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Abstract Co—Mo alloy clusters with extended sol-
ubility of Mo in hcp Co were produced by inert gas
condensation (IGC). While the equilibrium solubil-
ity of Mo in hexagonal close-packed (hcp) Co is on
the order of 1 atomic percent, the non-equilibrium
aspects of IGC resulted in~ 18 atomic percent Mo
dissolved in hcp Co. The extended solid solutions and
hcep structure were observed across all of the process-
ing conditions, which included variation of sputtering
power and aperture size. There was, however, varia-
tion of nanoparticle size and magnetic behavior with
processing parameters. The Co(Mo) nanoparticles
were ferromagnetic at room temperature. Coercivities
of the nanoparticles produced with a 2.5-mm aper-
ture were independent of sputtering power and sig-
nificantly higher than those of the nanoparticles pro-
duced with a 7-mm aperture. The coercivities of the
nanoparticles produced with a 7-mm aperture were
slightly power-dependent. Overall, there appeared to
be a relationship between coercivity and nanoparticle
size.

S. Dhapola (<) - J. E. Shield

Mechanical and Materials Engineering, University
of Nebraska-Lincoln, Lincoln, NE 68588, USA
e-mail: sdhapola2 @huskers.unl.edu

S. Dhapola - J. E. Shield

Nebraska Center for Materials and Nanoscience,
University of Nebraska-Lincoln, Lincoln, NE 68588, USA

Published online: 21 August 2024

Keywords Nanoparticle solid solution alloys - Co-
Mo alloy clusters - Synthesis - Sputter deposition -
Transmission electron microscopy - Hysteresis
behavior - Ferromagnetic - Magnetocrystalline
anisotropy

Introduction

Magnetic materials are integral for any number of
technological applications such as automotive, elec-
tronics, and clean energy, and therefore, it is impor-
tant to develop new magnetic materials [1, 2]. Rare
earth-based permanent magnets provide the highest
energy products, but because of supply chain issues
for rare earth elements, researchers are exploring rare
earth—free materials [3]. The challenge is in finding
compounds with the appropriate combination of high
magnetization, anisotropy, and Curie temperature.
There are many candidate materials to supplant rare
earth—based materials; Cui et al. [4] provide a nice
overview of many of these. Instead of searching for
new phases and compounds, another approach is to
modify the intrinsic behavior of existing materials.
Specifically, while elemental Fe and Co have excel-
lent magnetization and Curie temperature, the mag-
netocrystalline anisotropy is too low for permanent
magnet applications. However, Skomski et al. [5]
and Kashyap et al. [6] suggest that dissolving 4d or
5d early transition metals (e.g., Mo or W) into Fe or
Co can enhance the magnetocrystalline anisotropy.
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However, equilibrium solubility levels are very low.
For example, less than 1 atomic percent Mo can dis-
solve in hexagonal close-packed (hcp) Co under equi-
librium conditions.

The challenge, then, is to create extended solid
solutions during processing. Rapid solidification,
for example, can extend solid solubility through sol-
ute trapping [7], though for most systems, the extent
is limited. Developing solid solutions in immiscible
alloy systems has attracted a considerable attention,
particularly in catalytic materials because multi-com-
ponent systems can facilitate higher selectivity and
activity [8]. Chemical routes, such as co-reduction,
produced Rh(Cu) solid solution nanoparticles though
Rh and Cu are immiscible, which improved the cata-
lytic properties of the system [9]. Similarly, Au and
Ru solid solution alloy nanoparticles were synthe-
sized by controlling the reduction kinetics of the
metal precursors [10], while Ir(Pd) solid solution nan-
oparticles were prepared by incipient wetness (co-)
impregnation of amorphous silica alumina with Ir and
Pd dissolved in toluene [11]. Solid solution Ag-Rh is
particularly challenging to produce considering there
is liquid-phase immiscibility, though solid solution
alloys were produced via chemical reduction [12].
Physical routes using inert gas condensation (IGC)
[13] successfully produced solid solution Au(Co)
and Fe—Au solid solution alloys [14, 15]. Ferrando
et al. [8] provides various examples of solid solution
alloys being formed from immiscible systems such as
Ni-Ag, Ni—Au, and Fe—Ag. Extended solubility of
W in hcp Co was achieved by IGC, with some effect
on the magnetic behavior, although large solubility
extension was limited to smaller particles as larger
particles were observed to phase separate [16, 17].

In this paper, efforts were focused on producing
solubility extension in Co—Mo using IGC. The effect
of different processing conditions, namely, the power
and duration in the nucleation zone, on the nano-
particle size, structure, and magnetic behavior was
studied.

Experimental procedure
Nanoparticle fabrication

Co—Mo alloy clusters were produced by inert-gas
condensation (IGC). DC magnetron sputtering was

@ Springer

used to form the atomic gas from a Co-Mo compos-
ite target. The composition of the Co—-Mo nanoparti-
cles was set using Mo plugs inset in a Co target. For
this investigation, 2 Mo plugs with diameters of 0.25
in were inserted into the “racetrack” of the Co target
typical of magnetron sputtering so that~11% of the
racetrack was Mo, and considering the relative sput-
tering yields of Co and Mo [18], the expected com-
position would be~11 at%. The base pressure of
the system was less than 107 Torr. Argon gas was
introduced into the cluster-forming chamber in order
to facilitate sputtering of the target. Deposition rates
were measured in situ using a quartz crystal thick-
ness monitor. Clusters were produced using sputter-
ing powers of 50, 100, and 150 W and two aperture
sizes, 2.5 and 7 mm; note that the aperture separates
the nucleation chamber from the deposition cham-
ber. The gas flowrate was held constant at 100 sccm.
The nucleation chamber was cooled by water for all
experiments.

For magnetic measurements, the Co-Mo clus-
ters were imbedded in a SiO, matrix by alternate
deposition from the cluster source and an RF source
positioned perpendicular to the cluster source in the
deposition chamber. Overall thickness of the com-
posite films, which were deposited on a Si substrate,
was approximately 30 nm. For scanning/transmis-
sion electron microscopy (S/TEM) investigation,
the nanoparticles were deposited directly onto
graphite support films on a Cu grid. A thin layer of
Si0, was deposited after cluster deposition to pro-
tect the nanoparticles from oxidation. S/TEM was
accomplished using a FEI Tecnai Osiris operating at
200 kV. The composition of the nanoparticles was
determined by energy-dispersive X-ray spectroscopy
(EDS) in TEM mode, using a thicker deposition of
nanoparticles (i.e., nanoparticle films) to enhance
EDS signal and a broad beam. Chemical maps of
individual nanoparticles were acquired using EDS
in STEM mode. Image analysis for determining
average size of the nanoparticles was accomplished
by Image]. About~2000 nanoparticles per sample
were analyzed. A histogram was plotted, and then
fit with a Gaussian to determine mean and standard
deviations.

The magnetic measurements were conducted at
300 K using a Quantum Design VersalLab Vibrat-
ing Sample Magnetometer with a maximum field
of 3 T. The magnetic signal from the diamagnetic
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Si substrate was subtracted from the sample signal
by fitting a straight line to the high-field region and
subtracting the linear portion from the measured
signal.

Results and discussion

The nanoparticles produced with the 2.5 mm aperture
were, visually, more varied in size and morphology
than those produced with the 7-mm aperture, particu-
larly for those processed at 100 and 150 W (Fig. 1).
For the latter powers, the larger nanoparticles appear
to be non-spherical (Fig. 1b, c). Table 1 shows the
sizes determined under all processing conditions.
Note the broad size distribution for the nanoparticles
produced with a 2.5-mm aperture, as the coefficient
of variation (6/d > 0.27).

Table 1 Nanoparticle size as a function of processing condi-
tions

Power (W) Size (nm)@2.5 mm Size
aperture (nm)@7 mm
aperture
50 6.0+1.7 16.5+2.3
100 6.3+1.7 14.0+1.5
150 10.7+4.6 13.2+2.3

The nanoparticles produced with an aperture size
of 7 mm were more regularly shaped with a spheri-
cal morphology and were largely monodispersed
(coefficient of variation 6/d<0.17 for all three sput-
tering powers, and close to 0.1 for 50 and 100 W)
(Fig. 1d-f; Table 1). For nanoparticles produced
at both aperture sizes, there is a slight dependency
on sputtering power (Fig. 2). Interestingly, for the

Fig. 1 TEM images of the as-deposited Co(Mo) nanoparticles
produced with varied sputtering power (50 W, 100 W, 150 W)
and aperture sizes (2.5, 7 mm). For 2.5-mm aperture, nanopar-
ticles produced from different powers are presented in a 50 W,

b 100 W, and ¢ 150 W. For 7-mm aperture, nanoparticles pro-
duced from different powers are presented in d 50 W, e 100 W,
f150 W
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Fig. 2 Nanoparticle diameter as a function of sputtering power
for nanoparticles formed with a 2.5-mm aperture (circles) and
a 7-mm aperture (triangles)

2.5-mm aperture, the dependency is positive, while
for the 7-mm aperture, it is negative (i.e., nanoparti-
cle size decreases with increasing power). This could
reflect the dynamics of the nanoparticle formation.
With a 2.5-mm aperture, the convection within the
nucleation chamber may by more chaotic/turbulent
since it is more difficult for the gas to flow through
the smaller aperture. This may reduce the dwell time
of nanoparticles/nuclei in the nucleation and growth
region. The higher power may increase the nuclea-
tion zone, enhancing growth. On the other hand, with
a 7-mm aperture, less turbulence may exist, enhanc-
ing nucleation and growth. The slight decrease in size
may be the result of higher atom energies and thus
lower “sticking” probabilities, decreasing growth.
Further work is necessary to better understand the
growth dynamics.

The overall chemical composition and the spatial
distribution of the Co and Mo were investigated by
EDS. For the overall composition, a thicker deposi-
tion of nanoparticles was used to increase x-ray pro-
duction. A nanoparticle film of approximately 30-nm
thickness was used, and EDS analysis was done with
a spread-out electron beam in TEM mode. Composi-
tional analysis revealed 82 at% Co and 18 at% Mo.
This concentration of Mo was higher than that pre-
dicted when considering areal coverage of Mo along
the racetrack and the sputtering yields of Co and
Mo from [18], suggesting that under the sputtering
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conditions, here, relatively more Mo is sputtered,
increasing the Mo content in the nanoparticles. For
the spatial distribution, STEM mode was used to
investigate individual nanoparticles. A number of
nanoparticles for both aperture sizes (2.5 and 7 mm)
were analyzed, and Fig. 2 shows nanoparticle diam-
eter as a function of sputtering power. The high-angle
annular dark field (HAADF) STEM image (Fig. 3a,
d) showed a relatively even contrast, suggesting com-
positional homogeneity. The EDS maps (Figs. 3b, c,
e, f) confirm this, as both Co and Mo appear to be
homogeneously distributed. There is no evidence of
a core/shell morphology, as has been observed in
other works [19]. The difference between this work
and [19] may be due to the different processing con-
ditions under which the nanoparticles were formed,
as dynamics of the nucleation and growth would be
expected to be sensitive to power, gas flow, and aper-
ture sizes.

HRTEM images revealed that under all conditions,
the nanoparticles were crystalline, evidenced by the
lattice fringes (Fig. 4). In many cases, lattice fringes
extended across the diameter of the nanoparticles,
and in other cases, they were more predominantly
observed in the center, while a more defected region
was observed further out. In general, the structures
lacked extensive defects, as the lattice fringes were
regular and continuous. Considering the crystalline
nature of the nanoparticles and the even distribution
of Mo determined from the EDS maps above, it is
evident that the nanoparticles are solid solutions, with
about 18 at% Mo dissolved into Co.

The fast Fourier transforms (FFT) of the HRTEM
images were used to determine the crystal structures.
Patterns to definitively determine crystal structures
require both cross fringes and zone axes distinguish-
able from different crystal systems. While such pat-
terns were not observed for every processing condi-
tion, crystal structures determined could be used to
index fringes from other nanoparticles. From this
technique, distinct structures were found for the dif-
ferent aperture sizes, but constant across powers.

For the nanoparticles formed with the 2.5-mm
aperture, a nanoparticle formed at 150 W was used
to determine the crystal structure (Fig. 5a). Several
sets of lattice fringes were evident, resulting in a well-
formed FFT (Fig. 5b). This was indexed to the [1213]
zone axis of a hexagonal close-packed (hcp) structure,
with ¢=2.50 A and ¢=5.0 A. For the nanoparticle
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Fig. 3 High-angle annular dark field (HAADF) STEM images
of the Co(Mo) nanoparticles showing homogenous mixing
of Mo in hcp Co (i.e., no compositional variations within the
nanoparticles). A nanoparticle produced with an aperture size

formed with the 7-mm aperture (Fig. 4c), the FFT
(Fig. 5d) was again indexed to an hcp structure, in
this case the [0111] zone axis, but with slightly differ-
ent lattice parameters (a=2.6 A and c=46 A). It is
useful to compare these to hcp Co, where a=2.504 A
and c=4.07 A [20]. The formation of an hcp structure
is similar to what was observed in the Co—W system,
although in that study, an fcc structure was observed
in smaller nanoparticles [16]. Here, no evidence of
the fcc structure was observed, even in the smaller
nanoparticles. Also, pure Co nanoparticles produced
by IGC were predominantly observed to be fcc with
some hcp, with the proportion of hcp increasing in
larger nanoparticles (in that case,~ 13 nm) [21].

The lattice parameters observed here can be com-
pared to those for a model hcp Co structure with
18% Mo dissolved into it substitutionally, which
would probably enlarge the lattice since Mo is

of 2.5 mm and sputtering power 100 W is presented in a, b, c.
A nanoparticle produced with an aperture size of 7 mm, and
sputtering power 50 W is presented in d, e, f

larger than Co. The “a” lattice parameter observed
here for the nanoparticles is very close to the a
of the model solid solution structure (2.507 A).
However, the ¢ axes of the observed structures are
expanded beyond the model structure, by 22% for
the nanoparticles formed with a 2.5-mm aperture
and 13% for those formed with the 7-mm aperture.
The expanded c axis could be the result of stack-
ing fault-like defects or self-interstitials along the
c axis. Mukherjee et al. [15] explained expanded
lattices in Fe—Au through a self-interstitial model.
Also, the ¢ axis-component dislocation loops in hcp
Mg introduced stacking faults which expanded the
¢ lattice parameter [22], and irradiation-induced
vacancies and self-interstitials, again in Mg, were
generated and agglomerated preferentially in the
basal planes, affecting the ¢ axis lattice parameter
[22]. Due to the highly energetic IGC process, it
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Fig. 4 High-resolution TEM images of the individual as-
deposited Co(Mo) nanoparticles produced with varied sput-
tering power (50 W, 100 W, 150 W) an aperture sizes (2.5,
7 mm). For the 2.5-mm aperture, nanoparticles produced from

is reasonable to explain the expansion of the ¢ axis by
defect formation along this direction. There is some evi-
dence of lattice distortion of the {1101} planes in Fig. 5,
suggesting that there is some ¢ axis defect structure.

All of the nanoparticles formed under different
sputtering powers and aperture sizes displayed fer-
romagnetic behavior at 300 K, evidenced by hyster-
etic behavior (Fig. 6). For nanoparticles formed with
an aperture size of 2.5 mm, the nanoparticles formed
with different sputtering powers have similar coerciv-
ities, whereas for nanoparticles formed with a 7-mm
aperture, coercivities increased with an increase in
sputtering power (Fig. 7). Overall, the coercivities for
the nanoparticles produced with a 2.5-mm aperture
were significantly higher than the coercivity for the
nanoparticles produced with the 7-mm aperture, and
also dramatically higher than similar Co—W nanopar-
ticles [16] and pure Co [21].

@ Springer

different powers are presented in a 50 W, b 100 W, and ¢ 150
W. For the 7-mm aperture, nanoparticles produced from differ-
ent powers are presented ind 50 W, e 100 W, and f 150 W

The difference in coercivity between the nanopar-
ticles formed with the 2.5-mm and 7-mm apertures
may be structure-dependent. While the a axes are
identical, the ¢ axis for the nanoparticles produced
with the 2.5-mm aperture is expanded compared
to the ¢ axis of the nanoparticles produced with the
7-mm aperture. An increased c/a ratio, or increased
defect structure along the c¢ axis, may lead to an
increased magnetocrystalline anisotropy and thus
higher coercivity. However, work on Co thin films
suggested a decrease in magnetocrystalline anisot-
ropy with increasing c/a [23]. Further, Bian et al.
[24] found that an increase in stacking fault density
resulted in a decreased magnetocrystalline anisot-
ropy, although the c/a ratio in that work was constant.
In other systems, an increased aspect (c/a) ratio did
result in an increase in magnetocrystalline anisotropy
[25].
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Fig. 5 a HRTEM image and b indexed FFT of as-deposited
Co(Mo) nanoparticle for aperture size of 2.5 mm and 150 W.
The FFT indexes to a [1 2 1 3] zone axis for hcp. ¢ HRTEM

The increase in coercivity may also be nanopar-
ticle size-related, as there is a general increase in
coercivity as the nanoparticle size decreases (Fig. 8).
An increase in coercivity with decreasing scale is
reminiscent of behavior of multidomain nanoparticles
[26]. However, the single-domain limit for hcp Co is
42 nm [27]; thus, the nanoparticles here are likely in

(0112)

image and d indexed FFT of as-deposited Co(Mo) nanoparticle
for aperture size of 7 mm and 50 W. The FFT indexes to a [01
1 1] zone axis for hep

a single-domain state. Hard magnetic materials have
been observed to increase in coercivity with decreas-
ing particle/grain size in the single-domain state,
absent of any interparticle/intergrain interactions
[28]. Further work is necessary to determine the mag-
netocrystalline anisotropy and further elucidate the
size-dependent behavior of the Co(Mo) nanoparticles.
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Conclusions

Inert gas condensation was used to generate Co—Mo
nanoparticles with significant extension of the solid
solubility. The nanoparticles were found to have an
hcep structure and chemically homogeneous—i.e.,
complete dissolving of Mo in Co. While the equilib-
rium solubility of Mo in hcp Co is~ 1 atomic percent,
here, it was determined that~18 at% Mo was dis-
solved into the hcp Co structure. Nanoparticle size
was found to be slightly related to sputtering power
and more strongly related to aperture size (which con-
trols dwell time in the nucleation chamber, but can
alter dynamics).

The Co(Mo) solid solution nanoparticles were
observed to be ferromagnetic. The coercivity values
were strongly related to whether the nanoparticles
were formed with the 2.5- or 7-mm aperture, with the
smaller aperture producing higher coercivities, and a
small dependence on sputtering power. However, the
coercivity may be more related to nanoparticle size.
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