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Full Length Article 

Solute atom mediated crystallization of amorphous alloys 
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Research Center for Ultra-High Voltage Electron Microscopy, Osaka University, 7-1 Mihogaoka, Ibaraki, 567-0047, Japan   
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A B S T R A C T   

We propose a new mechanism of crystallization of amorphous alloy which is mediated by additional solute atoms 
produced by electronic excitation. For a freestanding Pd-19at%Si amorphous alloy film, electron irradiation 
causes subtle structural change. By contrast, extensive crystallization of Pd-19at%Si amorphous alloy sand
wiched by amorphous (a-) SiOx films, i.e., a-SiOx/a-Pd-Si/a-SiOx, occurred by 75 keV and 200 keV electron 
irradiation. This crystallization was induced by irradiation not only at room temperature but also even at 90 K. It 
should be emphasized that the crystallization can be realized by 75 keV irradiation at 90 K via the electronic 
excitation; where both knock-on damage and a possible thermal crystallization can be excluded. A resultant 
product of the crystallization after electronic excitation (i.e., electron irradiation), hexagonal Pd2Si, differs from 
that of thermal annealing (orthorhombic Pd3Si). Evidence for decomposition of a-SiOx by electronic excitation 
contributes essentially to the crystallization of the a-Pd-Si in the composite film has been obtained in this study. 
Supply of dissociated Si to the a-Pd-Si layer may cause instability of the amorphous phase, which serves as the 
trigger for the remarkable structural change; i.e., additional solute atom mediated crystallization.   

1. Introduction 

In general, amorphous materials are thermodynamically metastable 
and they transform to equilibrium phase(s), i.e., crystalline solids, with 
the assistance of thermal energy [1]. It is known in most cases crystal
lization proceeds towards stable phase(s) via several metastable phases 
[2]. Also it is known the thermal stability of amorphous phase was 
enhanced by increasing the number of constituent components, which 
contributed to the development of bulk metallic glasses [3]. If we 
confine ourselves to inorganic amorphous materials, the origin of crys
tallization is not limited to the thermal energy, but an ionization process 
can also induce crystallization. Such an athermal crystallization has 
been reported for oxide compounds [4], Al2O3 [5], Si [6], Ge [6,7], and 
SiGe [8]. In these studies, origin of the crystallization has been attrib
uted to electronic excitation since the crystallization proceeds under 
irradiation conditions where knock-on atom displacement is absent. 
However, it is critical to discriminate whether the origin of the crys
tallization is purely ionization or includes thermal energy assistance as 
well. 

The Pd-Si alloy system is a famous amorphous forming system by 
quenching from the melt [9]. In a normal heat treatment, Pd3Si is 
formed via precipitation of several metastable phases [10]. On the other 
hand, Nagase et al. reported that Pd2Si was formed by electron 

irradiation at room temperature, mainly based on the experimental re
sults of 200 keV-electron irradiation at 298 K [11]. The important point 
here is that the amorphous Pd-Si (hereafter, a-Pd-Si) was in contact with 
amorphous SiOx (x~1.5, hereafter, a-SiOx) in their work. A possible role 
of a-SiOx upon crystallization is considered to be dissociation of the 
oxide induced by electron irradiation. Regarding this point, we have 
studied dissociation of a-SiOx using photon irradiation and found that 
excitation of Si2p electrons followed by Auger decay of the core hole is 
responsible for the dissociation process [12,13]. The dominant valence 
state was Si3+ before photon irradiation, and then, Si4+and Si0 markedly 
increased after photon irradiation [13]. Thus, it is presumed that the 
crystallization of a-Pd-Si could be directly related to the decomposition 
of a-SiOx by electronic excitation. 

In this study, we have made clear the effect of additional Si on the 
electron irradiation induced crystallization of a-Pd-Si alloy thin films 
using transmission electron microscopy (TEM) and electron diffraction. 
Based upon the results, proposed is a new mechanism of crystallization 
of amorphous alloys mediated by additional solute atoms. 
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2. Experimental procedures 

2.1. Specimen preparation 

Thin films of a-Pd-Si alloy were fabricated by the co-deposition of Pd 
and Si targets using dc magnetron sputtering. Two kinds of substrates, 
NaCl(001) cleaved in air and a-SiOx thin films deposited onto NaCl 
substrates, were used in this study. The oxygen content, x, in the a-SiOx 
film was approximately 1.5 as determined by the preceding study [14]. 
The substrate temperature was kept at room temperature during the 
sputtering. Sputtering was performed in high-purity Ar (99.999%) gas at 
a pressure of 8 Pa and a power of 100 W with a chamber base pressure of 
6 × 10− 6 Pa. The alloy composition of the sputtered films was Pd-19at% 
Si according to the elemental analyses (EDS, see Section 2.2). Specimens 
sputtered onto the a-SiOx thin films on NaCl were further coated by 
a-SiOx to prepare a-Pd-Si thin films sandwiched by a-SiOx films (i.e., 
a-SiOx/a-Pd-Si/a-SiOx). The prepared thin films were then floated on 
distilled water and mounted onto copper grids for TEM observation 
(plan-view observation). Cross-sectional TEM specimens were prepared 
from the sandwiched films that had been in advance mounted on Si(111) 
wafers using a focused ion beam (FIB) instrument (Thermo Fisher Sci
entific Scios2 Dual Beam) (cross-sectional view observation). It is noted 
that in cross-sectional TEM observation, electron irradiation was carried 
out in the direction parallel to the a-SiOx/a-Pd-Si interface. In Section 3, 
results obtained in the plan-view TEM observation and those in the 
cross-sectional TEM observation are shown in sequence. 

2.2. Electron irradiation and TEM observation 

The prepared thin films on copper grids were irradiated with 75 keV 

and 200 keV electrons using TEMs (Hitachi H-7000 with a LaB6 cathode 
and JEOL JEM-ARM200F with a Schottky field emission gun). The 
electron dose rate was estimated using a Faraday cage attached to the 
TEMs. Dose rates used were 0.8–3.1 × 1024 e/m2s. Irradiation was 
carried out at 298 K (75 keV and 200 keV), 100 K (200 keV), and 90 K 
(75 keV). All the TEM images and selected area electron diffraction 
(SAED) patterns were recorded using CCD cameras (Gatan Orius200 and 
UltraScan1000) or a CMOS camera (Gatan OneView). Compositional 
analysis was performed in scanning mode (STEM) using an energy- 
dispersive x-ray spectrometer (EDS, JEOL JED-2300) attached to the 
200 kV-TEM. Specimen thickness was estimated by electron energy-loss 
spectroscopy with the log-ratio method. 

3. Results 

3.1. Plan-view TEM observations 

3.1.1. Electron irradiation (75 keV) of a freestanding a-Pd-Si alloy thin 
films 

Fig. 1(a) shows a selected area electron diffraction (SAED) pattern of 
an as-deposited, freestanding a-Pd-Si alloy film. We used a relatively 
thick film (~100 nm) to reduce an effect of possible surface oxidation of 
the freestanding Pd-Si film. A halo pattern indicates the presence of 
amorphous phase. The first halo peak is located at 4.45 nm− 1 and is 
almost comparable to the value reported in the literature [15] (scat
tering vector q is defined as q = 2sinθ / λ). Fig. 1(b) shows an SAED 
pattern of the specimen after the 75 keV-electron irradiation at 298 K for 
2.9 ks (total dose: 2.9 × 1027 e/m2). The halo pattern changed to a 
diffuse Debye-Scherrer rings. The pattern can be indexed by 
face-centered cubic (fcc) structure. This result indicates an early stage of 
crystallization induced by electron irradiation. Actually, in the initial 
stage of thermal crystallization of the a-Pd80Si20 alloy, appearance of a 
number of small Pd crystallites with a fcc structure was reported in the 
literature [10]. However, it should be emphasized here that the change 
observed in the SAED in Fig. 1 is completely different from those 
observed in the a-SiOx/a-Pd-Si/a-SiOx composite films shown later in 
Figs. 2-4. Also note that under 75 keV-electron irradiation, knock on 
atom displacement is excluded both for Pd and Si [16]. Although the 
clarification of the cause of the change in the SAED seems interesting, it 
will be out of the scope of the present study. Similar results were also 
obtained with 200 keV-electron irradiation (see Fig.S1 in the supple
mentary materials). 

3.1.2. Electron irradiation (75 keV) of a-SiOx/a-Pd-Si/a-SiOx composite 
thin films 

Fig. 2(a) and 2(b) show a bright-field (BF) TEM image and the cor
responding SAED pattern of an as-deposited a-SiOx/a-Pd-Si/a-SiOx 
composite thin film, respectively. The total thickness of the composite 
film is ~40 nm. Granular microstructure with a rather uniform contrast 
is seen in the BF-TEM image. A halo pattern indicates the formation of 
amorphous phase of Pd-Si as well as the presence of a-SiOx. After 75 keV- 
electron irradiation at 298 K for 900 s (total dose: 2.7 × 1027 e/m2), 
extensive coalescence and growth of the microstructure (namely, grain 
growth) occurred as shown in Fig. 2(c). A halo pattern of the as- 
deposited specimen changed to sharp, but discontinuous Debye- 
Scherrer rings (Fig. 2(d)). The crystallized phase was judged to be 
hexagonal Pd2Si (Fe2P-type structure, P62 m) [17,18] based on the 
analysis of SAED patterns (detailed indexing are shown in Fig. 3). This 
phase is identical to that reported in the preceding study on 
a-(Pd-Si)/SiOx [11], but differs from the phase reported for annealed 
Pd80Si20 amorphous alloy ribbon where orthorhombic Pd3Si is the stable 
phase [10]. It is emphasized here that the crystallization behavior of the 
composite film essentially differs from that observed in the freestanding 
a-Pd-Si film. Namely, a notable feature is that the crystallization process 
is completely different between the composite and free-standing films, 

Fig. 1. SAED patterns of an a-Pd81Si19 alloy film. (a) as-deposited, (b) after 75 
keV-electron irradiation at 298 K for 2.9 ks (total dose: 2.9 × 1027 e/m2). 
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both in terms of crystallization rate and the resulting crystalline phase, 
as can be seen from the changes in the SAED patterns (i.e. compare Fig. 1 
(b) with 2(d)). Effect of a-SiOx films on the crystallization of a-Pd-Si will 
be discussed later. 

Fig. 3(a) shows electron diffraction intensity profiles of the as- 
deposited and the 75 keV-electron irradiated specimens. The in
tensities were integrated in the circumference direction in each 
diffraction pattern. After electron irradiation, crystallization can be 
recognized as appearance of sharp diffraction peaks such as 1211 and 
1320. A part of the SAED pattern after irradiation for 900 s is shown in 
Fig. 3(b) with Miller indices. In this pattern, absence of a halo ring, for 
example, one near the 0221 Debye ring, indicates that a rather complete 
crystallization was induced by the irradiation. 

Fig. 4(a) and 4(b) show a BF-TEM image and the corresponding 
SAED pattern of an as-deposited a-SiOx/a-Pd-Si/a-SiOx composite thin 
film observed at 90 K, respectively. Fig. 4(c) and 4(d) show those after 
75 keV electron irradiation at 90 K for 900 s (total dose: 2.7 × 1027 e/ 
m2), respectively. Certainly, coalescence and growth of the micro
structure occurred also at this reduced temperature, as shown in Fig. 4 
(c), and Debye-Scherrer rings indicate similarly formation of the hex
agonal Pd2Si phase (Fig. 4(d)). Although irradiation condition except 
temperature was the same as that employed at 298 K in the experiments 
shown in Fig. 4, granular microstructure remains albeit the grain growth 
and hence the Debye-Scherrer rings are continuous. This is in sharp 
contrast to the very rapid grain growth at 298 K (Fig. 2(c)) where Debye- 
Scherrer rings became discontinuous (Fig. 2(d)). This fact that grain 
growth at 298 K is very rapid as compared with that at 90 K may suggest 

that the migration rate of Pd and Si for the Pd2Si compound formation 
depend on temperature in a natural manner. Anyway, it can be 
concluded that crystallization by electronic excitation is realized by 75 
keV irradiation at 90 K at a somewhat reduced rate as compared to the 
irradiation at 298 K. 

Finally, it is noted at the end of Section 3.1. that the hexagonal Pd2Si 
phase was also obtained by 200 keV-electron irradiation in the a-SiOx/a- 
Pd-Si/a-SiOx composite thin films both at 298 K (Fig. S2) and 100 K 
(Fig. S4). The overall feature obtained are essentially the same as those 
obtained for 75 keV-electron irradiation described above. Microstruc
tural coalescence and growth during crystallization were more pro
nounced with 75 keV irradiation than with 200 keV irradiation. This is 
because as the electron energy decreases, the ionization cross section of 
the core electron increases [19]. Experimental results obtained by 200 
keV irradiation are shown in Figs.S2-S4 in the supplementary materials. 
Under 200 keV-electron irradiation, knock-on atom displacement of Pd 
is excluded, while that of Si may be involved [16]. However, possible 
contribution of knock-on atom displacement to atomic migration must 
be limited since the Pd content exceeds 80% in our specimen. 

3.2. Cross-sectional TEM observation 

Fig. 5(a) shows a cross-sectional TEM image of the as-deposited a- 
SiOx/a-Pd-Si/a-SiOx composite thin film. As seen, a-Pd-Si layer with 
thickness of 22 nm is sandwiched between the a-SiOx layers. The a-Pd-Si 
layer containing heavy Pd shows darker contrast compared to the a-SiOx 
layer. The interface between a-Pd-Si and a-SiOx is not flat and 

Fig. 2. BF-TEM images and corresponding SAED patterns of an a-SiOx/a-Pd-Si/a-SiOx composite thin film. (a, b) as-deposited, (c, d) after 75 keV-electron irradiation 
at 298 K for 900 s (total dose: 2.7 × 1027 e/m2). 
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nanometer-scale roughness is seen. Lower inset shows the SAED pattern. 
Strong diffraction spots come from the Si(111) substrate (not shown 
here). Very weak halo rings indicate amorphous phase of the composite 
thin film. Fig. 5(b) shows a cross-sectional TEM image of the composite 
thin film after 200 keV-electron irradiation at 298 K (total dose: 5.0 ×
1026 e/m2). Lattice fringes of ~0.24 nm spacing are seen in the Pd-Si 
layer, which can be attributed to the (1211) atomic planes of the hex
agonal Pd2Si. A Debye-Scherrer ring marked by an arrowhead in the 
attached SAED pattern is 1211 of the Pd2Si. According to the EDS 
analysis, chemical composition of the central part of the Pd-Si layer was 
Pd-31at%Si, which is close to the Pd2Si. Note that Si concentration 
increased due to the compound formation (initial alloy composition was 
Pd-19at%Si). Thus, cross-sectional TEM observation also revealed that 
the a-Pd-Si layer was crystallized to hexagonal Pd2Si by 200 keV-elec
tron irradiation. Noticeable feature here is that thickness of the Pd-Si 
layer increased by ~3 nm after crystallization, while the volume 
reduction should occur by crystallization in general. 

Fig. 6(a) shows a cross-sectional BF-STEM image observed at the 
interface between the irradiated and as-deposited area. Pd-Si layer is 
imaged as dark contrast sandwiched by a-SiOx layers with gray contrast. 
As seen, it is obvious that the Pd-Si layer thickness of the irradiated 
region is thicker than that of the non-irradiated region. Fig. 6(b) shows a 
HAADF-STEM image obtained from the same area shown in Fig. 6(a). 
The spread of the Pd-Si layer is clearly observed with bright contrast 
(atomic number contrast), especially along the bottom left of the a-Pd-Si 
layer. 

4. Discussion 

Experimental results can be summarized as follows.  

(1) Crystallization of Pd-19at%Si amorphous alloy in an a-SiOx/a-Pd- 
Si/a-SiOx composite film occurs by 75 keV and 200 keV electron 
irradiation even below room temperature.  

(2) A resultant product of the crystallization after electron irradiation 
(hexagonal Pd2Si) differs from that of thermal annealing (ortho
rhombic Pd3Si). 

Based upon the results, the following mechanism is proposed for the 
crystallization. 

4.1. Crystallization mechanism during electron irradiation 

Decomposition of a-SiOx occurs via electronic excitation induced by 
electron irradiation (75 and 200 keV). This process involves inner-shell 
electron excitation; Auger decay of the core hole is responsible for the 
decomposition of a-SiOx [12,13]. In our previous photon irradiation 
experiments (photon energy of 80–680 eV), we found that the excitation 
of Si2p electrons (binding energy of ~100 eV) is essential for the 
decomposition of a-SiOx [12]. In contrast, it should be noted that 75 
keV-electrons can excite all core electrons including the ground state. 
One of the dissociation products (i.e., free Si) is highly reactive and 
hence it immediately forms a chemical bond with an adjacent atom or 
simply return to the original state (a-SiOx). Decomposition of a-SiOx by 
electronic excitation contributes essentially to the crystallization of 
a-Pd-Si in the composite film, since the structural change of the free
standing a-Pd-Si film due to a similar electron irradiation is remarkably 
small in degree and different in nature. If dissociated Si atoms dissolve 
into the a-Pd-Si layer across the a-Pd-Si/a-SiOx interface, then compo
sition of the a-Pd-Si layer (initially Pd-19at%Si) shifts towards high Si 
content. In fact, a composition of Pd-31at%Si was obtained in the central 
part of the Pd-Si layer after electron irradiation. In our previous study on 
Pt/a-SiOx system [12], it was found that composition of the a-SiOx 
(x~1.5) shifts towards stable SiO2 with the formation of Pt2Si (this can 
be confirmed by the shift of the first halo ring position of a-SiOx). It 
should be mentioned that the amount of Si atoms necessary for the Pd2Si 
formation from Pd-19at%Si is one third of those required for the Pt2Si 
formation from pure Pt. The a-Pd-Si layer is sandwiched between a-SiOx 
layers, and when a part of the a-SiOx is dissociated by electronic exci
tation, then chemically active Si atoms can be alloyed with the a-Pd-Si 
layer across the interface. 

Fig. 7(a) shows a schematic of Pd2Si formation at the a-Pd-Si/a-SiOx 
interface by electron irradiation. Electronic excitation first breaks a 
Si− O bond, which is immediately followed by alloying of dissociated Si 
with a-Pd-Si at the interfaces, and eventually leads to the crystalline 
Pd2Si formation. However, energy transfer due to nonradiative relaxa
tion after electronic excitation would not enough for atoms to migrate in 
a long distance. To sustain the crystallization, it is necessary to supply Si 
to the reaction front on the surface of the previously formed Pd2Si 
crystallite that exists between an amorphous Pd-Si and an a-SiOx layer. 
One method of achieving such a supply is an extensive morphology 
change of the grains, which would facilitate a steady and constant 
supply of active reaction front. Morphology change observed in Fig. 2(c) 
(298 K) and 4(c) (90 K) may correspond to such a situation. A prominent 
morphology change was observed even at 90 K in the case of α-Pt2Si 
formation at Pt/a-SiOx interface [20]. It should be noted that pure Si 
nanoclusters which can be detected by TEM are not formed in our study 
[12], unlike previous electron irradiation studies using huge energy 
electrons (20 MeV) [21] or highly intense electron beam (6.2 × 1027 

e/m2) [22]. 
Based on the above considerations, it is reasonable to interpret that 

the observed slight increase of the a-Pd-Si layer thickness after electron 
irradiation (Fig. 5(b)) can be attributed to a Si supply to the a-Pd-Si layer 
induced by dissociation of a-SiOx. Once the alloy composition reaches 
~33at%Si, then crystallization would start immediately since the Pd2Si 
is the thermodynamically stable line compound with a remarkably high 
melting temperature (1604 K) [23] and a large heat of formation (ΔH =

Fig. 3. (a) Electron diffraction intensity profiles of the as-deposited and the 75 
keV-electron irradiated a-SiOx/a-Pd-Si/a-SiOx composite thin film. (b) A part of 
the SAED pattern after electron irradiation at 298 K for 900 s. 
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Fig. 4. BF-TEM images and corresponding SAED patterns of an a-SiOx/a-Pd-Si/a-SiOx composite thin film observed at 90 K. (a, b) as-deposited, (c, d) after 75 keV- 
electron irradiation for 900 s (total dose: 2.7 × 1027 e/m2). 
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− 43 kJ/mol) [24] as shown in Fig. 7(b) (location of the Pd2Si phase is 
indicated by a vertical green line) [23]. The liquidus draws a sharp 
convex parabolic shape with the vertex at 33at%Si, in contrast to the 
eutectic composition that forms a deep valley around 17at%Si. It is 
presumed that supply of Si atoms to the a-Pd-19at%Si layer causes 
instability of the amorphous phase; i.e., additional solute atom mediated 
crystallization, which is a new mechanism of crystallization of amor
phous alloy. This reminds us of the crystallization of amorphous nano
particles by spontaneous alloying: where vapor deposition of Au onto 
amorphous antimony nanoparticles rapidly formed AuSb2 compounds at 
room temperature [25]. 

5. Conclusions 

Electron irradiation induced crystallization of Pd-19at%Si amor
phous alloy thin films have been studied by TEM and electron diffrac
tion. Crystallization of Pd-19at%Si amorphous phase in an a-SiOx/a-Pd- 

Si/a-SiOx composite film occurred by 75 keV and 200 keV electron 
irradiation below room temperature. A resultant product of the crys
tallization after electron irradiation is the hexagonal Pd2Si, which differs 
from that after thermal annealing (orthorhombic Pd3Si). We concluded 
that crystallization by electronic excitation is realized, at least, by 75 
keV electron irradiation at 90 K. Decomposition of a-SiOx by electronic 
excitation contributes essentially to the crystallization of the a-Pd-Si in 
the composite film, since the structural change of the free standing a-Pd- 
Si film due to a similar electron irradiation is remarkably small in degree 
and different in nature. It is presumed that the supply of dissociated Si 
(naked Si) to the a-Pd-Si layer causes instability of the amorphous phase, 
which is the trigger for the remarkable structural change; i.e., crystalline 
Pd2Si formation. We propose a new mechanism of crystallization of 
amorphous alloy mediated by additional solute atoms produced by 
electronic excitation. Further study is needed to make clear the atomic 
process of Si injection into a-Pd-Si alloy followed by crystallization. 
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Fig. 5. Cross-sectional TEM images of an a-SiOx/a-Pd-Si/a-SiOx composite film. 
(a) as-deposited, (b) after 200 keV-electron irradiation at 298 K with the total 
dose of 5.0 × 1026 e/m2. 

Fig. 6. Cross-sectional STEM images observed at the interface between the 
irradiated and as-deposited area. (a) BF-STEM image, (b) HAADF-STEM image. 

Fig. 7. (a) Schematic illustration of dissolution of naked Si atoms into a-Pd-Si 
layer induced by dissociation of a-SiOx under electron irradiation. Electronic 
excitation first breaks a Si− O bond, which is immediately followed by alloying 
of the dissociated Si with a-Pd-Si at the interfaces (pale yellow region), and 
eventually, leads to the Pd2Si formation. (b) Equilibrium phase diagram of the 
Pd-Si system [23]. 
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