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We report on the nanosecond pulsed laser ablation of quaternary Pd-based and Zr-based amor-
phous alloy targets in water. Our comparative measurements and analyses of the size, shape, struc-
ture, and composition of laser ablation products reveal the formation of nanoparticles and nanowires 
with partially or fully amorphous states. The formation mechanisms of the amorphous alloy nan-
owires are discussed in terms of material properties (fiber spinnability, glass-forming ability, and 
oxidation resistance), which are different from the conventional explanations of interconnection be-
tween nanoparticles and linear growth from nanocluster level. 
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1. Introduction
The physical and chemical properties of low-

dimensional nanostructures such as nanoparticles and nan-
owires can be controlled by their size and shape [1-3]. 
Nanostructures of multi-component alloys have attracted 
growing interest in various fields including nano-devices, 
energy technologies, catalysis, and biomedicine, due to 
their ability to combine the effects of nanoscale size and 
shape with the freedom of choosing alloy composition and 
process design [4-7]. Amorphous alloy nanowires are ex-
pected to exhibit unique one-dimensional (1D) functionali-
ties based on their excellent mechanical properties (high 
strength and toughness, corrosion and wear resistance) and 
thermoplasticity [5,8,9]. The fabrication of such amorphous 
alloy nanostructures requires a non-equilibrium process to 
rapidly solidify nano-sized molten alloys, for which fabri-
cation methods such as nanoimprinting [5], co-sputtering 
[8], and gas atomization [9] have been developed recently. 
In particular, the gas atomization provides the mass produc-
tion of amorphous alloy droplets and wires. For quaternary 
Pd-based alloys, the conditions were optimized for atom-
ized wires to become the main product [10]. However, it 
remains difficult to reduce the diameter and its distribution 
(particles: 0.5–20 μm, wires: 50 nm–2 μm) and to stably 
disperse the products in a solvent. 

Pulsed laser ablation in liquid (PLAL), known as a 
green (environmentally friendly) method, has been devel-
oped to synthesize pure metal crystalline nanoparticles with 
diameters as small as 10 nm [11,12]. These nanoparticles 
are formed by Rayleigh–Taylor (RT) instability [13]. That 
is, the RT instability occurs when a dense molten layer of 
target material is rapidly accelerated by a surrounding 
lighter liquid, leading to the sudden ejection of molten 
nano- to submicron-scale droplets, which then rapidly cool 

and solidify in the liquid. Since these thermal and hydrody-
namic effects are more pronounced on nanosecond (ns) 
time scales, ns-PLAL should be suitable for the purpose of 
synthesizing and dispersing amorphous alloy nanostruc-
tures in liquids. Nevertheless, there are few reported cases 
of its application to multi-component amorphous alloys 
[6,14]. 

Here, we study the generation of low-dimensional 
nanostructures by ns-PLAL of quaternary Pd-based and Zr-
based amorphous alloy targets. In common with both the 
targets, particles with a broad size distribution ranging 
from microscale to nanoscale are synthesized as the main 
product and dispersed in water. In the case of the Zr-based 
alloy target, a small number of 1D nanowires are shown to 
coexist. Furthermore, partially or fully amorphous states 
are found in respective nanostructures of both particles and 
wires. In order to increase the ratio of nanowires to nano-
particles, we discuss the formation mechanisms of the 
amorphous alloy nanostructures and propose that spinnabil-
ity (defined as an ability to form into threads or fibers [15]) 
is a possible main mechanism for forming the observed 
nanowires. 

2. Methods
Among multi-component alloys, Pd42.5Cu30Ni7.5P20 [16]

and Zr70Cu15Al10Fe5 [17] were selected as target materials. 
These alloys with an amorphous nature were fabricated 
using arc melting and casting equipment. Each alloy target 
with a disk shape was submerged in water medium at room 
temperature, and its surface was irradiated with focused 
fundamental beams (wavelength of 1064 nm) of a nanosec-
ond pulse-width laser (repetition rate of 10 Hz). The details 
of the fabrication process using a Nd:YAG laser (Litron 
Lasers Nano SG 150) were described elsewhere [18,19]. 
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The products of laser ablation of multi-alloy targets were 
dispersed in the water as a common feature. 

Structural and compositional characterizations were 
performed with scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and energy dis-
persive X-ray spectroscopy (EDXS). Shared facilities were 
used: SEM (Hitachi High-Tech SU8000 working at 15 kV), 
TEM (JEOL JEM-ARM200F NEOARM at 200 kV and 
JEM-2100F at 80 kV), and EDXS (JEOL JED-2300T). 
Samples with laser ablation products dispersed in water 
were dropped from the same lot onto an Al foil for SEM 
observation and onto a Mo microgrid for TEM observation, 
respectively, and were allowed to dry naturally. 

 
3. Results 

To grasp the overall size and shape information of the 
two types of products (due to differences in alloy composi-
tion) and to confirm their reproducibility, we compare SEM 
images at the same magnification. Figures 1(a) and 1(c) 
show the SEM images obtained from the products of the 
Pd42.5Cu30Ni7.5P20 target, and Fig. 1(c) is a high-resolution 
image of Fig. 1(a). Fig. 1(a) indicates wire-like features at 
first glance; however, Fig. 1(c) reveals that they are inter-
connected nanoparticles. For the Pd-based alloy target, 
nanoparticles are thus the main products, and nanowires 
can hardly be recognized. During the drying process, some 
of the smaller nanoparticles may adhere to each other to 
form wire-like features, while other nanoparticles may ad-
here to the surface of exposed large particles. 

Figures 1(b) and 1(d) show the exemplary and high-
magnification SEM images obtained from the products of 
the Zr70Cu15Al10Fe5 target, respectively. Submicron parti-
cles are observed along with some aggregates. It should be 
noticed that a small number of nanowires coexist, as shown 
in Fig. 1(d). The nanowires have an elongated shape which 
is clearly different from the wire-like features observed in 
Fig. 1(c). In addition, Fig. 1(d) suggests that the agglomer-
ates are composed of fine nanoparticles adhered to the ex-
posed substrate during the drying process. 

TEM observations allow us to clarify the atomic-level 
structure and morphology of the ablation products. Figs. 
2(a) and 2(b) reproduce the results of SEM observations in 
Figs. 1(c) and 1(d), respectively. In common with the Pd-
based alloy and the Zr-based alloy targets, nanoparticles 
were obtained as the main product, dispersed in water. As a 
difference, only nanoparticles were observed in the case of 
Pd-based alloy target, whereas nanowires were also formed 
in the case of Zr-based alloy target. In comparison of dif-
ferent laser irradiation energies (20 to 80 mJ/pulse), the 
nanoparticle formation efficiency increased with increasing 
energy, but there was no significant change in the average 
particle diameter of several tens of nanometer. For the ns-
PLAL of the Pd-based and Zr-based alloy targets, the for-
mation mechanism of these nano- to submicron-scale parti-
cles would be consistent with an understanding based on 
RT instability, from the pure metal analogy [13]. We also 
suppose some of the smaller nanoparticles to be driven by 
secondary instabilities, which will be discussed later in this 
paper. 

Fig. 1  SEM images of the products formed by laser ablation of the Pd42.5Cu30Ni7.5P20 (a and c) and Zr70Cu15Al10Fe5 (b and d) targets 
in water. The (c) and (d) images magnify the central part of the (a) and (b) images, respectively. The laser irradiation energy 
was 50 mJ/pulse. The products were supported on aluminum foil for imaging. 
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Figure 2(c) shows a TEM image of nanoparticles 
among the products of the Pd42.5Cu30Ni7.5P20 target. Crys-
talline and amorphous states vary from particle to particle 

or are mixed within a single particle. On the other hand, in 
the case of the Zr70Cu15Al10Fe5 target, the formation of 
nanowires is reconfirmed (Fig. 2(d)). Furthermore, Fig. 
2(d) indicates nanoparticle and nanowire formation with 
partially or fully amorphous states. The observation of par-
tially amorphous nanoparticles was previously reported 
[6,14]. 

To gain deeper insight into the observed amorphous 
and crystalline structures of the products formed by laser 
ablation of Zr70Cu15Al10Fe5 target, we closely examined 
TEM image in Fig. 3(a) and performed first Fourier trans-
form (FFT) analysis of a nanoparticle and a nanowire taken 
from the area of blue and red squares, respectively. As can 
be seen from Fig. 3(b), not only amorphous halo but also 
crystalline spots are observed, indicating the coexistence of 
partially amorphous and crystalline structures within a sin-
gle particle [also see Fig. 2(d)]. On the other hand, Fig. 3(c) 
shows a characteristic halo ring pattern, indicating the 
amorphous structure of the nanowire. Disordered atomic 
configurations in Fig. 3(d) further confirms that the formed 
nanowire is amorphous. 

TEM-EDXS elemental mapping visualizes the distribu-
tion of alloy composition and the effect of oxidation. Figs. 
4(a) and 4(b) show the constituent elements and oxygen 
maps taken from nanoparticles generated by the laser abla-
tion of the Pd42.5Cu30Ni7.5P20 and Zr70Cu15Al10Fe5 targets, 
respectively. In Fig. 4(a), the selected peaks in the EDXS 
spectrum for these maps are Pd K, Cu K, Ni K, P K, and O 
K. It has been demonstrated that PLAL can preserve the 
composition ratios of alloy targets to synthesize nanoparti-

Fig. 2  Bright-field (a and b) and high-resolution (c and d) TEM images of the products formed by laser ablation of the 
Pd42.5Cu30Ni7.5P20 (a and c) and Zr70Cu15Al10Fe5 (b and d) targets in water. The laser irradiation energy was 80 mJ/pulse. 

Fig. 3  (a) Identical TEM image to Fig. 2(d). Fast Fourier trans-
form (FFT) of a nanoparticle (b) and a nanowire (c), in-
dicated by blue and red squares in (a), respectively. (d) 
Magnified view of the area of the red square, corre-
sponding to FFT (c). 
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cles with the same composition [6,14], however, P tend to 
be at lower concentrations, compared with the concentra-
tions of Pd, Cu, and Ni. While Pd, Cu, and Ni have very 
similar distributions per particle, O, which is not a constit-
uent element, has a nearly uniform distribution on the map, 
indicating little oxidization effect on the nanoparticles or 
only surface oxidization. In Fig. 4(b), the peaks Zr L, Cu K, 
Al K, Fe K, and O K are selected. For Fe, some particles 
with lower concentrations are observed. Except for Fe, all 
the elements, including O, have very similar distributions 
per particle, suggesting that the synthesized particles are 
oxidized. 

 
4. Discussion 

We now discuss the formation mechanism of the ob-
served Zr-based alloy nanowires in Figs. 1(d) and 2(d). In 
general, formation mechanisms of 1D nanowires by PLAL 
can be categorized into (1) interconnection between nano-
particles and (2) linear growth of nanoclusters [20]. The 
strong evidence for the former fusion mechanism was the 
morphology of silver nanowires, as their diameter was 
comparable to as-prepared nanoparticles and the shape of 
spherical nodules was similar to the original nanoparticles 
[21]. However, as can be seen from Figs. 1(d) and 2(d), the 
diameter of the Zr-based alloy nanowires does not seem to 
correlate directly with the diameter of the nanoparticles, 
and there are no nodules derived from the nanoparticles. 
The TEM images in the paper reporting gold chain for-
mation [22] look rather like Fig. 1(c). Therefore, the for-
mation mechanism of the observed Zr-based alloy nan-
owires is unlikely to be explained by the (1) interconnec-
tion between nanoparticles. As for (2) linear growth, alt-
hough various interpretations have been proposed, their 
main mechanism is nuclear growth from the nanocluster 
level, such as vapor–liquid–solid‑like growth [23], and 
reliable explanations are still lacking for some materials. 
RT instability is known to influence the dynamics of the 
ablation plume or the collapse of cavitation bubbles during 
ns-PLAL and thus nanoparticle formation [13], but is insuf-
ficient to explain the nanowire formation. 

We propose spinnability as a possible mechanism for 
the formation of amorphous alloy nanowires by ns-PLAL. 

The spinnability is defined as an ability to form into threads 
or fibers [15]. As a consequence of RT instability, molten 
filaments or jets may form (which leads to a sudden ejec-
tion of molten droplets). Once these long and narrow liq-
uid-phase structures are formed, surface tension causes 
them to break up into nanoparticles, minimizing their sur-
face area. This process is called capillary instability or Ray-
leigh–Plateau (RP) instability and can be secondary to RT 
instability, as illustrated in Fig. 5(a). For the RP instability, 
d = 1.88 D is derived, where D is diameter of the liquid 
cylinder/thread, d is diameter of the droplet formed by the 
breakup of the thread (and λ is the wavelength of the fastest 
growing mode). The scenario of RT-induced jetting fol-
lowed by RP breakup is consistent with recent modeling 
and theoretical studies [24]. However, when the viscosity 
of these molten filaments is high, they are stretched into 
nanowires (Fig. 5(b)). This spinnability is the defining fea-
ture enabling the formation of amorphous alloy nanowires 
under gas atomization [9,10]. The present ns-PLAL is anal-
ogous to gas atomization in that the material is evaporated 
and cooled (by solvent molecules) instantaneously, and we 
believe that the spinnability is the main mechanism of the 
observed nanowire formation in ns-PLAL as well. 

In ns-PLALs of pure metals, the main products are gen-
erally crystalline nanoparticles. One of the reasons why the 
size, shape (dimensionality) and structure of the ns-PLAL 
products of the quaternary alloys discussed here differ from 
those of pure metals is due to their high glass-forming abil-
ity (GFA) inherent to the alloy composition. In this respect, 
the alloy composition of Pd42.5Cu30Ni7.5P20 is known to 
have the highest GFA and oxidation resistance among me-
tallic glasses [10,16]. GFA is the capacity of a material to 
avoid crystallization during cooling and instead form an 
amorphous solid or a glass with low viscosity in the super-
cooled liquid region. Therefore, Pd-based alloys with high 
GFA should be promising candidates for both amorphiza-
tion and wire formation. However, the ns-PLAL of the 
Pd42.5Cu30Ni7.5P20 target didn’t yield the expected products, 
i.e., amorphous nanowires. Possible reasons for this include 
the laser parameter of nanosecond pulse width. This causes 
the nanostructures to be trapped in cavitation bubbles, re-
sulting in insufficient cooling rates [6,14]. However, if this 

Fig. 4  Bright-field TEM image (upper left) as well as corresponding EDXS elemental mapping images (as marked) of the nanoparti-
cles formed by laser ablation of the Pd42.5Cu30Ni7.5P20 (a) and Zr70Cu15Al10Fe5 (b) targets in water. 
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reason is true, an additional question arises as to what fac-
tors could have contributed to demonstrate the amorphiza-
tion and wire formation in the alloy composition of 
Zr70Cu15Al10Fe5, which has a lower GFA than 
Pd42.5Cu30Ni7.5P20. TEM-EDXS elemental mapping reveals 
the oxidation of the ns-PLAL products [Fig. 4(b)], which is 
consistent with Zr70Cu15Al10Fe5 has lower oxidation re-
sistance than Pd42.5Cu30Ni7.5P20. Indeed, metal oxides more 
readily vitrify [6] and form wires [20]. Oxides tend to have 
a high melt viscosity under rapid cooling conditions [9,25], 
which strongly manifests their spinnability. The nanofiber 
fabrication by laser ablation of silica (SiO2) glass was re-
ported and similar mechanism to favor the formation of 
nanowires/nanofibers was discussed (although the term 
“spinnability” did not appear) in Ref. [26]. 

 
5. Summary 

We have selected Pd-based and Zr-based alloy targets 
from among multi-component alloys and applied ns-PLAL 
to them to synthesize and disperse nanoparticles in water. 
Notably, in the case of the Zr70Cu15Al10Fe5 alloy, the ns-
PLAL process resulted in the formation of amorphous nan-
owires. The possible formation mechanisms are spinnablity 
for nanowires and RP instability for nanoparticles, which 
are secondary to RT instability. To the best of our 
knowledge, this paper is the first report that addresses the 
key concept of “spinnability” to understand the formation 
mechanism of amorphous nanowires and to propose its 
importance in PLAL. 

Optimization of optical laser parameters and chemical 
(material and environmental) conditions is expected to fur-
ther improve selective wire formation, diameter and its 
distribution reduction, and stable dispersion. 
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