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Abstract

Mg-doped Ni nanoparticles with the hexagonal close-packed (hcp) and face-centered cubic (fcc) structure have been synthesized by sol-gel
method sintered at different temperatures in argon atmosphere. The structure, morphology and magnetic properties of the samples were studied by
X-ray diffraction, TEM, VSM magnetometers and Magnetic Property Measurement System (Quantum Design MPMS XL-7), respectively. X-ray
diffraction and TEM results showed that Ni-Mg solid solution was formed with the single phase of hexagonal close-packed structure. When the
temperature reached 450 °C, a temperature-induced phase transform from hep to fcc was observed. The average particle size of the sample with hcp
structure evaluated by Scherrer equation was about 6.0 nm. Moreover, the VSM results demonstrated the existence of ferromagnetic behavior in both
synthesized hcp and fcc Mg-doped Ni nanoparticles. The saturation magnetization (M;) of all the samples was below that of bulk Ni (54 emu/g).
Nevertheless, the magnetic measurement at 5000 Oe field for the sample with hcp structure showed that the unsaturated magnetization in hcp
Mg-doped Ni nanoparticles was much smaller than that of the fcc Mg-doped Ni nanoparticles. From the M-T curves, the blocking temperature
(Tg) of the hcp Mg-doped Ni nanoparticles was estimated to be 10 K. It was also found that changes of the stress, particle size and structure during
heat-treating had significant influences on the magnetic properties of the Mg-doped Ni nanoparticles.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction tigated. According to these reports, face-centered cubic (fcc)
structure was its equilibrium bulk phase. Another polymorph,
the hexagonal close-packed (hcp) structure, was a metastable

phase observed mainly in thin films under specific conditions

In recent years, nanoparticles of ferromagnetic metals such
as Fe, Co and Ni attract more and more interests in terms of

their special physical properties and potential applications in
catalysts, high density magnetic recording media, medical diag-
nostics, ferrofluids, and biomedical fields [1-5]. Among these
ferromagnetic metals, Ni nanoparticles were investigated owing
to their potential application in magnetic sensors and mem-
ory devices [6-9]. Different methods were used to prepare Ni
nanoparticles and their magnetic properties were also inves-
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[10,11]. Therefore, most samples prepared with different chem-
ical methods existed with the face-centered cubic structure.
In other words, only a little work has been reported on the
free-standing hcp nickel because of the difficulties in synthe-
sis. Chinnasamy et al. obtained a mixture of fcc and hcp Ni
nanoparticles with dimensions of tens of nanometers by the
reduction in trimethylene glycol under alkaline condition [12].
Carturan et al. prepared hcp Ni powder by nickel acetyl acet-
onate reacting with K/B alloy in an inert atmosphere [13]. Mi
et al. obtain hexagonal close-packed nanocrystalline nickel by
a thermal reduction process [14]. However, there were contra-
dicting theoretical reports on the magnetic properties of the hcp
Ni nanoparticles [15].
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In this work, the simple and easy sol-gel method is used to
obtain high-quality metal and alloy powders of controlled struc-
ture, morphology, size and size distribution. Some researchers
report that additions of alloying elements have been shown to
improve the thermal stability of the material with hcp struc-
ture. There are only few detailed reports on the preparation of
hcp Mg-doped Ni nanoparticles using sol-gel method [16]. To
make the hexagonal close-packed structure more stable, and to
understand the magnetic mechanism of the metastable phase
for ferromagnetic metals, we decide to synthesize Mg-doped Ni
nanoparticles because the equilibrium bulk phase of unalloyed
Mg has a hexagonal close-packed structure. The phase transition
and magnetic properties are also studied.

2. Experimental details

All chemical reagents in this work were of analytical grade purity.
The initial materials included Ni (NO3),-6H,0, Mg(NO3),-6H,O and
citrate (CgHgO7-H20). The appropriate stoichiometric proportions of Ni
(NO3)2-:6H,0, Mg(NO3)2-6H,0 and citrate (C¢HgO7-H,0) were weighed
(Ni:Mg =0.95:0.05, in mol) and their solution were mixed. The mixture had been
homogenized with stirring for 2 h to form a sol and subsequently polymerized
to form a gel at 80 °C. The gel was prepyrolyzed to become an amorphous com-
posite precursor at 120 °C. At a final step, the Mg-doped Ni nanoparticles were
successfully synthesized with precursors heat-treated in argon gases for 10h at
different temperatures of 320, 350 and 450 °C, respectively. The process is:

CeHgO7-H20 + Ni(NO3)2-6H>0 + Mg(NO3)2-6H,0
— CO + NOz +H,O + Ni-Mg

Both hydroxyl of the citrate and the carbon monoxide with reducing power
which is given off during the process of sintering the precursors will stop
oxygenization of nanoparticles [17].

Structural characterization was performed by XRD on D/max-2500 copper
rotating-anode X-ray diffractometer by using Cu Ko radiation (40kV, 200 mA).
Transmission electron microscope (TEM) (200 keV, JEM-2100HR, Japan) was
used to investigate the morphology. The magnetic properties of the samples were
measured at room temperature by a Lake Shore 7407 vibrating sample magne-
tometer. Magnetization versus temperature was obtained by using Magnetic
Property Measurement System (Quantum Design MPMS XL-7).

3. Results and discussion
3.1. XRD characterization

The XRD of the sample synthesized at 320 °C shows the
diffractions from the (010), (002), (011), (012), (110),
(103), (112) and (200) planes of hcp Ni, indicating that
the homogenous solid solution formation with the space
group P63/mmc and the cell constant is estimated to be
a=2.6514£0.0003 A, c=4.3436 £ 0.0007 A, and the volume
is 0.0264 nm> (Fig. la). Particle size obtained by Scherrer for-
mula is 6.0 nm.

Fig. 1b and c shows the XRD patterns of the samples syn-
thesized at 350 and 450 °C. When the heat-treating temperature
goes on increasing to 350°C (Fig. 1b), the diffraction peaks
at 20=44.6°, 51.8° and 76.3° that are attributable to fcc Ni
(111),(200) and (22 0) appear, this indicates that the samples
are mixed by hcp and fcc Ni in the samples. When the heat-
treating temperature increases to 450 °C (Fig. 1c¢), the intensity
of fcc Ni (1 1 1) peak increases significantly and only one fcc Ni
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Fig. 1. XRD patterns for the samples synthesized at 320 °C (a), 350 °C (b) and
450°C (¢).

phase is found at this temperature. With the growth of tempera-
ture, the appearance of fcc Ni phase shows that the hcp structure
of Ni is metastable. The temperature of phase transformation
is between 350 and 450 °C and this temperature is higher than
the phase transformation temperature of Ni [17]. The average
particle size of the fcc Mg-doped Ni nanoparticles is calculated
to be 10 nm by Scherrer equation. The cell constant is estimated
to be a=3.521140.0003 A and the volume of lattice Vo) is
0.0437 nm?, which is smaller than that of Ni, this indicates that
Mg is doped in Ni [13]. One of the possible explanations for the
decreases of the cell constant is that some vacancies will occur
in crystal lattice due to Mg doping, thus the cell constant will
decrease with the increase of the number of the lattice which the
vacancy has occupied. Moreover, the Gibbs—Thomson equation
is ACB(T, D) = 4Q2yCB/KTD [18], where ACB(T, D) is the
variation of density of solid solubility, §2 is the volume of an
atom, y is the surface energy, Cg is the equilibrium solid solu-
bility, D is the particle size, and K is the Boltzman constant. So
the smaller the particle size becomes and the more the solid solu-
bility increases, the more lattice will be occupied by vacancies,
and at the same time, the cell constant will become smaller,
in other words, the contraction of the volume of the cell will
become more. However, accurate identification of such a lattice
contraction needs further studies.

3.2. TEM characterization

Fig. 2 shows the TEM image of the samples synthesized at
320 and 450 °C. The observation shows the nanostructured alloy
of spherical shape and narrow size distribution. The average
particle size is about 6.0nm for a, and about 10 nm for b, in
agreement with the results of the XRD.

3.3. Magnetic properties
Fig. 3 shows the hysteresis loops of hcp Mg-doped Ni

nanoparticles measured at room temperature. The hcp Mg-doped
Ni nanoparticles have a coercivity of 32.906 Oe and are not sat-
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Fig. 2. TEM image of samples synthesized at 320 °C (a) and 450 °C (b).

urated in the maximum field of 5000 Oe. The room-temperature
magnetic properties can be understood in terms of the particle
size distribution, independent of the synthetic process. Because
of the particle size distribution of the samples, the samples have
ferromagnetic behavior when the particle size is bigger than
the superparamagnetic critical size, while superparamagnetic
behavior when smaller than it. In our opinion, the hcp Mg-doped
Ni nanoparticles have ferromagnetic behavior. This ferromag-
netic behavior is in accordance with the theory of Papa et al.
[19] and is similar to Mi et al. [14], but differs from magnetic
behavior of Ni nanoparticles reported by Jeon et al. [20]. Mi et
al. reported that the hysteresis loop of the hcp Ni obtained by
a thermal reduction process indicated a ferromagnetic behavior
with saturation magnetization of 7.4 emu/g and coercivity val-
ues of 94 Oe [14]. However, Jeon et al. reported that the hcp
Ni particles of 8.5-18 nm sizes should be antiferromagnetic or
paramagnetic, with the H. values of zero [20]. It turns out to
be the fact that the hcp Mg-doped Ni nanoparticles have unique
ferromagnetic and superparamagnetic behavior.

Fig. 4 shows the hysteresis loops of the samples prepared at
350 and 450 °C when they are measured at room temperature.
The higher annealing temperature led to the phase transition
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Fig. 3. Hysteresis loops of hcp Mg-doped Ni nanoparticles measured at room
temperature.

from hcp to fcc structure gradually. Annealing at 350 °C led to
the mixture of soft magnetic hcp phase and ferromagnetic fcc
phase (Fig. 4), and the saturation magnetization and the coer-
civity were 23.223 emu/g and 18.8595 Oe, respectively. When
the annealing temperature increased to 450 °C, the transition
from hcp structure to fcc structure was completed and the resul-
tant sample was ferromagnetic Mg-doped Ni nanoparticles with
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Fig. 4. Hysteresis loops of samples obtained at 350 °C (a) and 450 °C (b).
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Table 1

The coercivity and M of the samples synthesized at different temperatures
Samples (a)320°C (c)350°C (d) 450°C
Structure hcp hep/fec fee
Particle size (nm) 6.0 7.3/7.7 10
Coercivity (Oe) 32.906 18.860 37.103

M; (emu/g) 23.223 39.232

fcc structure, as is shown in Fig. 4b, and the saturation magne-
tization and the coercivity were 39.232 emu/g and 37.103 Oe,
respectively. The evolutions of coercivity and My are listed in
Table 1. The abnormal decrease of coercivity annealed at 350 °C
may be explained by the coexistence of two phases, magnetic
interaction and crystal lattice defect.

The temperature-dependent magnetization (M-T) of the
Mg-doped Ni nanoparticles was also measured under zero-field-
cooled (ZFC) and 100 Qe field-cooled (FC) conditions (Fig. 5).
For the hcp Mg-doped Ni nanoparticles (Fig. 5a), the ZFC
curve agrees with FC curve very well along the high temper-
ature side, and the deviation happens below 25 K. A sharp peak
corresponding to the blocking temperature (7g) of the hcp Mg-
doped Ninanoparticles is observed at around 10 K. The observed
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Fig. 5. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization versus
temperature curves for hcp Mg-doped Ni nanoparticles (a) and fcc Mg-doped
Ni nanoparticles (b).

behavior reveals the progressive blocking of the superparamag-
netic particle moments, with a distribution of relaxation time
to the size and anisotropy axis direction. A small dependence
of Tg values on the particle size is observed [20]. That is T
generally increases with increasing particle size, and the Tg
value of 10K is smaller than that of 12K (13.2nm) and 12.5K
(25nm) [21]. In the FC curve, the magnetization continues to
increase below the peak temperature 7p without a tendency
towards saturation, this shows superparamagnetic particles in the
hcp Mg-doped Ni nanoparticles, not spin-glass or spin-canting
[22]. It leads to the result that the temperature dependence of
the low-field magnetization depends on the type of anisotropy
energy barrier for an assembly of non-interacting magnetic
nanoparticles.

However, the ZFC-FC magnetization curves of the fcc Mg-
doped Ni nanoparticles are quite different from those of the
hcp Mg-doped Ni nanoparticles. For the fcc Mg-doped Ni
nanoparticles (Fig. 5b), the ZFC magnetization monotonically
increases with increasing temperature and the FC magnetization
decreases. The Tg value of the fcc Mg-doped Ni nanoparticles is
estimated to be 195 K. Compared to those fcc nickel nanoparti-
cles with bigger sizes [9,20], the as-synthesized fcc Mg-doped Ni
nanoparticles with average size of 10 nm possess a lower block-
ing temperature. Also this can be attributed to the size-dependent
properties of blocking temperature.

Fig. 6 shows the hysteresis (M—H) curves of the hcp Mg-
doped Ni nanoparticles measured at 5 K. The magnetization
is reversible without saturation even for 5000 Oe magnetic
field, which suggests the existence of two contributions:
M = Miy + Miey. M corresponds to the blocked regime of the
component responsible for the Langevin behavior at high tem-
perature (M), whereas M., is related to the liner component
(xmn) [23].

Jeon et al. proposed that the hcp Ni nanoparticles seemed to
be antiferromagnetic for 7> T and similar results were reported
by some other researchers [20,23,24], implying that the hcp Ni
nanoparticles can also be nonmagnetic or antiferromagnetic. But
these conclusions are not supported by our experiments. We
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Fig. 6. Hysteresis loops of hcp Mg-doped Ni nanoparticles measured at 5 K.
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think that the hcp Mg-doped Ni nanoparticles are ferromagnetic.
The ZFC and FC curves show that magnetic properties of the hcp
Mg-doped Ni nanoparticles within superparamagnetic critical
dimension.

4. Conclusion

The synthesis of Mg-doped Ni nanoparticles with hexago-
nal close-packed and face-centered cubic structure by sol-gel
method was reported. X-ray diffraction and TEM results showed
that Ni-Mg solid solution was formed. When the temperature
increased to 450 °C, a temperature-induced phase transforma-
tion from hep to fcc was observed. And the magnetic properties
of the samples were studied by recording both the temperature-
dependent magnetization (M-T) and hysteresis (M—H) curves.
The results demonstrated the existence of ferromagnetic behav-
ior in both hcp and fcc Mg-doped Ni nanoparticles. Moreover,
the magnetic state of hcp Mg-doped Ni nanoparticles was dif-
ferent from that of the fcc Mg-doped Ni nanoparticles. The
ZFC magnetization curve presented T (=10 K) for the hcp Mg-
doped Ni nanoparticles and 7 (=195 K) for the fcc Mg-doped
Ni nanoparticles.
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