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The structure and magnetic properties of fine Ni nanoparticles (~65 nm diameter) having a
spontaneous surface oxide layer have been studied. The particles were prepared by the chemical
reduction of nickel ions in an aqueous medium, with sodium borohydride as the reducing agent.
X-ray diffraction (XRD), transmission electron microscopy, and magnetization measurements (M-H
plots and field cooled/zero field cooled curves) have been used for characterizing the samples. No
detectable change is observed in the M-H curves or in the XRD patterns of the “as prepared” sample
and the sample annealed in air at 573 K. We have indexed both these patterns as Ni in a tetragonal
crystal structure with lattice parameters a=0.4905 nm, ¢=0.5330 nm and @=0.4890 nm, c¢
=0.5310 nm for the “as prepared” and 573 K annealed sample, respectively. This is a new report
about the formation of Ni in a modified crystal structure. The M-H curves of both the samples show
a clear hysteretic behavior but do not saturate, thereby suggesting the existence of both
ferromagnetic and paramagnetic components in the magnetization. Large coercivity values
~123 Oe as compared to 6 Oe in bulk Ni have been obtained. The magnetization results have been
analyzed in correlation with X-ray diffraction and microstructure and satisfactorily explained on the
basis of a core-shell model, where we consider each particle as a magnetically heterogeneous system
consisting of a ferromagnetic core of Ni and an antiferromagnetic/paramagnetic shell of NiO. ©

2004 American Institute of Physics. [DOI: 10.1063/1.1792809]

I. INTRODUCTION

Research in the synthesis and functionalization of nano-
particles (NPs) of various sizes and shapes has received con-
siderable interest in recent years because of potential appli-
cations in high density magnetic recording media, catalysts,
drug delivery systems, ferrofluids, medical diagnostics, solid
fuels, and pigments in paints and ceramics."” The synthesis
of nanoscale materials with desired properties is difficult and
presents a great challenge to the scientific community. The
frequently encountered obstacle is the spontaneous produc-
tion of oxides. Due to very high surface to volume ratio,
nanoparticles have high reactivity and can easily be environ-
mentally degraded. For metal nanoparticles, this results in
the NP being encapsulated within a spontaneous surface ox-
ide (SSO) layer, forming what is known as a “core-shell”
structure. Nanoparticles having core-shell morphology are of
interest in their own right and have been the subject of ex-
tensive research in the recent past. For example, in many
solar absorbing coatings, the presence of a dielectric shell
around at least part of the metallic core, severely delays the
oxidation and appears to be the main reason for their good
high temperature stability. The oxide close to the metallic
core is almost stoichiometric whereas that at the surface con-
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sists of atoms with a reduced coordination number. This in-
duces a weakening in the exchange interactions of the sur-
face atoms with the surrounding ones thereby modifying the
magnetic and other related properties to an appreciable
extent.” The SSO shell can behave as antiferromagnetic,
paramagnetic, or diamagnetic depending on the nature of the
bonding at the surface. Therefore magnetic, optical, and elec-
trical transport characteristics can be tailored by changing the
relative dimensions of the core and shell in the NPs. Thus,
attempts are being made to synthesize NPs with either SSO
or noble metal shells in search of new materials with new
properties and applications.

Among the various synthesis techniques, chemical re-
duction method*™ is widely used for producing NPs of Fe,
Co, Ni, and their alloys with relatively narrow size distribu-
tion. A co-reduction of the transition metal salts by a reduc-
ing agent of sodium borohydride (NaBH,), yields the metal
or metal borides. However, borohydride reduction chemistry
is quite complex and the reaction mechanism differs mark-
edly in aqueous and nonaqueous media. The end product is
thus very sensitive to reaction conditions.*®’ Legrand et al”
attempted to synthesize Ni NPs by chemical reduction
method in open air and they identified a mixture of Ni and
Ni-B when they analyzed the end product with x-ray photo-
electron spectroscopy (XPS). Their sample had no distinct
x-ray diffraction peaks of crystalline Ni or Ni-B, except a
broad halo characteristic of an amorphous structure at wave
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vector g=31.22 nm~!. On the other hand, Glavee et al.* re-
ported the formation of both Ni and NiO when the reaction
was carried out in aqueous medium under air. It is still not
clear what precisely is the reaction mechanism for obtaining
the final product as Ni.

In this paper, we investigate the formation of Ni NPs of
core-shell structure by coreducing Ni** ions with NaBH, in
aqueous solution in air. Further we propose a new reaction
mechanism and present our new results on the structure of
the end product of this method. Subsequently, transformation
of ferromagnetic Ni into superparamagnetic NiO is moni-
tored through structural and magnetic properties.

Il. EXPERIMENTAL DETAILS

Fine particles of Ni were prepared by reducing the nickel
salt NiCl,-6H,O by a reductor of NaBH,, in aqueous solu-
tion, at room temperature and ambient atmosphere. 200 ml
of a 1.0 Msolution of NaBH, was added dropwise over a
period of 1 h to a 1.0 M NiCl,-6H,O solution in a beaker,
with constant magnetic stirring. An instantaneous exothermic
reaction ensued with the formation of black slurries of Ni
NPs and evolution of H, gas. Average temperature of the
solution rises by 10-20 K. However, the dropwise addition
of NaBH, controls the reaction and maintains the average
temperature of the solution at ~295 K. It seems that the
reaction in air monitors in situ surface reaction of the result-
ing Ni sample with H,O in the solution, forming a stable
SSO layer of NiO as an integral part of each individual Ni
particle.

After the Ni’>* — Ni reaction, the sample (slurries of Ni
NPs) was filtered and washed thoroughly with distilled water
to remove all residual ions from the reaction mixture. This
was followed by washing with acetone, to remove the water.
A stable surface passivation layer (NiO) developed on drying
the recovered powder in vacuum (at ~10 mbar pressure) at
room temperature. The sample so obtained is stable in ambi-
ent atmosphere. Annealing in air at temperatures of 573, 773,
and 973 K for 1 h is used to analyze the oxidative reaction of
the Ni core (or the migration of dissolved oxygen) through
the NiO shell as diffusion barrier. A pure Ni powder, NiO
+H, — Ni+H,0T, results on annealing the sample in H, gas
at 973 K or higher temperature.

The crystalline structure of the sample was studied by
x-ray diffraction using a PW. 1718 x-ray diffractometer with
filtered Cu Ka radiation of wavelength A=0.15418 nm. Mi-
crostructure was studied with a JEM 2000 cx transmission
electron microscope (TEM). In situ elemental analysis with
an electron microprobe analyzer confirms the absence of Na*
and CI~ byproduct impurities.

The room temperature M-H curves were measured with
a vibrating sample magnetometer using magnetic fields upto
14 kOe. The low temperature magnetization measurements
[M-H loop at 5 K and field cooled/zero field cooled (FC/
ZFC) curves] were taken using a Mag Lab Exa magnetome-
ter (Oxford Instruments) with fields up to 70 kOe and tem-
peratures down to 4 K. The ac susceptibility measurements
were done using a home made mutual inductance bridge and
a close cycle helium cryostat (Leybold Instruments).
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lll. RESULTS AND DISCUSSION
A. Reaction process

In the reaction in aqueous solution, a black metal powder
of Ni NPs precipitates due to an instantaneous Ni**— Ni
coreduction reaction with NaBH,. The reaction occurs in
successive steps depending on the initial concentrations of
the precursor solutions, the local temperature during the re-
action, and other experimental conditions. In a simple form,
it can be expressed as

Nlclz + 2N3.BH4 — NI(BH4)2 + 2NaCl, (1)

NI(BH4)2 + 6H20 — Ni+ 2B(OH)3 + 7H2T . (2)

The byproduct of B(OH); (or boric acid H;BOj), which
forms in situ reconstructive decomposition of the intermedi-
ate compound Ni(BH,),, coats the resulting Ni particles in a
thin surface layer. The excess B(OH); remains dissolved in
the aqueous solution and does not impart to the final product
after the washing process in fresh water. The H, gas, which
is produced in this reaction, controls a similar reconstructive
decomposition of the metastable compound Ni(OH),, formed
by a reaction of nascent Ni NPs with the H,O[Ni
+2H,0 «>Ni(OH),+H, 1] during the coreduction process.

A low value of reduction potential10 ¢=-0.87 V in the
reaction B(OH);+3H*+3e«— B+3H,0, as compared to ¢
=-0.257 V in Ni**+2e« Ni, favors the hydrolysis reaction
of Ni(BH,), with H,O [Eq. (2)] to form a stable compound
B(OH);. As a result, B(OH); once formed in this example
does not revert back to metallic boron by reaction with H, in
aqueous solution. We thus speculate our sample to be rela-
tively free of impurities of metallic boron. A thermal
B(OH);—1/2 B,053+3/2 H,O decomposition can, how-
ever, occur in excessive local heating during the reaction,
coating the Ni particles with a rather stable B,O5 layer which
acts as a diffusion barrier to the reaction species and inhibits
growth of the Ni particles during the coreduction process. As
a result, as reported earlier by Legrand et al., such a sample
presents an amorphous structure with a strong O 1s band in
XPS spectrum at 532.8 eV in favorable agreement with a
similar band in B,O5 at 533.5 eV. The thermal decomposi-
tion of B(OH);, though not completely ruled out, seems less
likely in our reaction since care has been taken to keep the
local heating during the reaction at a minimum.

Glavee et al.* reported that an intermetallic compound
Ni,B forms on adding an aqueous solution of NiCl, to an
aqueous solution of NaBHj, in standard inert atmosphere and
room temperature over a period of 45 s. A well-defined x-ray
diffractogram of an almost single phase Ni,B occurs after
annealing the recovered powder at 673 K in argon gas.4 The
formation of Ni,B as final product is possibly due to the
extremely short reaction time. Here we mention one obvious
factor that the spontaneous reaction is rich in the BH,™ reac-
tion species. Being ionic in nature, the NaBH, supplies mo-
bile BH,™ ions as soon as it is added to the NiCl, solution, so
that they react in situ primarily with the Ni** cations and
yield Ni(BH,), as an intermediate product [Eq. (1)]. A fast
production of Ni(BH,), in large amounts in an extremely fast
reaction (45 s in case of Glavee ef al.) no longer prefers a
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FIG. 1. X-ray diffractograms of “as prepared” sample (a) and after anneal-
ing in air at (b) 573 K, (¢) 773 K, and (d) 973 K for 1 h. Samples (c) and (d)
are reoxidized into NiO nanoparticles.

hydrolysis reaction of it so readily with water. By the time a
nascent Ni(BH,), reacts with H,O it decomposes to a stable
Ni,B compound. A modified coreduction reaction under
anaerobic condition and for extremely short reaction time
can thus be written as

4Ni(BH,), — 2Ni,B + 6BH; + 7H, 1. 3)

subsequently the byproduct BH; hydrolyzes in aqueous so-
lution and gives H, gas, which maintains a reducing atmo-
sphere, as follows:

Reaction (3) is, however, unlikely to occur in our experiment
as our reaction has been carried out over a long duration of
1 h. It is important to note that Ni borides are better stable
against oxidation than pure Ni metal. They hardly react with
oxygen at room temperature. So a reaction 4Ni,B+30,
— 8Ni+2B,0;, proposed earlier in aqueous solution and
air, 7! showing the conversion of Ni,B to Ni is not feasible.

During reaction (2) in aqueous solution, some of the
OH~ ions get trapped in the growing Ni particles. Possibly a
solid solution of Ni, O, and H,viz., NiOBH(g then forms by
the exchange of electrons present in the reaction medium,
with Ni atoms in the lattice. However, since the hydrogen
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solubility of Ni is very small,'? the number of H atoms tak-
ing part in the solid solution are very few. Nevertheless, the
H content defends the sample from internal oxidation reac-
tion with the O atoms, while annealing in air. As regards the
solubility of atomic oxygen in metallic Ni, we speculate our
sample to contain considerable amounts of dissolved oxygen.
This modifies, as analyzed in the following section, the usual

Fm3m face centered cubic crystal structure’® of virgin Ni
particles and lends credence to our conjecture.

B. X-ray diffraction and microstructure

Figure 1 compares the x-ray diffractograms of (a) “as
prepared” Ni powder (dried at room temperature) and those
annealed in air at (b) 573 K, (¢) 773 K, and (d) 973 K for
1 h. The diffractograms are indicative of a crystalline struc-
ture with some degree of amorphosity, the latter being due to
the disordered surface layers. No significant changes appear
in the diffraction patterns even after annealing the sample at
a temperature as high as 573 K. Patterns (a) and (b) do not
correspond to face centered cubic (fcc) Ni and no attempts
have been made till date by earlier workers™” to identify the
structure. After careful analysis, we find that diffraction pat-
terns (a) and (b) are the modified patterns of the usual fcc Ni

metal which has space group Fm3m. The most intense peaks
(intensity I,=100 u) in (a) and (b) occur at interplanar spac-
ings of 0.2667 nm and 0.2656 nm, respectively. In the usual
Ni metal, the most intense peak (111) lies at d=0.2034 nm
with the second most intense one (200) at d
=0.1762 nm (I,=42 u).

The peaks in diffractograms (a) and (b) in Fig. 1 have
been indexed assuming a tetragonal crystal structure (Table
I) with space group 14/mcm. The lattice parameters are a
=0.4905 nm, ¢=0.5330 nm for the “as prepared” sample and
a=0.4890 nm, ¢=0.5310 nm for the sample annealed at
573 K. We propose that a tetragonal Ni-Og lattice is derived
from the fcc Ni lattice by the incorporation of O atoms at the
interstitial positions of the latter. The presence of these oxy-
gen atoms, which have larger atomic radii (1.40 A) com-
pared to Ni (1.246 A), strains the Ni lattice and makes it
tetragonal. As shown in Fig. 2(a), in the proposed unit cell of
tetragonal Ni, the O atoms replace part of the Ni atoms in the
family of (001) planes in the usual fcc Ni lattice. It adds a
new crystallographic plane of (002) with one O atom at the

TABLE I. X-ray diffraction pattern of Ni nanocrystals of tetragonal crystal structure. The lattice parameters are

given below. “As prepared” powders: a=0.4905 nm;c=0.5330 nm. 573 K annealed powders:
a=0.4890 nm; ¢=0.5310 nm.
As prepared 573 K Annealed

dpyy (nm)? Intensity® (hkl) dpyy (nm)* Intensity” (hkl)
0.3466 (0.3468) 33 (110) 0.3440 (0.3458) 32 (110)
0.2667 (0.2665) 100 (002) 0.2656 (0.2655) 100 (002)
0.2455 (0.2452) 77 (200) 0.2436 (0.2445) 71 (200)
0.2038 (0.2029) 57 (211) 0.2036 (0.2022) 50 (211)
0.1544 (0.1551) 67 (310) 0.1538 (0.1546) 67 (310)
0.1322 (0.1318) 20 (321) 0.1316 (0.1314) 18 (321)

“The figures in parentheses are the d,;,; values, calculated from the respective lattice parameters of the samples.
"The relative intensities are normalized assuming 100 u of intensity for the most intense peak.
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FIG. 2. (a) A model unit cell of tetragonal Ni with an oxygen atom at the
center. The incorporation of the O atom modifies the (b) (111) plane of FCC
Ni into (c) (211) plane.

center as marked in the diagram. The characteristic (111)
plane of fcc Ni [Fig. 2(b)] gets modified to (211) plane [Fig.
2(c)] in accordance with the x-ray diffraction pattern. The
unit cell has a total of eight atoms, one O atom and seven Ni
atoms, and gives a density value of p=5.527 g/cm? for the
“as prepared” sample and p=5.582 g/cm® for the sample
annealed at 573 K. Consistently the value is improved to
8.910 g/cm?® as in fcc Ni after desorbing the oxygen by an-
nealing the sample at 973 K in H, gas (Fig. 3). Although no
peaks of NiO are observed in patterns (a) and (b), it is quite
probable that the oxide layers in these samples are in an
amorphous state.

The O atoms in Ni-Og become mobile at temperatures
above 573 K and when annealed in air, induce phase trans-
formation according to the equation

Ni-O = cubic - Ni;_g+ BNiO. (5)

The c-Ni appears with recrystallized NiO [Fig. 1(c)] on an-
nealing in air at 773 K. Tetragonal Ni thus remains stable till

e (111
o) o fcc Ni
* Ni 4B3
.‘é‘
=
a
S
& (200)
2 [
‘D
S (220)
g .
*
BN L
20 30 40 50 60 70 8 9

26 (degree)

FIG. 3. X-ray diffractogram of fcc nickel powder, obtained after annealing
the “as prepared” powder in H, gas at 973 K for 1 h. A faint NiyB; (111)
peak is also seen.
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573 K, i.e., as long as O atoms remain dissolved in the lattice
and keep it strained. An efficient reaction with O, from air
occurs on annealing at 973 K, resulting in the formation of
fine NiO particles of crystallite size 4.5 nm, as estimated
from x-ray diffraction line broadening [Fig. 1(d)] using
Scherrer equation.

Aggregated, spherical particles of average diameter
66.6 nm are seen in the TEM micrographs (Fig. 4) of the
metal powder, before annealing (a) and after annealing at
573 K (b). Figure 4(c) represents a close up of the sample
obtained after controlled oxidative reaction in air at 973 K. It
shows ultrafine particles of NiO of median size 11 nm, clus-
tered together to form one big particle. Here, both the core
and shell consists of NiO. Possibly, an amorphous structure
retains in shell. The electron diffractogram (d) of this sample
has five distinct rings at dj values 2.417, 2.080, 1.481,
1.250, and 1.201 A. All five rings are due to NiO with re-
flections from (111), (200), (220), (311), and (222) planes, in
favorable agreement with the x-ray diffraction values.

C. Magnetic properties

The magnetic state of the “as prepared” and annealed
samples has been assessed through room temperature mag-
netization data. Figure 5 shows the M-H curves of the “as
prepared,” and the 573 K annealed sample at room tempera-
ture (300 K). A clear ferromagnetic component as indicated
by hysteresis (inset) is present, with coercivity (H,) and rem-
anent  magnetization (M,) values of 123.86 Oe,
0.1088 emu/g, and 120.64 Oe, 0.0869 emu/g, respectively.
The magnetization of these samples is found not to saturate.
As evident from the initial magnetization curves (Fig. 6), the
magnetization at lower fields shows a rapid increase with
field, followed by a curvature and then by a linear behavior
suggesting the existence of two different magnetic phases in
each particle—a ferromagnetic and a paramagnetic phase.
The first is responsible for the rapid increase of the magne-
tization at low fields while the second is responsible for the
nonsaturation of the magnetization at higher fields. Each par-
ticle can thus be considered as a magnetically heterogeneous
system consisting of a ferromagnetic Ni core and an outer
shell of NiO and any other paramagnetic impurities in the
form of nickel borides. However, no significant borides
could be detected in the XRD patterns even after annealing
in air at 973 K for 1 h, though a very faint peak of NiyB;
appears in the sample annealed in H, gas.

An attempt to separate the ferromagnetic and paramag-
netic components from the initial magnetization curves has
been made (Fig. 6 inset) by expressing the total magnetiza-
tion of a particle in the high field region (few thousand oer-
steds) as

M(H)=M(1 - o/H) + xH, (6)

where My is the saturation magnetization, y is the paramag-
netic susceptibility, and “a” is a constant, generally inter-
preted as due to inclusions and/or microstress.* Reasonably
good fits of Eq. (6) to the high field region of the initial
magnetization curves have been obtained, with Mg values of

0.4476 and 0.3592 emu/g and y values of 3X 107> and 4
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(©

X 107 emu/g Oe for “as prepared” and 573 K annealed
samples, respectively. Our attempts to fit more complicated
functions suggested by earlier workers' to the complete ini-
tial magnetization curve gave better fits but resulted in un-
physical values of y. The small values of M as compared to
54.39 emu/g in bulk Ni are due to the presence of surface
layers which are either spin disordered (canted moments in
the oxide coating) or magnetically dead.'®"" It is also noticed
that the magnetization decreases slightly when the sample is
annealed in air at 573 K. This is due to the increase in oxide
layer thickness which (oxide) though imperceptible from
XRD pattern, is most likely to be present in an amorphous
state.

The coercivity values (~120 Oe at room temperature) of
“as prepared” and 573 K annealed samples are two orders of

(@) As Prepared

(b) Annealed at 573K

o
(=

=)
-

M (emu/g)
=)
o

S
Y

08 04 00 04 08

45 10 S5 0 5 10 15
H(k Oe)

FIG. 5. Magnetization as a function of applied at 300 K for (a) “as pre-
pared” and (b) 573 K annealed sample. The inset gives an expanded view of
the plots and clearly shows hysteresis.
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FIG. 4. TEM micrographs of “as pre-
pared” sample (a) and after annealing
in air at (b) 573 K, and (c) 973 K. (d)
is the electron diffraction pattern of
sample (c).

(d)

magnitude higher than the value of 6 Oe for bulk Ni. This
cannot be due to small particle dimensions alone. We at-
tribute this to the influence of interface anisotropy which
through exchange coupling can modify the magnetism of the
core. The Ni core and NiO shell nanostructure can be de-
scribed as a magnetic bilayer with spherical geometry. It is
then reasonable to anticipate that the NiO shell acts as a
pinning layer as in spin valve structures, pinning the core
spins near the interface of the Ni core and NiO shell via
exchange interactions. This prevents the core spins from ro-
tating freely in commensurate with the applied field, thereby
leading to large observed coercivities. The first few layers of
the NiO shell just surrounding the Ni core are antiferromag-
netic and act as the pinning layers while at the surface the

10

e
®
T

14
o
T

M (emu/g)
2

R

0.0

FIG. 6. Initial magnetization curves of (a) “as prepared” and (b) 573 K
annealed sample. The inset shows the separated components for the “as
prepared” sample with (CJ) and (A) as the ferromagnetic and paramagnetic
components, respectively.



J. Appl. Phys., Vol. 96, No. 11, 1 December 2004

Roy et al. 6787

TABLE II. The core diameter and shell thickness of “as prepared” and 573 K annealed samples as estimated

from magnetization data and XRD pattern.

Total diameter

Crystallite size of

“Density dyora (from TEM) M, doore Lohell Ni (from XRD)
Sample p (g/cm?) (nm) emu/g (nm) (nm) (nm)
As prepared 5.527 66.66 0.448 14.321 26.173 11.979
Annealed 5.582 66.82 0.359 13.266 26.872 10.864
at 573 K

“The p values are for tetragonal Ni.

spins are uncompensated, misaligned, and without any mag-
netic order. It is these randomly oriented spins which align
with increase in field and give rise to the paramagnetic com-
ponent yH.

The Ni core diameter (d,,.) and NiO shell thickness
(tehen) for “as prepared” and 573 K annealed samples were
determined from the magnetization data on similar consider-
ations as in Ref. 16. The core diameters are in good agree-
ment with the crystallite sizes obtained for Ni from the “slow
scanned” XRD patterns of the samples. Table II gives a sum-
mary of the results.

Figure 7 shows the room temperature M-H curve of the
sample annealed in air at 973 K. The absence of a ferromag-
netic component in this sample is consistent with the XRD
results, i.e., the fine particles are completely oxidized into
NiO. The crystallite size of these particles as estimated from
XRD line broadening using Scherrer equation is 4.5 nm. The
room temperature M-H curve of this sample (Fig. 7) fits well
to the Langevin function, yielding an average particle mo-
ment of 1322 up and saturation magnetization of 1.6 emu/g.
Thus as per the simple Langevin theory of paramagnetism,
our sample can be considered to consist of noninteracting,
magnetic particles, but clustered together as is evident from
[Fig. 4(c)]. The reasonably good Langevin fit clearly sug-
gests that the particles are superparamagnetic at room tem-

15
~—— Fit of Langevin
1.0} function
05|
C)
S 00 =
E O
2
05
4
10} 2
% 7620 30 40 50 €0
-1.5 1 A 1 i L i 1 e
-15 -10 5 0 5 10 15
H(k Oe)

FIG. 7. Magnetization as a function of applied field at 300 K, for the 973 K
annealed (in air) sample. The solid line is the fit of the Langevin function to
the data. The inset shows the initial magnetization curve of this sample at
5 K.

perature. We have also estimated the particle size from the
fitting parameters (particle moment and saturation magneti-
zation) of the Langevin function, assuming the particles to be
perfectly NiO with a density of 6.67 g/cm?. It is ~12 nm, in
close agreement with the value of 10 nm obtained from TEM
measurements. It is interesting to point out that the M-H data
for NiO NPs as reported by Makhlouf et al. '%19 had to be fit
to a modified Langevin function containing an extra linear
term. The same observation was reported by Biasi e? al.? for
ultrafine Fe-Ni-B nanoparticles. The reason for the inclusion
of the linear term has not been explained. The inset of Fig. 7
shows the initial magnetization curve of this sample, mea-
sured at 7=5 K. The magnetization does not saturate even at
such low temperature and high field of 60 k Oe. The pres-
ence of large high field susceptibility at 5 K is an indication
of strong magnetic anisotropy in the sample and is inter-
preted in terms of surface and interface effects.

The temperature dependence of the magnetization of the
above sample has been studied through the FC and ZFC
curves, measured at a constant dc field of 100 Oe (Fig. 8).
They exhibit the typical blocking process of an assembly of
superparamagnetic particles, with an average blocking tem-
perature Tp=120 K. This is defined as a temperature at
which the ZFC curve exhibits a maximum. The ZFC peak is
wide, hinting at a distribution of relaxation times because of
a distribution in particle size. As ac susceptibility (ACS)
measurements provide independent information about T, the

0.08 |-

0.06 -

M (emu/ g)
o
R

0.02 |
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FIG. 8. Magnetization of FC and ZFC NiO particles (973 K annealed
sample) in 100 Oe applied field, as a function of temperature. Inset: Real
part of ac susceptibility vs temperature.
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real component y’ of ACS is plotted as a function of tem-
perature (Fig. 8 inset) for an applied ac field of 2 Oe and
frequency 80 Hz. It shows a peak close to 120 K in close
conformity with magnetization data.

IV. CONCLUSIONS

Fine particles of oxide coated Ni have been synthesized
using the borohydride reduction method. The XRD pattern
has been indexed as Ni in a tetragonal crystal structure. The
formation of tetragonal Ni is due to the presence of dissolved
oxygen in the Ni lattice. When the sample is annealed at
973 K in argon or hydrogen gas, FCC nickel was obtained
due to the desorption of the dissolved oxygen. Small M, but
large H, values are due to the pinning of the Ni core spins by
the NiO shell. The magnetization data could be satisfactorily
explained on the basis of core-shell geometry of the par-
ticles.
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