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a b s t r a c t

The induction effects of applied external magnetic field on the morphology, composition and magnetic
properties of copper-nickel system grown with hydrothermal method have been investigated in the
presence of polyvinyl pyrrolidone (PVP). The products’ phases and morphologies are characterized by
X-ray diffractometer (XRD) and field emission scanning electronic microscopy (FESEM). Magnetic mea-
surements reveal that the introduction of magnetic field could lead to the enhancement of magnetic
parameters, which implies that the magnetic field could exert influences on the nucleation and domain
structure of particles.
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. Introduction

In addition to the role played as an important means for
he study of magnetic properties of materials [1,2], magnetic
eld has been reported to exert much influence on chemical,
hysical and biological systems based on the so-called radical
air mechanism (RPM) [3,4]. In these years, much effort has
een made to understand how magnetic fields influence the
rowth of crystals and the directed aggregation of nanoparticles.
or example, magnetic fields were used to direct the orienta-
ion of vanadium pentoxide ribbons [5], the growth of Fe3O4
anowires [6], the assembly of magnetic nanoparticles [7–11],
ouse osteoblast cells [12], and the alignment of grains and

articles [13,14]. It has been developed as an effective auxiliary

reparation method for anisotropy nanomaterials with various
pplications [15,16]. Despite these achievements, most of these
esearches were focused on the changes of morphology and mag-
etic properties of the elemental crystal and magnetic oxide from
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the point of view of assembly. However, the solution growth
of binary alloys in the magnetic field has rarely been reported
[8,17].

Nanoscale metal and alloys have shown novel optical, electri-
cal and magnetic properties with respect to their corresponding
bulk materials. Cu–Ni transition metal system, for its good
corrosion resistance and mechanical properties [18], has been
applied in marine petroleum engineering. Recently, Cu–Ni nano-
materials have been reported to possess potential application
in small-scale electronic devices as atomic-sized metallic point
contacts [19] and magnetoresistant application for its pecu-
liar magnetoresistance behavior (GMR) [20]. Considering the
magnetic properties difference between Cu (diamagnetic) and
Ni (ferromagnetic), we suppose that the magnetic field may
affect the microstructure and composition and consequently
affect the magnetic properties of the Cu–Ni binary alloy dur-
ing its synthesis process. In this paper, we report the magnetic
field effects on the Cu–Ni hydrothermal system in terms of
products’ morphological, composition and magnetic properties
changes.
2. Experimental

For the present experiment, all the reagents are analytical grade and used
as received. In a typical synthesis, nickel nitrate hexahydrate [Ni(NO3)2·6H2O,

ghts reserved.
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ig. 1. XRD patterns of samples S1 and S1m. Both of them were indexed as mixtures
f Cu and Ni.

.5 mmol], copper chloride [CuCl2·2H2O, 1.5 mmol], PVP [0.3 g] and urea [CO(NH2)2

5 mmol] were dissolved in 60 ml Distilled water. After being vigorously stirred
or 15 min, 10.0 mL of hydrazine was dropwise added into the above mixture
olution. Then the reddish-brown solution was transferred into two Teflon-lined
tainless steel autoclaves with 60 ml capacity, respectively (one without external
agnetic field, the other with 0.19 T magnet made of NdFeB at 150 ◦C). Both of

he autoclaves were closed tightly to perform hydrothermal processes at 150 ◦C
or 15 h. After the reaction was completed, the resulting black solid powder was
ashed with alcohol and distilled water three times, respectively. Then the prod-
cts were dried in air at 50 ◦C. The as-obtained samples were labeled as S1
nd S1m, with m indicating the case of 0.19 T. The same reactions were per-
ormed for the case of 1.5 g PVP with other reaction parameters unchanged, which
ielded samples S2 and S2m. These as-obtained samples S1, S1m, S2 and S2m
ere characterized by X-ray powder diffraction (XRD) using an 18 kW advanced
-ray diffractometer with Cu K� radiation (� = 1.54056 Å), field emission scan-
ing electron microscope (FESEM, FEI Sirion 200). Magnetic hysteresis loops were
easured on a vibrating sample magnetometer (VSM, BHV-55) at room tempera-

ure.

. Result and discussion

In the presence of small dosage of PVP (0.3 g), the phases of
he as-obtained sample S1 and S1m are determined by XRD with
he patterns shown in Fig. 1. Both of the patterns can be indexed
o the mixture of face-centered cubic (FCC) structure of copper
JCPDS 04-0836) and FCC nickel (JCPDS 04-0850). The crystalline
ize of Ni phase for sample S1 (31 nm) is smaller than that of S1m
43 nm), calculated by Scherrer’s equation from the full width at
alf-maximum of (1 1 1) reflection, which reveals that the appli-
ation of magnetic field could influence the particles’ growth and
nhance the crystalline size. Remarkably, the intensity ratio of Ni
1 1 1) peak to Cu (1 1 1) peak becomes larger for the sample pre-
ared with a magnetic field, indicating a preferential orientation
f Ni grains in the mixture. These results suggested that the nucle-
tion and growth of crystallites could be influenced by magnetic
eld.

Fig. 2 shows the XRD patterns of samples S2 and S2m obtained
or the case of 1.5 g PVP dosage. Different from S2m, sample S2
ossesses the broadened peaks (1 1 1), (2 0 0) and (2 2 0) of the
ixture of Cu and Ni and the peak (1 1 1) (43.9◦) of sample S2

s located between Cu (1 1 1) (43.3◦) and Ni (1 1 1) (44.5◦). The
eduction of crystalline size should be responsible for the peaks

◦
roadening and the location of peak (1 1 1) (43.9 ). With the
ncrease of PVP dosage, the adsorption of PVP molecules on the
ewly formed crystalline seeds would be enhanced, which would
inder the growth of crystalline seeds. The detailed growth mech-
nism needs further investigation. Interestingly, the application
Fig. 2. XRD patterns of samples S2 and S2m.

of magnetic field could change the crystalline growth habits and
help to index the Ni phase from the mixture of nanocrystalline
Cu–Ni mixture in the XRD patterns. In the presence of mag-
netic field, the free energy of the whole system will be increased
by the product of magnetization M and the magnetic intensity
H, − �M �H, which would serve as the growth driving force. Con-
sidering the ferromagnetism of Ni and diamagnetism of Cu, Ni
crystalline seeds would gain free energy − �MNi

�H in the hydrother-
mal reduction system, and favor the growth of Ni crystallite. The
PVP dosage and the introduction of magnetic field compete with
each other for the growth of Ni crystallite in the Cu–Ni composite
system.

Fig. 3 further shows the morphological changes effected by the
application of magnetic field. Sample S1 is mainly composed of
quasi-spherical particles with size distribution around 300 nm, as
shown in Fig. 3a; while for S1m, due to the introduction of mag-
netic field, the Lorentz force would play a role at the level of
individual nucleated seed of magnetic Ni and induce its growth
along the direction of lines of magnetic force. Fig. 3b shows the
SEM image of S1m. It is mainly composed of rodlike crystallite
with diameter around 380 nm and length over 2 �m and some
agglomerated particles with smaller size, consistent with the pref-
erential orientation growth result analyzed by the XRD data. In
order to further investigate the composition changes induced by
the magnetic field, the energy dispersive spectroscopy (EDS) was
conducted for sample S1m. Curves a and b in Fig. 3c are EDS
ones for boxed area and circled area in Fig. 3b. The ratios of
Ni to Cu are 67:33 and 39:61 for boxed area and circled one,
respectively. Clearly, the rodlike products in boxed area are Ni-rich
phase, while spherical products in circled area are Cu-rich parti-
cles.

Fig. 4 shows the SEM images of S2 and S2m. Compared with the
morphological change of sample S1m, the introduction of magnetic
field exerts less influence on S2m. Sample S2 possesses spher-
ical morphology, while S2m is less spherical or quasi-spherical.
Both the size of S2m (on average, 400 nm) and its size distribu-
tion are larger than those of S2 (on average, 60 nm). The higher
dosage of PVP is clearly helpful to the formation of spherical par-
ticles and reduction of particles size. With the increase of PVP
dosage, the adsorption probability of PVP long chain molecules

for Cu2+ and Ni2+ are enhanced, which would limit the growth of
Ni crystallite and counteract the magnetic field induction effect,
and should be responsible for the observation that the morpho-
logical changes are not as obvious as those changes of S1m.
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much more distinct effect on S1m than on S2m in terms of Mr,
and reduced magnetization Mr/Ms.

(2) The choice of PVP dosage could be used to control particles size.
Compared with S1, sample S2 possesses much smaller size. In

Table 1
Magnetic parameters Ms, Mr, Mr/Ms, Hc of S1, S1m, S2, S2m measured by VSM at
room temperature.

Samples Parameters
Fig. 3. SEM images of samples S1 and S1m. (a) S1, (b)

oreover, considering the magnetic property difference between
rystalline Ni (ferromagnetic) and Cu (diamagnetic), it is natu-
ally understood that S2m possesses a bigger size distribution than
hat of S2 and the distorted spherical shape of S2m. The syner-
istic roles played by PVP dosage and magnetic field induction
ffect should be responsible for all these morphological observa-
ions.

The magnetic properties of materials are believed to be highly
ependent on the sample morphology, crystalline, magnetization
irection, etc. [21]. Hence, the ferromagnetic properties of S1m and
2m are supposed to be remarkably different from those of S1 and
2. Fig. 5 shows M–H hysteresis loops of the products measured
t room temperature. The inset is the enlarged plots of boxed area
n Fig. 5. The main magnetic parameters including saturation mag-
etization Ms, remnant magnetization Mr, reduced magnetization
r/Ms and coercive field Hc are listed in Table 1. Two behaviors can

e distinguished:
1) The induction of magnetic field could result in the increase
of magnetic parameters. For example, Sample S1 and S2 pos-
sessed saturation magnetization of 27.2 and 13.0 emu/g, both
of which are lower than that of 31.1 and 16.8 emu/g for S1m
and S2m, respectively. This phenomenon of increase in Ms holds
c) EDX patterns for circled area and boxed area in (b).

for other three parameters. The explanation of improved mag-
netic properties for samples S1m and S2m can be analogous
to our previous reports of NiCo alloys and magnetite chainlike
microstructures [17,22]. In the presence of the magnetic field,
the diffusion rate Ni2+, and Cu2+ in the solution is increased and
this diffusion rate increase will favor the nucleation and growth
of particles, improve the crystallinity and hence enhance the
saturation magnetization. Interestingly, magnetic field exerts
Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe)

S1 27.1 3.2 0.12 106
S1m 31.1 11.2 0.36 156
S2 13.0 4.5 0.34 195
S2m 16.8 5.7 0.34 234
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Fig. 5. Field-dependent magnetization of samples S1, S1m, S2, S2m measured at

[

[

[
[

[

Fig. 4. SEM images of samples S2 and S2m. (a) S2, (b) S2m.

the presence of higher dosage of PVP, PVP molecules are abun-
dant in the solution for the coating of the nucleated particles’
surfaces and prevent the particles from growing. The smaller
the particles size is, the worse the crystallinity is, the thicker the
dead layer of the particles would be, and the smaller magnetic
parameters should be.

On the basis of the criteria given by Dunlop [23], single-domain
SD) particles have a value of Mr/Ms larger than 0.5, pseudo-single-
omain (PSD) particles have a value between 0.1 and 0.5 and
ultidomain (MD) particles have a value lower than 0.1. From

able 1, all of these four samples possess a PSD-type behavior.

he changes of Mr/Ms values imply that the application of mag-
etic field could exert much influence on the magnetic domain.
lthough all of these four samples are of PSD-type domain, the
reat changes of Mr/Ms for S1 and S1m and magnetic proper-
ies changes of these four samples imply that the magnetic field

[

[
[

[

300 K in an applied magnetic field of up to 10,000 Oe. The inset shows the enlarged
plots in boxed area.

plays a role in the nucleation, growth and domain control of
particles.

4. Conclusions

In summary, an interesting case of magnetic field-induced
changes in products’ morphology, composition and magnetic prop-
erties are reported, which indicates that the magnetic field could
play an important role in the nucleation, growth and domain con-
trol of particles. Therefore, the application of magnetic field is
supposed to be an important tool to control the composition, mor-
phology and properties of magnetic materials.
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