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Magnetic Properties of Nano-Sized CuNi Clusters
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We have sindied the magnetic properties of the CuNi nanoparticles for three different sizes prepared by plasma
and chemical techniques. The magnetization is enormously enhanced with decreasing the nanoparticle size.
This enhanced magnetic moment shows almost inversely linear temperature dependence, which could be inter-
preted by the Langevin-type superparamagnetism. The field dependence exhibits ferromagnetic-like behavior
with weak hysteresis, which could described in terms of uncompensated spin and/or surface anisotropy. In
addition, the magnetic data suggest that the CuNi nanoparticles produced by the plasma method result in sig-
nificantly less oxidized metallic nanoparticles than those prepared by other techniques.
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1. Introduction

The recent interest in cluster science stems from the
main observation that the physical properties of finely
divided powders are very different from the macroscopic
well-known properties of the bulk. Particular interest lies
in the magnetic properties of transition metal-oxide and
pure transition metal clusters, which have been mostly
found to exhibit an unusual form of magnetic ordering
[1]. When the diameters of the fine particles are compar-
able to the characteristic length of the magnetic corre-
lation, a special spin polarization can occur. Thus, it could
be of interest to know how the magnetic coupling
develops with cluster size and how the moments within
the cluster are aligned.

Studies on the magnetic properties of monoatomic
transition metal clusters have demonstrated that the
magnetic moment is increased over the bulk value and is
more enhanced as reducing the cluster size. Magnetic
behaviors on ferromagnetic Fe, Co, and Ni clusters have
been determined earlier measuring molecular beam de-
flection [1], in which the magnetic moments for clusters
of diameter ~ a few nm are atomic like and those for
larger clusters approach the bulk limit. The experimental
trends have been qualitatively explained using both ab-
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initio [2] and semiempirical tight-binding models [3] in
monoatomic transition metal clusters. However, the mag-
netic properties of mixed transition metal clusters have
not yet received similar attention because of the lack of
high-quality sample. Fe-Ni alloy, which is one of the most
widely used magnetic materials, has been studied as the
bulk alloys change into the ultrafine particles ~ a few tens
nm in diameter [4]. Although the magnetization for the
ultrafine particles has almost the same temperature de-
pendence as that of the bulk alloys, the saturation magne-
tization of the ultrafine particles was remarkably lower
than their bulk value. This is particularly surprising as one
expects the particles to have higher magnetic moments
due to the increased number of surface atoms with reduc-
ing the size. They believed that the lowering of magneti-
zation in the nanophase could be due to coexistence of
ferromagnetic and antiferromagnetic solutions. Further-
more, other effects such as disorder and segregation have
been suggested to play a role in the decrease of the total
magnetization of the system [5].

2. Experimental Details

In the present study, we present experimental results of
the magnetic properties of mixed Cu-Ni clusters in com-
parison with those of the corresponding bulk alloys.
Three kinds of CuNi ultrafine particles were prepared by
different techniques. The nano-sized composites of CuNi

(© 2006 Journal of Magnetics



Journal of Magnetics, Vol. 11, No. 4, December 2006

were produced by an inductively coupled plasma reactor
equipped with the liquid nitrogen cooling system. Those
of the starting raw materials were 50Cy:50Ni (at.%). The
nano-sized CuNi alloy was preparéd by thermolysis of
single molecular precursor in hexz{decylamine. The reac-
tion was carried out at relatively low temperatures with-
out reducing agent under inert atmosphere condition. We
denote the nanoparticles prepared by plasma method as a-
and b-types with difference diameters of 10 nm and 20
nm, respectively. And we denote the nanoparticles pre-
pared by chemical method as c-type with a diameter of 80
- nm. The results of EDS (Energy Dispersive Spectroscopy)
quantitative analysis showed almost 50 at.% Ni and 50
at.% Cu for all the composites. The SEM (Scanning Elec-
tron Microscope) and HR-TEM (High-resolution Trans-
mission Electron Microscope) images showed nearly
spherical shapes and average sizes of (a) 10 nm, (b) 80
nm, and (¢) 20 nm in diameter. This enables us to study
the effect of particle size and surface anisotropy on
magnetic interaction in the cluster. The XRD (X-ray
Diffraction) patterns of all of the alloys could be indexed
with a cubic structure. The diffraction peaks show a trend
of broadening, which results from the reduced size of the
particles. Magnetic measurements were performed using a
Quantum Design SQUID magnetometer. The temperature
dependence of magnetization was measured in an applied
field of 1 kOe between 2 and 350 K and the hysteresis
loop was measured at 2 K. We find qualitatively ferro-
magnetic-like spin polarization when the bulk alloy
changes into the nanoparticles, that is the magnetization
saturated at high field and there is a hysteresis in the field
dependent magnetization. This ferromagnetic spin polari-
zation seems to be dependent of the surface anisotropy,
although the nanoparticles exhibit similar reversible mag-
netic behavior.

3. Results and Discussion

Figure 1 shows the temperature dependence of mag-
netic susceptibility M/H measured at 1 kOe for the three
kinds of nanoparticles and the bulk alloy of CuNi. For the
bulk sample, the M/H curve satisfies the Curie-Weiss law
at high temperatures above 250 K, giving values of the
effective magnetic moment g = 1.5 g per formula unit
and the paramagnetic Curie temperature 6 = 240 K. The
large positive value of & is presumed to be due to a
ferromagnetic correlation in the CuNi alloy. On the other
hand, in the lower temperature regime it increases rapidly
below 50 K, which generally agrees with the ferromag-
netic transition temperature for the bulk CuNi system [6].
However, the smooth change at the transition may arise
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Fig. 1. Temperature dependence of magnetic susceptibility M/
H measured at 1 kOe for 10 nm (a-type), 20 nm (c-type) and
80 nm (b-type) CuNi nanoparticles, and the bulk alloy of
CuNi.

from additional contributions from unavoidable impurity
phases in our bulk sample. When the nanoparticles are
approached from the bulk sample, the magnetic moment
is enormously enhanced and the M/H curve is almost
inversely linear temperature dependent. There is no sub-
stantial difference in the temperature dependence of M/H
except the sudden rise of M/H for the c-type nanoparticles
at low temperatures. If one presumes that the inversely
linear temperature dependence is attributed to the conven-
tional Langevin paramagnetism, i.e., the Curie-Weiss term,
one can have extraordinary values of fg = 64 g and 6 =
507 K for the a-type nanoparticles. Thus, we could ex-
clude this interpretation and have to find another possible
origin for the temperature dependence of M/H in the
nanoparticles. We would suggest the Langevin-type super-
paramagnetism with a high blocking temperature fairly
above the room temperature in origin. This interpretation
can be supported by the weak hysteresis (Fig. 3) and the
ferromagnetic-like behavior observed in the magnetization
curve (Fig. 2), and thus it is more reliable than the inter-
pretation of conventional Langevin paramagnetism. Here,
the interesting point is that the superparamagnetism appears
abruptly to have a very high blocking temperature. The
superparamagnetism for nanoparticles is mostly believed
to originate from uncompensated spin and/or anisotropic
surface effect. The uncompensated spin on the surface of
the nanoparticles can be easily aligned along the direction
of the applied magnetic field, resulting in the large mag-
netic moment. The magnetic anisotropic energy can be
deduced from the blocking temperature and the size of
single nanoparticles [7]. It has been reported for metallic
iron nanoparticles that the magnetic anisotropy energy
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Fig. 2. Magnetic field dependence of magnetization M(H)
measured at 2 K for three kinds of CuNi nanoparticles and the
bulk alloy.

increases with decreasing particle size, presumably because
of the influence of surface anisotropy [8].

In order to take a careful look at the magnetism of the
CuNi nanoparticles, we have measured the magnetization
M(H). 1t is worth noting from Fig. 2 that M(H) increases
significantly with decreasing the particle size of CulNi. At
2 K, the magnetization at 5 T is about 11.5 emu/g and 2.4
emu/g for the a- and b-type particles, respectively, far
from the saturation value for the bulk alloy of CuNi. This
increased magnetic moment is most likely to be the out-
come of anisotropic surface effects, as found in mono-
atomic transition metal nanoparticles like Fe, Co, and Ni
[1]. For the c-type particles, monotonic increase of M(H)
is observed at 2 K, where the temperature dependence of
M/H shows a sudden increase. Such behavior is presumed
to be associated with the oxidization of the CuNi nano—
pamcles In general, the metallic nanoparticles are easﬂy
oxidized in air, which leads to the formation of an oxide
layer on the suiface of the metallic particles. Due to the
presence of exchange interaction at the interface between
the metal and metallic oxide, the system would exhibit an
exchange bias l[‘)] The exchange bias can be reflected by
the sh1ft of the hysteresis loop. As seen in Fig. 3, the
hysterems loop of the c-type nanoparticles is asymmetric,
g1v1ng a quantitative value of AHc = (Hc"+ Hc)/2 ~ 72
G, where Hc* and H: are defined as the coercive fields
with increasing and decreasing fields, respectively. On the
other hand, thé hysteresis loop of the a- and b-type nano-
particles is symmetric with respect to zero field. This
indicates that the CuNi nanoparticles produced by the
plasma technique are free of any oxide layer. Further-
more, the coercivity at 300 K (that is not shown here) is
nearly negligible, corresponding to superparamagnetism,
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Fig. 3. Hysteresis loops measured at 2 K for three kinds of
CuNi nanoparticles and the bulk alloy.

which is most likely to be associated with uncompensated
spin and/or anisotropic surface effects.

We now discuss the origin of enhanced magnetic
moments of the nano-sized CuNi clusters. The bulk CuNi
system shows long-range ferromagnetic order above 45
at.% Ni composition [6], which is about twenty times
larger than the critical concentration (2.3 at.% Ni) for the
bulk PdNi system [10]. The magnetic and transport pro-
perties of bulk CuNi alloy are described in terms of quasi-
localized moments [11]. Such isolated but fluctuating Ni
moments seems to play an important role in the enhanced
magnetic moments of our nano-sized CuNi system. As
reported for a variety of other nanoparticles, the magnetic
properties are a result of contributions from both inter-
action and size effects.

4. Conclusion

In conclusion, the preparation of the CuNi nanoparticles
has been achieved through plasma and chemical techni-
ques with different sizes. The magnetization is remark-
ably higher than the bulk value and is further enhanced
with decreasing the particle size. This enhanced magnetic
moment in the nanoparticles is most likely to be associ-
ated with the Langevin-type superparamagnetism, which
is supported by the weak hysteresis and the ferromag-
netic-like behavior. The results could be understood
within a framework of uncompensated spin and/or surface
anisotropy. The magnetic data suggests that the CuNi
nanoparticles produced by the plasma method results in
significantly less oxidized metallic nanoparticles, whereas
the CuNi nanoparticles prepared by the chemical method
makes an sudden increase of magnetization at low
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temperatures due to the oxide layer on the surface of the
nanoparticles.
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