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ABSTRACT: We report the first synthesis of subcluster segregated nanoalloys formed
through the joining of immiscible metallic nanoparticles (NPs) using femtosecond (fs)
laser irradiation. Immiscible alloy components consisting of Ag and Ni, and Ag and Fe, all
in the form of NPs, were first deposited on a carbon film in vacuum by fs laser ablation
from the parent metals. These samples of randomly distributed NPs were then irradiated
with multiple fs laser pulses at a fluence of 1.5 mJ/cm2. Transmission electron microscopy
(TEM) observations indicate that Ag and Ni as well as Ag and Fe NPs were successfully
joined under these conditions. Energy dispersive X-ray (EDX) results show that no mixing
layer exists at the interface. The nanostructure in the interface reveals the assumption of a
specific angle between two matching planes on either side of the interface. Calculation of
the lattice mismatch indicates that the system adjusts to this angle so as to reduce surface
energy. Structural ledges were also formed at the interface to further compensate for the
atomic misfit.

1. INTRODUCTION

Metallic NPs have widespread applications in materials science,
chemistry, and biology due to their unique characteristics.1−4

There is, correspondingly, much interest in nanoalloys, since
the mixing of two or more metals over nanoscale dimensions
offers many new opportunities for tailoring physical and
chemical properties. Unique nanoalloys exhibiting novel
characteristics can be obtained by accurately controlling NP
size, composition, morphology, and atomic order. The possible
structures can be classified as (1) core−shell, (2) mixed, (3)
subcluster segregated, and (4) multishell nanoalloys.5 Many
experimental and theoretical studies have been carried out on
these different types of nanoalloy.6−10 All four types of
structure are in principle possible, but there is little
experimental evidence to date for subcluster segregated
nanoalloys.11,12 Subcluster segregated nanoalloys consist of
two dissimilar nanoclusters, which share a mixed interface or a
number of bonds.5 Our recent work has outlined the synthesis
of a subcluster segregated nanoalloy with a mixed Al−Fe
interface.13 However, there is yet no experimental evidence for
bond sharing subcluster segregated nanoalloys.
Joining of dissimilar metallic NPs is one possible method to

form subcluster segregated nanoalloys. Most previous work on
this subject has focused on the simulation of joining in free
dissimilar clusters.11,12 However, few investigations have been
carried out in terms of joining supported NPs, which is of great
importance in the field of surface nanostructuring.14 An
important factor in joining at the nanoscale is precise control
of melting depth in NPs,15 preventing the NPs from merging to
form a single particle.16 Femtosecond (fs) laser irradiation is
promising in this context since nonthermal effects dominate

during short pulse irradiation.15,17 We have verified this aspect
of fs laser irradiation in our previous study of the joining of Al
and Fe NPs.13

Immiscible materials are characterized by a large positive heat
of mixing, resulting in little or no solubility of the two
constituent elements.18 As a result, core−shell segregated Ag−
Ni nanoalloys have been formed in previous experiments.19,20

To widen this study, the joining of immiscible Ag and Ni as
well as Ag and Fe NPs has been investigated in our current
experiments. As the formation and characterization of alloys
between immiscible elements are attracting much scientific and
technological interest, an investigation of joining between NPs
involving immiscible components will contribute to a better
understanding of alloying. Such particles may also have unique
optical and catalytic properties that can be tailored to optimize
engineering applications. For example, the ability to “tune” the
plasmon resonance in structures assembled from these
heterogeneous components is expected to open up new
technology for light harvesting.21 Thermal reconstruction in
these materials introduces another controllable parameter with
potential applications in the design of metamaterials.22

In this work, we present the first experimental evidence of
bond sharing subcluster segregated nanoalloy created by
exposure to fs laser irradiation. The nanostructure of Ag−Ni
and Ag−Fe joints is characterized, and the mechanisms giving
rise to this structure are discussed. These results provide a new
approach to generate subcluster segregated nanoalloys, which
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may enable a wide variety of applications since there are many
possible combinations of metallic nanoparticles when immis-
cible materials are taken into account. In addition, this study
provides useful new information on the mechanism of joining
immiscible elements at nanoscale, which may facilitate
connections in nanoalloy structures with specific properties.

2. EXPERIMENT
The experiments included preparation and joining of metallic
NPs in vacuum with an fs laser system (1 kHz, 800 nm,
Coherent, Inc.). The maximum pulse energy was 3.5 mJ at a
pulse duration of 35 fs. NPs were first deposited on an ultrathin
carbon film (400 mesh, <3 nm carbon film, copper TEM grid,
Ted Pella) in a vacuum at room temperature by fs laser
ablation. Ablation conditions were optimized to obtain a
uniform, but dilute, distribution of each type of NP deposited
on the substrate. We have found that an excessively dense
distribution of NPs results in many overlapping NPs, which
complicates the study of the fs-laser-induced joining process.
Too dilute a deposition of NPs is also not ideal as few particles
are close enough for joining. Studies show that experimental
conditions during laser ablation, such as wavelength, pulse
duration, irradiation time, and laser fluence, are factors that
determine the NP size and production rate.23,24 A series of
experiments were carried out to determine the optimized
ablation parameters for each material. The laser fluence and
irradiation time for Ag (99.99%, Kurt J. Lesker), Ni (99.99%,
Sigma), and Fe foil (99.99%, Sigma) are listed in Table 1.

The resulting NPs were then exposed to fs laser irradiation to
investigate the joining process. By testing a series of parameters,
irradiation for 5 s (5000 overlapping pulses) to 10 s at a fluence
between 1.5 and 2.2 mJ/cm2 could get a considerable amount
of joined NPs. At these fluence, the diameter of the laser spot
was around 1 cm, which covered the entire substrate so that all
the particles on the substrate were exposed to laser radiation.
To study the joining of dissimilar metallic NPs, two continuing
ablation were carried on with two different material targets but
deposited onto the same substrate. This resulted in composite
nanofilms with well mixed NPs. Ablation and irradiation were
both carried out in vacuum at a base pressure of 10−6 Torr.
High-resolution transmission electron microscopy (HRTEM,
JEOL 2010F) together with energy dispersive X-ray (EDX) was
used to investigate the nanostructure and elemental distribution
of the samples. The HRTEM operates at 200 keV with a
maximum point-to-point resolution of 0.23 nm, and the spot
size of EDX beam is 1 nm in diameter.

3. RESULTS AND DISCUSSION
Figure 1a shows the distribution of a mixture of pure Ag and Ni
NPs prepared under optimized ablation conditions. The
particles were isolated from each other and the size distribution
is shown in Figure 1b. Only particles larger than 10 nm in
diameter were counted, and the results show the size of most
NPs ranges from 10 to 40 nm.

HRTEM images of individual NPs display the initial
nanostructure of Ag and Ni, as shown in Figure 2a,b. Lattice

fringes in these images are marked with white lines. The results
indicate that Ag and Ni NPs are each monocrystalline with an
interplanar spacing of (200) Ag = 2.04 Å and (200) Ni = 1.76
Å, respectively. No oxidation layer was found in either Ag or Ni
NPs.
Figure 3a shows a TEM image of the mixed pure Ag and Ni

NPs sample after fs laser irradiation (5 s/5000 overlapping
pulses) at a fluence of 1.5 mJ/cm2. It can be seen that many
particles have been joined together compared to the
distribution in Figure 1a, which shows only a few cojoined
particles.
The composition of joined NPs was analyzed using EDX.

Some joined pairs of Ag−Ag and Ni−Ni particles were
detected, but joining of dissimilar particles e.g. Ag−Ni pairs
was also observed. The inset in Figure 3a shows one joined
Ag−Ni NP with EDX line scan positions. Figure 3b shows the
high-magnification image of the EDX results. It is clear that no
mixing layer is present at the Ag−Ni interface, confirming the
formation of a subcluster segregated nanoalloy with only shared
bonds at the interface.
As some cojoining of NPs can occur during deposition, a

statistical study was carried out to quantitatively determine the
effect of fs laser irradiation on the joining of NPs. Ten random
squares with the size of 1 μm × 1 μm were analyzed, as shown
in Figure 3c. The result of this analysis showed that the number
of joined NPs was found to increase by a factor of 4 on average
after fs laser irradiation, indicating that laser irradiation
enhances the joining of NPs.
Previous studies have discussed fs-laser-induced nanojoining

and have demonstrated that the formation of hotspots
accompanied by spallation at these locations can result in

Table 1. Optimum Ablation Parameters for Different
Materials

material Ag Ni Fe

laser fluence (mJ/cm2) 216 127 89
irradiation time (s) 10 3 3

Figure 1. (a) TEM image of a mixture of pure Ag and Ni NPs prior to
fs laser irradiation. (b) Size distribution of a mixture of pure Ag and Ni
NPs.

Figure 2. HRTEM images of individual Ag and Ni NPs prior to fs laser
irradiation: (a) Ag and (b) Ni.
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atomic intermixing at the interface between NPs of miscible
alloys.13,25 However, for joined Ag−Ni NPs, the EDX results
indicate that no intermixing occurs at the Ag−Ni interface.
Ossi26 has investigated surface segregation in transition metal
alloys and theoretical predictions indicate that Ag atoms tend to
segregate to the surface from Ag−Ni alloys. Nilekar et al.27 have
calculated the segregation energy for impurity atoms and have
shown that Ag tends to segregate from Ni due to its negative
segregation energy. RapalloIn et al.7 found that the surface
energy of Ag is 78.0 meV Å−2, which is nearly half of that of Ni.
Consequently, Ag atoms tend to segregate at the surface due to
a reduction of surface energy. In addition, a large positive
mixing heat was calculated for Ag−Ni,28 which also indicates
that immiscible Ag and Ni atoms tend to segregate from each
other. Core−shell segregated Ag−Ni nanoalloys have been
confirmed in several experiments.19,20 The present experiments
confirm this behavior and suggest that surface segregation
results in the absence of a mixing layer at the interface between
joined Ag−Ni NPs. As a result, a Ag−Ni subcluster segregated
nanoalloy with shared bonds is formed.
Before characterizing the structure of joined Ag−Ni NPs

produced by fs laser irradiation, it is useful to examine the
nanostructure of joined NPs with homogeneous composition.
The HRTEM images of joined Ag−Ag and Ni−Ni NPs are
shown in Figures 4a and 4b, respectively. The white dashed line
traces the interface of each joined NPs. The insets show TEM
images of the overall morphology. The red squares indicate the
area shown in the high-resolution images. The results show that
lattice orientation of both particles align in the same direction

across the interface. This is consistent with our previous studies
on the joining Al−Fe NPs, which indicated that the alignment
and orientation of lattice planes in joining can be associated
with a reduction in surface energy.13 The results also indicate
that there is no oxidation layer in Ag and Ni NPs.
TEM images of the nanostructure in joined Ag and Ni NPs

formed by fs laser irradiation are shown in Figure 5a. HRTEM

images of regions within these particles can be seen in Figure
5b−d. The interior of both the Ag and Ni NPs remains
monocrystalline with (200) lattice planes. At the interface, the
lattice orientations in Ag and Ni were each consistent with that
of the interior of the particle. The offset angle between the
directions of planes on either side of the interface in joined
Ag−Ni particles was found to be ∼30°. The interface in joined
Ag and Ni NPs did not exhibit a mixed interlayer.
At the interface, the lattice orientations of Ag and Ni were

both consistent with that of the interior. The mismatch
between (200) Ag and (200) Ni was calculated from

Figure 3. (a) Distribution of a mixture of pure Ag and Ni NPs after fs laser irradiation. The inset shows a high-magnification image of one joined Ag
and Ni NP with EDX line scan position. (b) Magnification of EDX data. (c) Statistics of joined NPs in different areas.

Figure 4. TEM images of joined NPs with homogeneous composition.
(a) High-resolution image of the Ag−Ag interface. (b) High-resolution
image of the Ni−Ni interface. In each case, the white dashed line
traces the interface. Insets show a TEM image of the overall
morphology. The red square indicates the area shown in the high-
resolution images.

Figure 5. High-resolution TEM images of Ag and Ni NPs joined by
exposure to fs laser radiation. (a) Morphology of joined Ag and Ni
NPs. The letters show the corresponding high resolution image, and
the red squares indicate the corresponding area. (b−d) High-
resolution TEM images of the corresponding area.
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δ =
−d d
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where δ is the lattice mismatch and d1 and d2 are interplanar
spacings in Ag and Ni, respectively. The lattice mismatch
between (200) Ag and (200) Ni is then calculated to be
15.91%. Normally, the interface does not have good coherence
with such a large lattice mismatch.29 However, good coherency
was found at the Ag−Ni interface, as shown in Figure 3d. Nie et
al.29 found that an irrational oriented interface is parallel to the
Moire ́ plane, which is defined by the intersection between the
two sets of planes. In this case, effective continuity of these
planes across the interface as well as a one-dimensional
coherency within the planar interface can be formed.
The relationship between the two set of Ag−Ni planes is

shown schematically in Figure 6. α and β represent the

interplanar angles between the Moire ́ plane and (200) Ni and
(200) Ag, respectively. θ is 30°, which is the observed angle
between the two planes, and α + β + θ = 180°. α is obtained
from eq 2:30
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In the current case, α = 61° and β is calculated to be 89°. If D1
is the spacing of the (200) plane in Ag parallel to the interface
plane, and D2 is the spacing of the (200) plane in Ni within
intersection plane, then

α
=D

d
sin1

1
(3)

β
=D

d
sin2

2

(4)

Then D1 = 2.0403 Å, while D2 = 2.0123 Å. From eq 1, the
actual lattice mismatch between (200) Ag and (200) Ni is
1.39%. The small lattice mismatch indicates that the two sets of
planes have good coherency at the interface.
The experimental results of Penn et al.31 show that

nanocrystalline TiO2 particles can also be joined together
with oriented attachment. Self-organization of adjacent TiO2
particles with a number of shared bonds at the interface has
been found to reduce the overall surface energy.32 Simulations
of the joining of Ag NPs show that Ag NPs can rotate to lower
surface energy.33 From a thermodynamic point of view, the

unique 30° angle at the joined Ag−Ni interface can be
associated with a reduction in surface energy.
Figure 7 shows an HRTEM image of the Ag−Ni interface. It

can be seen that, although the two sets of planes are well

matched, the interface is not a straight line and a set of ledges
forms at the interface.
It is well-known that atomic arrangements do not normally

match perfectly at the interface of two crystals with different
structures. The formation of a structural ledge is one of the
misfit accommodation modes at the interphase boundary.34

Shiflet et al.35 have found that the presence of structural ledges
can compensate atomic misfit at the interface and decrease the
defect concentration. As a result, structural ledges are favorable
for energy minimization. Mou et al.36 found structural ledges
were formed at irrationally oriented interfaces in Ag−Al alloys
to further compensate atomic misfit. Similarly, structural ledges
were found at the interface of joined Ag and Ni NPs. It is
suggested that these ledges could further compensate for
atomic misfit to reduce surface energy. The assumption of a
specific angle of 30° as well as the creation of structural ledges
minimizes the surface energy facilitating good bonding in Ag
and Ni NPs.
For comparison, fs laser joining of Ag−Fe, another

immiscible metallic system, has also been investigated. Figure
8a shows TEM scans of joined Ag and Fe NPs after fs laser
irradiation. As seen above in the Ag−Ni system, no mixing layer
occurs at the interface. In this case, the angle θ ≈ 35° at the
Ag−Fe interface (Figure 8b). It is worth noting that there is an
oxidation layer on the Fe NP. The oxidation layer only covers
part of the Fe N, and is not present across the Ag−Fe interface.
This phenomenon indicates that the oxidation layer was formed
after the sample was exposed to air, i.e., after joining had
occurred.
According to the previous discussion, the calculated angle

between the Moire ́ plane and (200) Ag is 89°, while that with
(111) Fe is 56°. The projection distances of (200) Ag and
(111) Fe on this plane are calculated to be 2.0403 and 2.0023
Å, respectively, so that the mismatch between (200) Ag and
(111) Fe is 1.12%. This small lattice mismatch confirms that
the assumption of a specific angle (∼35°) is driven by a
reduction in surface energy. Furthermore, structural ledges are

Figure 6. Schematic showing the relationship between the planes of Ni
and Ag at the interface.

Figure 7. HRTEM image of structural ledges at Ag−Ni interface.
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also formed at the Ag−Fe interface to further compensate for
the mismatch. These results are in good agreement with the
mechanisms discussed above.

4. CONCLUSION
The study reported here outlines the first successful
experimental approach to the generation of subcluster
segregated nanoalloys. This study shows that NPs of immiscible
metals can be joined by exposure to fs laser irradiation. Two
different systems, consisting of immiscible Ag and Ni, as well as
Ag and Fe NPs were successfully joined and nanostructure
within and at the interface between individual NPs is discussed.
The results show that no mixing layer is found at the interface.
Bonding occurs via the formation of a limited number of shared
bonds between the two immiscible NPs. The data suggest that
surface segregation occurred after fs laser irradiation due to the
different surface energy and high mixing heat of the immiscible
elements. TEM scans show that a specific angle, driven by the
reduction of surface energy, is generated between two matching
planes. This interface angle is 30° for (200) Ag//(200) Ni and
35° for (200) Ag//(111) Fe. Calculations show that the angles
enable the formation of a low-energy interface with small lattice
mismatch. Structural ledges were formed at the Ag−Ni and
Ag−Fe interfaces to further compensate atomic misfit.
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