI2 is that, irrespective
of the growth method and the post-growth heat
treatment, it contains overstoichiometric cadmium
atoms Cdi. The investigations show that these atoms
are predominantly located in octahedral voids of the van
der Waals gaps and can form the chemical bonds with
iodine atoms from different sandwiches. This process
can be considered as the CdI2 self-intercalation, and it
gives rise to a change in the c-parameter of the crystal
lattice [3]. This manifests itself, in turn, in changing the
electron spectra [4,5], the frequency of the 127I nuclear
quadruple resonance (as a result of a variation of the
gradient of an electric field [3]), and has an influence
on the nonlinear optical properties [7,8]. It is concluded
from the concentration dependences of these effects that
the overstoichiometric cadmium atoms can form metallic
clusters (Cdi)n [3,5]. It should be noted that similar
effects were also observed in doped CdI2 crystals as a
result of the localization of impurity atoms in van der
Waals gaps [14–19].

The aim of this work is to prove the existence of
metallic clusters by making use of the SEM methods and
to develop an approach and algorithms of determination
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of the quantitative characteristics which can be used to
describe the clusters and the structures they form in the
CdI2 crystals with a broken stoichiometry.

2. Crystals for Investigation

The objects of investigation were CdI2 crystals
with a controlled deviation from the stoichiometric
composition, which were grown from a melt by the
Bridgman–Stockbarger method. The crystals with the
concentration of interstitial Cd atoms Ni = 1016, 1017,
1018, and 1019 cm−3 were obtained by means of the
introduction of metallic cadmium, whose concentrations
were 10−4, 10−3, 10−3, and 10−1 mol% respectively,
in the melt (the concentration of atoms in CdI2 is ∼
1022 cm−3). Assuming that the Cdi atoms are uniformly
distributed within the lattice, the distance between the
overstoichiometric atoms can be estimated from the
relation

r = N
−1/3
i (1)

and is 46, 21, 10, and 5 nm, respectively.
Along with these specimens (in what follows – CdI2-

M crystals), the CdI2 crystals obtained from a gas phase
were investigated (in what follows – CdI2-G crystals).
The latters were in the form of thin (d & 10 µm) plates
and had areas of 5–10 mm2.

3. Microscopic Studies

The investigation of the surface microstructure for
the CdI2 crystals was performed with the use of
an JEOL-T220A electron microscope. Freshly cleaved
(0001) base planes for the CdI2-M crystals and “aged”
surfaces for the CdI2-G ones were studied in reflected
and elastically scattered electrons. In all the cases, the
electron beam energy was 20 keV.

For the CdI2-M crystals with 0.1 mol% of
overstoichiometric Cd, the clusters on the crystal surface
are clearly discernible (Fig. 1). Their distribution over
a specimen surface is nonuniform; there are regions
which do not contain the clusters at all. There exists
a correlation between the surface density of clusters
and a degree of deviation of the composition from
the stoichiometric value: the largest cluster density is
observed in the crystals with the highest degree of the
composition deviation (0.1 mol %). No regions with a
high cluster density are revealed in the crystals with a
lower level of doping.

Metallic clusters were also revealed on the surface of
the CdI2-G crystals (see Fig. 1). In all the cases, the

Fig. 1. SEM patterns for clusters on the surface of CdI2-G (left)
and CdI2-M (right) crystals

Fig. 2. Self-similarity of the cluster structure on the surface of
a CdI2-G crystal. The image is magnified by 100 (left) and 500
(right) times

clusters on the surface of the CdI2 crystals form fractal
structures. This follows from a self-similarity, which can
distinctly be seen at different magnifications (Fig. 2).
The fractal dimension of these structures calculated by
a box-counting method [21] is D ≈ 1.73.

The data available in the literature on the
microscopic studies of the CdI2 surface refer only to the
crystals obtained from an aqueous solution [1,12,13]. The
substeps were revealed on the spirals of growth. These
substeps are formed on the (0001) base planes, and the
distance between them is a multiple of the a-parameter
of the crystal lattice [12]. This distance depends, in
turn, on a degree of supersaturation of a solution σ and
diminishes with increase in σ, according to the theory of
a dislocation growth.

Atomic force microscopy methods made it possible to
observe steps, terraces, channel-like hollows, and islets
on the surface of CdI2 crystals [3]. At the same time, the
area between these topography elements is atomically
flat. It is revealed that the morphology of the CdI2
surface undergoes changes after the crystals are kept in
air. This phenomenon is associated with the processes of
solution and recrystallization which occur on the surface
as a result of the absorption of a thin layer of water.

Work [13] provides the evidence of that the exposure
of CdI2 to an electron beam gives rise to the formation
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of nanoparticles with a closed cell structure. These are
predominantly metallic, since the ratio of the Cd content
to the I one is 2 : 1, whereas this ratio equals 1 : 1.5 for
the stoichiometric CdI2. Such a phenomenon is a result
of the recrystallization, which is initiated, in turn, by
the evaporation under the action of the electron beam.

4. Calculation Technique and Results of
Numerical Simulation

To interpret the results obtained by electron microscopic
studies, one should look for a way to quantitatively
characterize the clusters and the structures they form.
Here, we proposed the algorithms of image vectorization,
which can give quantitative characteristics for the
clusters observed. Consider the vectorization process in
more details.

Define a cluster on raster images as an aggregate
of elements (image pixels) grouped into the classes
characterized by specified parameters which can vary
only within the certain limits peculiar to each of
the classes. For a graphic BMP standard, the pixel
brightness and the distance between pixels were chosen
as the grouping parameters.

To measure the cluster characteristics, the
image vectorization should be carried out first. The
vectorization procedure consists in the conversion of
an image into a numerical format which allows its
subsequent deep analysis. The first step in this operation
is the smoothing of a raster image to eliminate the noise
effects, because these will subsequently become evident
in the form of separate pixels. In our case, the smoothing
procedure was carried out by averaging the brightness of
a pixel with respect to that of the neighboring elements,
and this was done by means of the discrete convolution
of a raster image with Gaussian [11].

The next step in the cluster vectorization, according
to the algorithm chosen, is an image binarization. This
procedure consists in a grouping of pixels according
to whether the brightness parameter belongs to a
specified range or not [11]. In its turn, the boundaries
of this range specify the number of elements which
will eventually be included in clusters and the number
of clusters themselves. To define such a range, it is
enough to specify the minimal (maximal) brightness
value and the so-called brightness threshold. As a
result of the binarization, an image is segregated into
separate clusters. They can be larger or smaller in size,
depending on whether a lower or a higher value of the
brightness threshold is chosen. This results in a smaller
or greater number of clusters, respectively. Returning
to our case, the brightness threshold was chosen in

such a way that the number of clusters was as large
as possible.

The further step consists in the use of the algorithm
of point filtration with the aim to separate those clusters
which have a small number of the points of contact on
a binarized image.

To clusterize the elements on a binarized image, we
used one of the agglomerate algorithms [9,10] which
merges a few clusters into a single one, basing on the
results of the comparison of intercluster distances with
a preset threshold value. At the initial step, each pixel
is considered as a separate cluster. The clusters are
joined together if the distance between them does not
exceed the preset threshold value. This procedure recurs
until the distance between all clusters is greater than
the threshold value. As a result of the clusterization
procedure, a pixel array is ascribed to each the cluster.

Proceeding from such a representation of the data,
the clusters were approximated by circles with radius R
which was defined as

R =

√
S

π
, (2)

where S is the cluster area calculated from the number
of elements which form the image. The coordinates of
the center of such a circle were defined as the average
values of pixel coordinates of the array for each cluster.
In a similar way, the distance Rc to a nearest neighbor
was defined as the smallest of the distances to all other
clusters.

The analysis of the cluster structures on the surface
of the CdI2 crystals was carried out with the use of the
techniques described above. The numerical parameters
which characterize the clusters and their distribution on
the crystal surface are presented in the Table.

An important characteristic is the cluster radius
distribution function F (R). The knowledge of it makes
it possible to calculate the number of clusters Nc, whose
radii are between R1 and R2:

Nc = N

R2∫

R1

F (R)dR, (3)

where N is the total number of clusters.

Measured characteristics for the cluster structures: R̄
is the average cluster radius, σR the root-mean-square
deviation of R, R̄c the average distance to the nearest
neighbor, σRc the root-mean-square deviation of Rc

Crystal R̄, µm σR, % R̄c, µm σRc , %
CdI2-M 0.085 31 0.622 31
CdI2-G 0.122 36 0.489 25
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a b

Fig. 3. Cluster radius distribution for the patterns on the surface of the CdI2-G (a) and CdI2-M (b) crystals: points – the data obtained
by means of the image processing, solid line – the corresponding Gaussian distribution

The data on the distribution of clusters over
radii, which were derived from the processing of
the SEM images obtained experimentally, are shown
in Fig. 3,a,b for the CdI2-G and CdI2-M crystals,
respectively.

To carry out the calculations, the whole range of the
radius values was divided into equal intervals and the
number of the clusters, whose radii were within a certain
interval, was counted. The normalized values obtained
in such a way are shown by points. The solid curves in
Figs. 3 and 4 show the Gaussian distribution calculated
according to the formula

F (R) =
1√
2πσ

exp
[
− (R− R̄)2

2σ2

]
, (4)

where R̄ is the average value and σ is the variance.
These two parameters were taken from the statistical
computations (see the Table). It is clear that the cluster
radius distribution functions obtained in different ways
well correlate with each other.

Similar distribution functions were obtained for Rc

for the cluster structures on the surfaces of the CdI2-G
and CdI2-M crystals.

Let us analyze the obtained results and carry out
their comparison. First, we calculate the number of
the atoms which form a cluster. The cluster radius
is related to the number of particles contained in
it,

R = rWSN1/3, (5)

where rWS is the radius of a Wigner–Seitz cell. It can be
calculated as

rWS =
(

3
4πn

)1/3

, (6)

where n is the concentration of free electrons [24]. For
cadmium, n = 9.27×1022 cm−3 and, thus, rWS = 1.37 Å.
As a result, the average number of atoms in a cluster is
≈ 2.4× 108 for the CdI2-M crystals and ≈ 7.1× 108 for
the CdI2-G ones.

The data presented in the Table show that the
intercluster distance is far greater than the cluster
radius. At the same time, this distance is comparable
with a wavelength of visible light.

Let us compare the cluster sizes with the electron
free path. It is known [25] that the electron free path in
metals does not exceed 20 nm at room temperature and
thus is 4–6 times less than the cluster radius. Another
natural scale is the Fermi wavelength

λF =
2π

kF
, (7)

where the Fermi wavenumber kF can be found from the
expression [24]

kF = 3
√

3π2n. (8)

For cadmium, kF = 1.4×108 cm−1, and, thus, the Fermi
wavelength λF = 0.45 nm, which is again less than the
cluster radius.
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Fig. 4. Fractal structure (2000 elements) simulated within the
particle-cluster model

The analysis of the data of the Table also
demonstrates a difference in the cluster radii R
between the CdI2-M and CdI2-G crystals. This points
to the differences in the cluster formation mechanisms.
In the case of the CdI2-M crystals, the clusters are
formed in the crystal bulk as a result of the diffusion of
non-stoichiometric cadmium atoms and their subsequent
merging into aggregates in the van der Waals gaps.
In another case, however, the clusters are formed on
a surface, and this is likely to occur as a result of
the surface diffusion of cadmium atoms which are
formed upon the dissociation of CdI2 molecules at high
temperatures of the crystal growth.

With the aim to explore the formation mechanism
for fractal cluster structures on the surface of CdI2-
G crystals, two computer-based models of growth are
considered to be suitable: the particle-cluster model [22]
and the cluster-cluster [23] one. In both the models,
the clusters are formed by means of the merging of
smaller objects (atoms, subclusters). The main difference
between these models is that the former model presumes
the existence of a growth center (a nucleus), whereas the
latter one considers all structural elements as equivalent.
Figure 4 shows the model of a fractal structure which
consists of 2000 elements and is formed according to
the particle-cluster algorithm. Its fractal dimension is
D ≈ 1.70, which is close to the value for the real
structure observed on the surface of a CdI2-G crystal.
For this reason, it can be concluded that the formation

of clusters and their aggregates occurs around separate
centers which can be, as follows from the microscopic
studies [2, 12], such peculiarities of a surface relief as
grooves, terraces, dips, etc.

5. Conclusions

The SEM methods made it possible to prove the
existence of metallic cadmium clusters in the CdI2
crystals grown from a melt and the gas phase. The
correlation is found between the features of the cluster
formation and a degree of the composition deviation
from the stoichiometry. On the surface of the CdI2-G
crystals, the metallic clusters form the structures whose
fractal dimension is D ≈ 1.73.

We have proposed and implemented the algorithms
to analyze the images of the cluster structures. These
include the primary image processing as well as the
algorithms of vectorization, filtration, and calculation
of a fractal dimension. This paves the way for the
calculations of the numerical parameters of clusters and
the structures they form.

It is demonstrated that the radius of the clusters
formed on the crystal surface is greater for the CdI2-
G crystals than that for the CdI2-M ones, which implies
the difference in the mechanisms of their formation. It is
shown that there is a good agreement between the fractal
dimension for the real crystals and those obtained within
the frame of the particle-cluster model, which points to
a likely mechanism of their formation.
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ЕЛЕКТРОННО-МIКРОСКОПIЧНI ДОСЛIДЖЕННЯ
ТА КОМП’ЮТЕРНИЙ РОЗРАХУНОК ЧИСЛОВИХ
ХАРАКТЕРИСТИК МЕТАЛIЧНИХ КЛАСТЕРIВ
В КРИСТАЛАХ CdI2

I.М. Болеста, Р.I. Грицькiв, Ю.Р. Дацюк, Б.М. Павлишенко

Р е з ю м е

В роботi методами скануючої електронної мiкроскопiї виявле-
но металiчнi кластери кадмiю в кристалах CdI2, вирощених з
розплаву та з газової фази. Показано, що у кристалах, виро-
щених з розплаву, кластери утворюються за умови порушен-
ня стехiометрiї у бiк збiльшення вмiсту металiчного кадмiю.
На поверхнi кристалiв, отриманих з газової фази, металiчнi
кластери формують структури, фрактальна розмiрнiсть яких
D ≈ 1, 73. Запропоновано та реалiзовано алгоритми аналiзу
кластерних структур на основi їхнiх зображень, з допомогою
яких визначено радiуси кластерiв, вiдстанi мiж ними та функ-
цiї розподiлу цих величин. Встановлено, що числовi параметри
кластерiв є рiзними для кристалiв, вирощених рiзними метода-
ми, що свiдчить про наявнiсть вiдмiнностей у механiзмах утво-
рення кластерiв. В рамках моделей агрегацiї з обмеженою ди-
фузiєю змодельовано утворення фрактальних структур на по-
верхнi кристалiв, вирощених з газової фази, та встановлено, що
фрактальнi кластери утворюються за механiзмом “частинка–
кластер”, центрами росту в якому можуть служити неоднорiд-
ностi структури поверхнi кристала.
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