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ABSTRACT In the Ni–W system, a uniform amorphous Ni–W phase was obtained
by ion irradiation of the nano-sized Ni–W multilayers at liquid-nitrogen temperature.
Interestingly, before undergoing complete amorphization, fractal patterns were ob-
served at a relatively low irradiation dose (3×1014 Xe+/cm2), and the patterns were
characterized to consist of crystalline grains of Ni-enriched solid solution. The frac-
tal dimension was measured to be about 1.68± 0.05, which was very close to that
expected by the cluster diffusion-limited aggregation model.

PACS 81.05.Kf; 61.80.Hz; 61.43.Hv; 61.82.Bg

1 Introduction

In the last two decades, the
scientific issue of fractals has been ex-
tensively studied. Most of the efforts
were focused on the growth mechan-
isms of the fractal patterns, which mani-
fest themselves in widely diverse sci-
entific fields. It has also been shown
that thin solid films seem to be a fa-
vorable environment for growing two-
dimensional random patterns, e.g. fractal-
like structures could be observed in
sputtering-deposited thin films [1], dur-
ing the crystallization of amorphous thin
films [2] and in ion-irradiated amorph-
ous films [3], etc. All the above fractal
patterns were characterized with a frac-
tal dimension of about 1.7, which can
be explained by the well-known models
based on diffusion-limited aggregation
(DLA) [4]. Although there is an ex-
tensive literature concerning the devel-
opment of unique surface morphology,
only a few reports present observa-
tions of surface morphology on thin
films subjected to ion-beam bombard-
ment. In this respect, Liu et al. [3] have
reported the formation of fractal pat-
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terns in Ni–Mo thin films caused by
200-keV Xe-ion irradiation. Besides,
Ding and Liu have reported observa-
tions of percolation networks in ion-
irradiated Ag–Co solid films [5]. We
present, in this Letter, some interest-
ing patterns that emerged on the surface
of Ni–W multilayers while being sub-
jected to Xe-ion irradiation at liquid-
nitrogen temperature and the possible
mechanism responsible for the growth
of the patterns.

2 Experimental procedure

The Ni–W multilayered films
were prepared by alternate deposition
of pure nickel (99.9% Ni) and tung-
sten (99.9% W) onto cleaved NaCl
single crystals in an ultra high vac-
uum (UHV) e-gun evaporation sys-
tem with a background vacuum level
of the order of 10−11 Torr. During de-
position, the vacuum level was better
than 1.6 ×10−8 Torr. The deposition
rate was controlled at 0.5 Å/s and no
special cooling was provided to the sub-
strates during deposition. The overall
composition of the films was designed

to be Ni50W50. For an ion beam mix-
ing experiment, the total thickness of the
films was about 40 nm, which was re-
quired to match the projected range plus
projected range straggling of 200-keV
Xe ions. The Ni–W multilayers were
designed to consist of eight Ni and
eight W layers, and the desired over-
all compositions of the multilayered
films were obtained by adjusting the
relative thicknesses of the individual
Ni and W layers. After deposition, the
real composition of the films was con-
firmed to be very close to Ni50W50, by
energy-dispersive spectrum (EDS) an-
alysis with a measuring error around
4%. The as-deposited films were then
irradiated by 200-keV Xe ions at room
temperature in an implanter with a vac-
uum level of 10−6 Torr. The Xe-ion cur-
rent density was confined to be about
0.5 µA cm−2 to avoid an overheating ef-
fect. An as-deposited film and all the
irradiated films were removed from the
NaCl substrates by de-ionized water and
placed onto the Cu grids for transmis-
sion electron microscopy (TEM) and
selected-area diffraction (SAD) analy-
sis. Besides, an image-processing com-
puter was used to calculate the fractal
dimension for the formed patterns ob-
served on the films.

3 Results and discussion

Figure 1a and b show a bright-
field image and corresponding SAD pat-
tern of the as-deposited Ni50W50 films.
In Fig. 1b, sharp diffraction lines re-
flected from polycrystalline Ni and W,
respectively, can clearly be seen, in-
dicating that in the as-deposited films
both Ni and W were of a crystalline
structure. After the Ni50W50 multilay-
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FIGURE 1 a and b are the bright-field image and the corresponding SAD pattern of the as-deposited
Ni50W50 multilayered films

ered films were irradiated to a dose of
1 ×1014 Xe+/cm2, there was no signifi-
cant change in both surface morphology
and SAD patterns, which are therefore
not shown here. When the irradiation
dose went up to 3 ×1014 Xe+/cm2,
TEM examination revealed some inter-
esting features emerging on the Ni–W
film surface, and some typical mor-
phologies are shown in Fig. 2a, b
and c. Obviously, one conspicuous fea-
ture of these morphologies is the dis-
continuity of the pattern components.
Each morphology with an average size
of 10 µm is composed of 0.2–2-µm par-
ticles or pattern components of dark
appearance. The EDS analysis indicated
that the dark particles were Ni-enriched
precipitates. Furthermore, Fig. 2d and e
show the corresponding SAD patterns
of the particles and the matrix, respec-
tively. From the SAD patterns, it was
identified that each dark particle is a Ni-
enriched single-crystalline grain (solid
solution), and the matrix is an amorph-
ous Ni–W alloy phase.

To characterize the observed pat-
terns in a quantitative manner, a pattern
was first divided into concentric disks
with various radii R, and the number of
pixels N (corresponding to an area oc-
cupied by the pattern) in each disk was
then counted by the image-processing
computer. It turned out that a linear cor-
relation could be fitted for log N versus
log R, which corroborated that the sur-
face pattern was indeed of a fractal with
self-similarity, and the fractal dimen-
sion was thus obtained. Figure 3 shows
the calculation results and the average
fractal dimension is about 1.68 ±0.05.

Figure 4a and b show a bright-field
image and corresponding SAD pattern

of the Ni50W50 films after ion irradi-
ation to a dose of 5 ×1014 Xe+/cm2.
In Fig. 4b, all the crystalline diffraction
lines from W and Ni disappeared and
only a few halos were observed, indi-

FIGURE 2 a, b and c are three typical fractal patterns which have grown on the surface of the Ni50W50
films after irradiation to a dose of 3×1014 Xe+/cm2; d and e are the SAD patterns of the particle and
matrix in a, respectively

cating that complete amorphization was
achieved in the Ni50W50 films. Besides,
the bright-field image in Fig. 4a shows
that the morphology of the amorph-
ous phase is fairly uniform. In fact,
the samples irradiated to doses from
5 ×1014 Xe+/cm2 to 7 ×1015 Xe+/cm2

all showed similar morphologies and
diffraction patterns as those displayed in
Fig. 4a and b.

We now discuss the growth pro-
cess of the observed fractal aggregates.
As mentioned above, when the irradi-
ation dose went up to a critical dose, i.e.
3 ×1014 Xe+/cm2, fractal patterns were
observed. The dose was considered to
be critical, because both higher doses
(5×1014Xe+/cm2 ∼ 7×1015Xe+/cm2)
and lower doses (1 ×1014 Xe+/cm2)
could not result in the formation of
a fractal pattern. It is well known that
ion irradiation can produce defects in



LI et al. Growth of fractal patterns during irradiation-induced amorphization in nano-sized Ni–W multilayers 447

ln
(N

)

a

b

c
FIGURE 3 Double-logarithmic plot in the fractal analysis for the patterns shown in Fig. 2a, b, and c,
respectively. The fractal dimension D is given for each plot together

thin solid films. The reason why the
lower-dose irradiation could not form
a fractal structure is that these doses
could not produce enough defects in

the films. While, for the higher-dose ir-
radiation, it is thought that as soon as
the fractal structures were formed at the
critical dose of 3 ×1014 Xe+/cm2, fur-

ther irradiation would destroy the fractal
structures. That is why no fractal pattern
was observed after higher-dose irradi-
ation either.

Comparing the morphologies in
Fig. 1a and Fig. 2a, one finds that the
particles of the fractal should not di-
rectly grow from the polycrystalline
grains that have formed in the as-de-
posited films. Besides, noticing that
the matrix of the fractal patterns is an
amorphous phase, it is deduced that
the fractal pattern might grow from
the amorphous matrix. The amorph-
ous structure therefore apparently plays
an important role in the formation of
the fractal patterns. In fact, Ben-Jacob
et al. [6] showed that a dense branch-
ing morphology is generated in an
annealing experiment of amorphous
alloys.

It is well known that ion irradiation
is a far from equilibrium process. Gen-
erally, the process can be divided into
two steps, i.e. the first step is of an
atomic collision cascade and the sec-
ond step is of relaxation. It is com-
monly recognized that the structure of
the newly formed alloy phase is fixed in
the relaxation period, but not in the first
step of atomic collision, during which
a large number of atoms are in vio-
lent motion [7]. During the relaxation
period, because of a very high effective
cooling rate (1013–1014 K/s) [8], those
phases with complicated structures can-
not be formed, and only simple struc-
tured phases can form. It is also known
that, in a given binary metallic system,
the composition range favoring amor-
phization is limited, because formation
of the solid solutions is more favored
than the amorphous phase within both
terminal solid-solution compositions. In
the present study, after ion irradiation
to a critical dose of 3 ×1014 Xe+/cm2,
the Ni and W layers were generally
mixed together. Nonetheless, at the be-
ginning of the relaxation period, the
already mixed Ni–W films were not ho-
mogeneous everywhere in composition.
In other words, in some local areas,
the composition could be close to the
Ni terminal solid solution due to the
compositional fluctuation. As a result,
during the very short relaxation period
(10−9–10−10 s) [8], most of the mix-
ture with an average composition of
about Ni50W50 could form an amorph-
ous phase, while in some local areas Ni-
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FIGURE 4

a b
a and b are the bright-field image and the corresponding SAD pattern of the Ni50W50 films

after irradiation to a dose of 5×1014 Xe+/cm2

enriched solid solutions were formed
and organized themselves into a fractal
pattern. Viewed in this light, the frac-
tal patterns formed in the present study
probably reflected such a growth mech-
anism related to an amorphous–crystal
phase transition.

Coincidentally, in the present study,
the dimension of the fractal patterns is
1.68 ±0.05, which is very close to the
one expected by the cluster diffusion-
limited aggregation (CDLA) model [9],

as well as to the previous results ob-
tained in Ni–Mo thin solid films [3].

4 Conclusions

In summary, we have shown
that, at a critical irradiation dose of
3 ×1014 Xe+/cm2, a fractal pattern
could grow in nano-sized Ni50W50 mul-
tilayered films, which eventually turned
into a uniform amorphous Ni50W50

phase at medium doses ranging from
5 ×1014 to 7 ×1015 Xe+/cm2.
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