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Structural characteristics of fractal clusters grown during vapor-solid transformation
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Fractal growth of molybdena, iodine, and carbon during vapor-solid transformation was studied experimen-
tally. Three types of self-similar fractal clusters were observed, respectively. These clusters included two
different crystalline structures, that is, single crystal and amorphous solid. The microstructure of single crystals
included whiskers, ribbonlike crystals, and dendrites. The whiskers or ribbonlike crystals stacked together
easily, and formed a bifurcation aggregate such as a molybdena fractal cluster. Under certain conditions, some
dendrites were distorted and became branches of a network cluster, such as an iodine quasifractal cluster. The
branching amorphous clusters of carbon aggregated at the edge of a glass sample after being irradiated by an
electron beam. It is revealed phenomenologically from the experimental results that microstructures of these
fractal clusters depended strongly on their growth conditip®%063-651X97)13505-X

PACS numbgs): 68.70-+w, 68.35.Rh

I. INTRODUCTION Il. EXPERIMENTAL RESULTS AND DISCUSSION
Self-similar or self-affine fractal structures with features A. Stacking fractal of molybdena crystal
similar to fractal models reported earligr] can be found in Self-similar two-dimensional fractal clusters of molyb-
nature on all astronomic as well as microscopic Iengthde”a were observed during vapor-solid transformation. The
scales. Examples include clusters of galaX®@ks the distri- ~ €xperimental setup that has been chosen for this study is a
bution of earthquakes, and the structures of coastlines, riverggpor-deposition system. The high-purity molybdena powder
and cloudg3]. Fractal cracks occur on length scales rangingvas used as the source material. The temperature was se-
from 1000 km(such as the San Andress fauid microme- lected between 750 and 900 °C, and the duration ranged
ters(like fractures in solid material§4]. The fractal concept from 0.5 to 2 h. The system was program-cooled from the
has become an important tool for understanding irregulagelected temperature to 400 °C at a rate of 2°C per minute,
complex systems in various scientific disciplings-10. and from 400 °C to room temperature at 5 °C per minute.
Many theoretical and experimental studies have been carried Figure Xa) shows the scanning electron microscopy
out in the past 20 years. A number of complicated and fastSEM) image of a fractal cluster grown at 750 °C for 0.5 h.
cinating fractal patterns were obtained by computer simulaThis is a highly ramified cluster of molybdena crystals. Fig-
tion or experiments. It is very important to explain the ure 1(b) is a closer view of the fractal cluster at a magnifi-
growth process of these fractal patterns. The interplay besation of 5000. It is clear from Fig.(i) that each branch of
tween the macroscopic driving force associated with thghe fractal cluster consists of many needlelike whiskers.
phase transformation and microscopic interfacial dynamics i¥hese whiskers have the same shape, with a length in the
one of the most challenging topics. range of 2—9um, and a width of 60—300 nm. It is significant

Study on crystal growth under nonequilibrium conditionsthat most of these whiskers stacked together in parallel or
is helpful to understand the above question. In general, thiperpendicularly. This kind of fractal cluster is characteristic
kind of crystal growth can result in various complex patternsof stacking, and may be called a “stacking fractal.” The
that are similar to those found in processes such as viscowacking fractal is totally different from other fractal aggre-
fingering, aggregation, and electrochemical deposition. Mosgates reported earli¢d2—14.
of the research has been focused on systems in which the The micrograph of a molybdena fractal cluster grown at
macroscopic dynamics is determined by a diffusion field. Fo900 °C for 2 h shows another kind of stacking fractal. Many
such systems, the patterns that form spontaneously may ibbbonlike crystals stacked in parallel formed each branch of
grouped into a small number of typical “essential shapes” orthe cluster as shown in Figs(cl and Xd). All of the ribbon-
morphologies, observed in different systems and over manijke crystals have the same narrow striplike shape with both
length scale$11]. ends flat, with a length in the range of 100—2&fh, and a

In this paper the fractal growth of molybdena, iodine, andwidth in the range of 2—2@m.
carbon during vapor-solid transformation is reported. These A nucleation-aggregatiofNA) model is proposed to ex-
interfacial fractal clusters consist of whiskers, single crystalsplain the stacking fractal of molybdena single crysf{dlS].
dendrites, and amorphous clusters, respectively, and reveahe NA model allows the whiskers or ribbonlike crystals to
phenomenologically different growth kinetics that dependsdeposit randomly on the whole growing pattern including its
upon the corresponding growth condition. interior. It is similar to the random raifRR) model from the
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(b) - d

FIG. 1. (a) The cluster of molybdena whiskers featured by the stackup, grown at 750 °C for (b TFhe closer view of the cluster
shown in(a). (c) The cluster of molybdena ribbonlike crystals featured by the stackup, grown at 900 °C féd)ZTie closer view of the
cluster shown inc).

point of view of random depositiohl6]. The major differ- and sixfold symmetrical snowflakelike crystals. The self-
ence between the NA model and the Di@iffusion limited  similar fractal clustennot shown hereconsisted of many
aggregationmodel[17] is that the growth rate of the fractal globular chains. The diameter of the globule is between 20
cluster is controlled by a stacking process rather than a difand 110um. A quasifractal network cluster of iodine depos-
fusion process. The stacking fractal of molybdena crystalgs grown at 130 °C for 1.5 min is shown in Fig. 2. It is clear
was formed due to temperature field, concentration quctugfrom Fig. 2a) that this network cluster consisted of numer-
tion, and long-range correlations of molybdena molecules iny,s pranch crystals, and is a complicated structure between

the system out of equilibrium. The experimental temperaturgne standard fractal cluster and symmetrical dendrite. Figure
had considerable effect on the stacking form and morpholz(b) is particularly significant in an understanding of the

ogy of the fractal cluster. morphology transition. There exists a network pattern con-
taining several dendrites. It can be seen from Fi@p) Zhat
some side branches of the dendrites were distdtteat is, a
Fractal aggregation of iodine during vapor deposition wasnajor modification of the dendrite’s shapeuring their
also studied experimentally. A set of glass equipment wagrowth process, and grew up more easily than the others and
employed for this work. The commercial iodine crystal wasbecame the constituent part of the network cluster. It is re-
used as the source material, and heated by an electricagaled that these dendrites were strongly influenced by cer-
heater. The temperature was selected between 110 amain perturbation during their growth process. Some side
140 °C. The iodine vapor evaporated from the iodine sourcéranches of the dendrites were affected by long-range corre-
was cooled at a different cooling rate that ranged from 0.6 tdations, and changed their morphologies. The closer view of
2 °C per second. The iodine vapor deposited on a piece dhe distorted dendrites is shown in FigcR The dominant
pentaerythrit€ PET) film covered the inner wall of the glass factors that affect the growth process of a quasifractal net-
container. A wide variety of iodine deposits was obtained onwork cluster are considered to be the same as those in the
the surface of the PET film. molybdena case mentioned above. The quasifractal network
The iodine deposits displayed mostly three different mor-cluster and distortional dendrites shown in Fig. 2 are the
phologies: the fractal cluster, quasifractal network clusterexperimental evidence of the long-range correlations.

B. Quasifractal structure of iodine dendrite
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FIG. 3. TEM micrographs of the bushlike carbon clustees.
Morphology of the sample bombarded for 5 min) Closer view of
the self-similar branched structure shown(a.

W/m kelvin approximately, and the specific conductivity is
below 10 O "'m~! [18]. The sample was bombarded
with an electron beam of energy 100 keV. The current den-
FIG. 2. (a) Quasifractal network cluster of iodine deposits Sity was typically 16-10' A/m?. Several bushlike carbon
grown at 130 °C for 1.5 min(b) The network cluster consisting of clusters started to grow up at the edge of the sample when it
several distortional dendrite&) The closer view of the distortional was bombarded for 5 min with an electron beam. These clus-
dendrites. ters were of self-similar branched structure, and grew up
rapidly. TEM images in Fig. 3 show the morphology of the
bushlike clusters. It is seen from Fig(aB that a black arch

The distortional dendrite is a composite object resulting from™ ", . .
b ) g region matching the sample’s edge existed at the lower left

:ir;?];egular crystal growth process and long-range correlaof the image. Figure ) is a closer view of the bushlike
cluster at a magnification of 100 000. The dimension of the
bushlike cluster is between 260 and 400 nm. Each cluster
consisted of a branched structure, and displayed ‘“dilation
Fractal growth of carbon under electron irradiation is an-symmetry.”

other significant example. In the present study, a piece of By contrast to the glass sample, when a sample with good
glass sample consisting of soda, lime, alumina, titania, anélectrical conductivity, such as a metal sample, was tested
silica has been examined by using a transmission electromsing the same TEM equipment as well as the same experi-
microscopg TEM)—Philips 300. This TEM was kept with a mental conditions, such a bushlike cluster was not observed
base pressure of 16 Torr. As in most vacuum systems, the except in the form of a thin layer of carbon deposited on the
contaminant that existed in the vacuum of the microscopsample surface, especially on the edge.

column was hydrocarbon. The thickness of the glass sample The glass samples that were bombarded with an electron
is between 70 and 80 nm. Its thermal conductivity is 1beam were analyzed by a scanning transmission electron mi-

C. Amorphous fractal cluster of carbon
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roscope(STEM) equipped with an XEDS system in order to ll. SUMMARY

determine the composition and crystalline structure of the molybdena stacking-fractal clusters consisting of nu-
bushl!ke cluster. .The results of the analysis |nd|c_ated that thg, arous whiskers or ribbonlike single crystals were observed
bushlike cluster is an amorphous substance. It is reasonabifring vapor-solid transformation. The combination of the
to deduce that under electron irradiation, the polymerizegoncentration fluctuation and long-range correlations of mo-
hydrocarbons decompose within a short time and amorphougbdena molecules resulted in the self-similar two-
carbon is left. These bushlike clusters were the fractal aggredimensional fractal pattern. This is a kind of new fractal
gates of amorphous carbon. aggregation, and could be explained by the nucleation-
The growth process of amorphous carbon fractal clustergdggregation model. The growth rate of the fractal cluster was
was quite different from that of molybdena and iodine, al-controlled by a stacking process. - .
though all of them grew under nonequilibrium conditions. . The dominance of long-range correlations is self-evident

The glass sample is a good insulator. It emitted a lot ofn the growth of the iodine quasifractal network cluster and

secondary electrons. and held a local electrical field and te its distortional dendrite during vapor-solid transformation.
y S o I€ld and 1eMep e gistortional dendrite is a composite object resulting from
perature field during an electron bombarding. It is indicate

- A ' wa he regular crystal growth process and long-range correla-
by calculation and experimental investigation that the samplggns.

temperature can reach the melting point of glgk3|. The The amorphous fractal cluster of carbon grew up due to
hydrocarbon molecules remaining in the TEM column couldthe local electrical field, temperature field, long-range corre-
be absorbed onto the irradiation surface from vapor phaséations, and concentration fluctuation of hydrocarbon mol-
This local electrical field attracted the nearby hydrocarborecules. But the oriented aggregation of carbon atoms under
molecules diffusing towards the edge of the sample. Both othe local electrical field is the dominant factor in the forma-
the long-range correlations and concentration fluctuation ofion of an amorphous fractal cluster. The experimental re-
hydrocarbon molecules were satisfactory for nonequilibriumsults indicate that the crystallographic structure of a fractal
growth, and fractal aggregation could occur. It is reasonabléluster depends on its growth condition. The fractal growth
to consider the local electrical field as a nonuniform one. Thén @ system sufficiently far from equilibrium can produce an
distribution of the local electrical field was corresponding to@morphous fractal cluster.

the shape of the sample’s edge. This could be deduced from
the black arch region matching the sample’s edge, as shown
in Fig. 3(@). The amorphous carbon bushlike clusters began |t is a pleasure to thank Dr. W. K. Chu for helpful discus-

to grow up because of aggregation of the carbon atoms. Theions. This project has been supported by the Research Foun-
final interfacial pattern resulted from the interaction betweerdation of Tsinghua University, Beijing, People’s Republic of
the microscopic and macroscopic levels. China.
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