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Ni;_xFe,O (x=0 and 0.03) nanoparticles are synthesized by a chemical route. XRD and TEM
measurements confirm phase purity and crystallinity of the nanoparticles. Fe substitution in NiO
reduces considerably the average particle size of the nanoparticles. The pristine NiO sample with size
14 nm and Fe-substituted sample having size 7 nm show room temperature ferromagnetism. The
pristine NiO having 31 nm size and Fe-substituted sample with size 25 nm are found to be
antiferromagnetic. The M-H and M-T behavior of the pristine and Fe-doped samples are explained
with a core-shell model with an antiferromagnetic core and a ferromagnetic shell. The disordered spins
at the shell give rise to a spin-glass like frozen state below 10 K. The obtained room temperature
ferromagnetism in the pristine and Fe-doped NiO has been attributed to particle size effect.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Extensive research has been carried out recently on transition
metal ion doped semiconductors because of their vast technologi-
cal applications in magneto-electronic, opto-magneto-electronic
and spintronic devices. There have been several reports on
achieving room temperature ferromagnetism (RTFM) in different
oxide based semiconducting materials such as SnO,, ZnO and TiO,
[1-8]. However the origin of RTFM in these oxides is still debated
[9-11]. NiO is a widely investigated material because of its
potential applications in different devices such as sensors,
electrochromic displays and conducting electrodes [12,13]. NiO
is a well known antiferromagnetic material with Neel temperature,
Tn =523 K. NiO essentially is an insulator with a band gap of nearly
4.0 eV but it also shows p-type semiconducting behavior due to
either the presence of Ni?* vacancies or when it is doped with other
cations (e.g. Li *) [14]. Kodama et al. had reported anomalous
magnetic behavior like large magnetic moments, large coercivities
and loop shifts at low temperatures in NiO nanoparticles (size
31.5 nm) that was explained by finite size effects [15]. Bi et al.
reported ferromagnetic like behavior in ultrafine NiO nanocrys-
tallites having grain size 5 nm. This behavior was ascribed to
missing bonds and lattice distortion in the samples [16]. Winkler
et al. suggested a core-shell model to describe ac-susceptibility
results on 3 nm NiO nanoparticles [17]. Recently, there have been
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some reports in bulk and polycrystalline transition metal ion
doped NiO. Wang et al. found RTFM in Ni;_,Fe,O (x = 0.02) with a
maximum magnetization of 0.575 emu g~' at 10 kOe. They have
ruled out the possibility of finite size effect for getting RTFM in
their samples and suggested that ferromagnetic clusters formed
due to compositional inhomogeneity might be responsible for the
observed behavior [18]. Lin et al. reported RTFM in Fe-doped NiO
nanopowder that was explained in terms of double exchange
mechanism through the doped Fe ions and free charge carriers in
the samples [14]. Douvalis et al. have investigated RTFM in 2% Fe®’
doped NiO and have described its origin as due to the formation of
a secondary phase like NiFe;04 in the sample heat treated at 873 K
whereas ferromagnetism in the sample heat treated at 673 K was
assigned to finite size effect [19]. Recently, He et al. observed large
room temperature ferromagnetism in Ni; _,Fe,O (x =0, 0.015, 0.03,
0.05 and 0.10) bulk samples [20]. The presence of an impurity
phase like NiFe,O, was described responsible for RTFM in all
samples though the ferrite phase could not be detected by XRD in
the samples with x < 0.03 due to being in trace amount. Manna
et al. have shown room temperature ferromagnetism in Fe-doped
NiO nanorod samples with a coercive field of 614 Oe [21]. Arecent
work by Raja et al. on polycrystalline Fe-doped NiO has reported
ferromagnetic behavior at room temperature whereas the origin of
ferromagnetism was proposed to be due to the formation of a
secondary phase (NiFe,O4) in the samples [12]. Makhlouf et al.
observed the absence of ferromagnetic behavior in the pristine NiO
having particle size larger than 30 nm whereas ferromagnetism
was observed at 296 K in the pristine NiO particles of size less than
8 nm. Most of the works carried out thereafter on Fe-doped NiO
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were in bulk or polycrystalline form of particle size greater than
30 nm to avoid occurrence of ferromagnetism from pristine NiO
component as reported by Makhlouf et al.

In the present work, structural and magnetic properties of
pristine and 3% Fe-doped NiO nanoparticles prepared by a co-
precipitation method are investigated. The particle sizes of the
pristine samples are 14 nm and 31 nm (below and above the
critical size of 30 nm as reported by Makhlouf et al.). After doping
iron the above sizes are found to get reduced to 7 nm and 25 nm
respectively. The structural and magnetic properties of the
prepared nanomaterials are compared and discussed in the
backdrop of the inconsistent results reported by previous workers
as mentioned above. Structural and morphological studies were
carried out by X-ray diffraction (XRD) and transmission electron
microscopy (TEM) respectively. Magnetic measurements were
done by a SQUID magnetometer. Room temperature ferromagne-
tism has been found in the pristine sample having size 14 nm
whereas the pristine sample with size 31 nm showed antiferro-
magnetic behavior. The detailed M-H and M-T measurements
indicate a core-shell type structure of the prepared samples.
The disordered spins at the shell shows a “spin-glass” freezing
below 10 K.

2. Experimental

Fe-doped NiO nanoparticles were prepared by a co-precipita-
tion method followed by thermal treatment at relatively low
temperature. Calculated amount of NiCl,-4H,0 and Fe(SO4)-7H,0
were added into Milli-Q water. This solution was heated to 50 °C
under vigorous stirring. Afterwards it was cooled down to room
temperature and was hydrolyzed at a constant rate with drop wise
addition of NaOH solution. The pH of the solution was maintained
at 8. The obtained precipitate was washed several times with
distilled water and absolute ethanol to remove possible ionic
impurities. A similar method was used to prepare pristine NiO
sample with required amount of NiCl,-4H,0. The dried sample was
heat treated at two different temperatures 400 and 700 °C in open
atmosphere for 4h to obtain the required nanomaterials of
different grain sizes. Hence onward, the heat-treated pristine
samples are described as N4 and N7 whereas Fe-substituted
samples are marked as NF4 and NF7 corresponding to heat
treatment at 400 and 700 °C respectively. The structure and phase
purity of the prepared samples were characterized by a Bruker D8
Advance high-resolution X-ray diffractometer (HR-XRD) by using
Cu Ko radiation of wavelength 1.54 A. In addition to this,
morphology and crystalline nature of the samples were checked
by transmission electron microscopy (TEM). Selected area electron
diffraction (SAED) and high-resolution transmission electron
microscopy (HRTEM) tools were also used for further structural
characterization. Magnetic properties were measured with a super
conducting quantum interference device (SQUID) magnetometer
(MPMS XL7, Quantum Design, USA).

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows X-ray diffraction patterns of chemically synthe-
sized nanomaterials. The calculated d values from the observed
diffraction peaks were compared with the standard JCPDS data file,
which confirms the formation of pure NiO phase in the samples. An
additional peak of low intensity was detected in the XRD pattern of
NF7 that was ascribed to a secondary NiFe,;04 phase. The ionic radii
of Ni®* and Fe*", are 0.69 and 0.64 A respectively; therefore Ni%* can
be replaced in the lattice structure by Fe>* ions. The average grain
size of the samples was calculated by the Debye-Scherrer equation
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Fig. 1. X-ray diffractograms of the prepared Ni; yFe,O (x =0, 0.03) samples heat-
treated at 400 and 700 °C. The mark (*) shows the impurity phase NiFe,0,4 in NF7.

and was found to be 14, 7, 31 and 25 nm for N4, NF4, N7 and NF7
respectively. The drastically reduced grain size with Fe doping in
the host matrix indicates restriction of host lattice growth on iron
doping. The broadening and reduced intensity of peaks can be seen
clearly in the case of Fe-doped NiO nanocrystalline samples. This is
attributed to evolve strain in the matrix due to smaller particle
size. A typical TEM picture of the pristine NiO nanostructures
(sample N4) has been shown in Fig. 2(a). The estimated average
particle sizes from TEM images have shown appreciable agreement
with XRD results. A change in morphology is found with insertion
of dopant Fe atoms in the host NiO matrix. As can be seen from
Fig. 2(b), shape of the particles in the Fe-doped sample has
transformed to nearly rod-like shape from being spherical in the
pristine sample. High-resolution transmission electron microsco-
py (HRTEM) was carried out to check the crystallinity and phase
purity of the samples. Clear fringes have been observed (Fig. 2(c))
in HRTEM image of the sample N4 indicating high crystallinity and
nearly defect-free nature of the sample. The interplanar distance
between adjacent planes is obtained as 2.09 A, which corresponds
to (200) plane of NiO structure. The selected area electron
diffraction (SAED) pattern of the same sample has been displayed
in the inset of Fig. 2(a) and (b). The observed rings are identified as
that of NiO, which confirms crystalline nature and phase purity of
the prepared samples.

3.2. Magnetization studies

Magnetization (M) of the samples measured as a function of
temperature (T) in zero-field-cooled (ZFC) and field-cooled (FC)
conditions with an applied field of 100 Oe have been displayed in
Fig. 3. The ZFC curves of the pristine NiO (N4) and Fe-substituted
NiO (NF4) show two peaks. The broad peaks observed at 90 K and
140K in the samples N4 and NF4 respectively are assigned to
gradual superparamagnetic blocking of the relaxing spin moments
essentially at the core of the particles with reduction of
temperature. The broadening of the peaks is caused by distribution
of particle size in the samples that results in distribution of
anisotropy energy barrier. The sharp peaks observed around 12 K
and 8 Kin N4 and NF4 respectively are attributed to freezing of the
surface magnetic moments of the nanoparticles at low tempera-
ture giving rise to the formation of “spin-glass” like state. The
bifurcation of the ZFC and FC curves observed in the samples N4
and NF4 at 225 and 270 K respectively also indicates the presence
of relaxing spin moments in the samples. The TEM pictures of the
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Fig. 2. TEM image of (a) N4, (b) NF4 and insets show SAED patterns of the same sample, and (c) high-resolution TEM image of N4 sample.

prepared nanoparticles also support the existence of a distribution
of particle size. The observed variation of magnetization with
temperature as discussed above can be explained with a core-shell
type structure of the nanoparticles. The uncompensated spin in the
core structure is responsible for the superparamagnetic behavior
characterized by broad peaks in the zero-field-cooled M-T curves.
The disordered spins at the shell near the surface are responsible
for the observed spin-glass like freezing at lower temperatures.
Similar core-shell structure has been reported recently in pristine
NiO nanoparticles by others also though particle size was rather
low in their study [17]. It is also to be noticed that NF4 shows
higher average blocking temperature than that shown by N4,
though NF4 has lower particle size in comparison to N4. This
unusual behavior indicates the presence of interparticle interac-
tion among the particles that may increase the average blocking
temperature. Shifting of blocking temperature due to interparticle
interaction has been reported in some other systems also [23,24].
For more precise information about interparticle interaction in
samples N4 and NF4, ac-susceptibility measurements were carried
out. The obtained results are shown in Fig. 4. Both the samples
show similar behavior as was found for dc magnetization
measurements (Fig. 3). The peak observed at lower temperature
did not show any shift with varied frequencies. In the case of the
sample N4, the other broad peak observed at higher temperature
has shown small shift of peak position with frequency. For
noninteracting superparamagnetic (SPM) particles, T, shows
substantial frequency dependence while frequency dependence
of Ty, is less prominent for spin-glass (SG) or interacting SPM

particles. A useful parameter that represents relative shift of the
blocking temperature per a frequency decade is given by

AT

? TpAlogyq f M
where AT, is the difference between the blocking temperature
measured in Alogo f and fis the ac magnetic field frequency [25].
The values of this parameter are in the range 0.1-0.13 for non-
interacting superparamagnetic particles whereas for magnetically
interacting as well as for spin-glass, the values of the parameter @
are observed in the range 0.05-0.005. The obtained value of the
parameter @ for N4 is 0.05. This value suggests the presence of
weak interparticle interaction in the sample. For NF4, the value of
Tp has been observed to be 150 K that is clearly higher than that in
N4. Similar observation has also been noticed in dc magnetic
behavior of N4 and NF4. The ac-susceptibility measurement of NF4
did not show notable shift of T, with varied frequency. This is
assigned to increased interparticle interaction in the sample NF4.
This can be explained by the fact that the number of particles per
unit volume increases when particle size decreases thus the
average distance between the particles also decreases [26].

Fig. 5 shows M-H curves of the samples N4 and NF4 recorded at
room temperature. Both the curves show an open loop in the low
field (less than 1T) region superposed on a more or less linear
behavior in the high field region. The observed M-H curves can be
explained by taking into account the core-shell configuration of
the nanoparticles as proposed by Winkler et al. [17]. The open
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Fig. 3. Magnetization vs temperature curve of (a) N4 and (b) NF4.

loops seen in the low field region are due to uncompensated spins
at the core of the nanoparticles that tend to get aligned towards the
applied field whereas the linear parts at higher magnetic field
corresponds to spins at the surface of the materials that remain in
the disordered state at room temperature even after application of
the magnetic field.

The coercivity and remanent magnetization values obtained
from the loops are 80 Oe and 0.072 emu g~ ! respectively for the
sample N4 whereas for NF4 sample the values are 20 Oe and
0.015 emu g~! respectively. The finite values of coercivity and
remanent magnetization found for N4 and NF4 shows presence of
room temperature ferromagnetism in these two samples. The low
value of coercivity found in NF4 is assigned to smaller particle size
of the sample. It is also clear from Fig. 5 that magnetization value at
a particular field is more in the sample NF4 compared to that in the
sample N4. Doping of Fe in NiO matrix creates extra charge carriers
that generate double exchange interaction as has been reported by
others [14,21]. Apart from double exchange interaction, interpar-
ticle interaction is also present in Fe doped NiO sample. Both these
factors will increase the effective magnetic moment of the particles
in NF4.

Fig. 6 shows M-H loops of the samples N7 and NF7 recorded at
room temperature. The sample N7 shows a typical linear behavior
expected for an antiferromagnetic material. It is to be noted that
average particle size of this sample 31 nm. The absence of
ferromagnetism in this sample in contrast to N4 having average
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Fig. 4. Temperature dependent curve of x’ for (a) N4 and (b) NF4.
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Fig. 5. Room temperature M-H loops of N4 and NF4 sample.

particle size 14 nm supports the results obtained by Makhlouf et al.
[22]. The sample NF7 shows a drastically different behavior from
that seen in N7. A clear loop is seen which tends to saturate in the
high field region. The coercive field obtained from the loop is
~400 Oe, much higher than that found for the sample NF4. This is
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attributed to the presence of NiFe,0,4 phase as an impurity in the
sample NF7. The existence of NiFe,0, in the sample NF7 which
was heat-treated at 700 °C has also been confirmed by XRD
measurements. In order to get further information, hysteresis
measurements were carried out at lower temperatures under the
zero-field-cooled (ZFC) and field-cooled (FC) conditions. The
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M-H loops recorded in the ZFC condition at lower temperature
were open up to ~2 T field in contrast with the loops recorded at
room temperature which were open up to ~1 T. The variation of
coercive field with temperature in ZFC condition for the sample N4
and NF4 are shown in Fig. 7. The coercive field increases steadily for
both the samples with reduction of temperature. The sharp rise in
H. at lower temperatures in both the samples is attributed to the
freezing of surface spins at lower temperature as has been inferred
from the M-T data discussed earlier [27]. The field-cooled M-H
measurements at 30 K in an applied field of 30 kOe were carried
out on the samples N4, NF4 and NF7 and the coercivity found are
816, 673 and 709 Oe respectively. The increase of coercivity at low
temperature particularly for the samples N4 and NF4 can be
explained as due to the interaction between surface and core spin
and the tendency of the surface spins to get frozen as the
temperature of the system is lowered.

The FC measurements also show loop shifts in negative field
direction for the samples N4 and NF7 indicating presence of
exchange bias in these samples. The higher exchange bias seen in
the sample NF7 is assigned to the presence on ferrimagnetic
impurity phase (NiFe,04) in the sample. Fig. 7 also shows variation
of remanent magnetization with temperature for the samples N4
and NF4. The trend for both the samples is similar, M, increases
with decrease of temperature. Hysteresis measurements of the
sample N4 and NF4 were also performed at 6 K after cooling the
samples from room temperature in the presence of 30 kOe field.
Fig. 8 shows the loops for the samples N4 and NF4 in ZFC and FC
conditions recorded at 6 K. A clear vertical shift of the FC loop with
respect to the ZFC loop is seen in both the samples (more
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Fig. 7. M-H loops at 30 K and 200 K of (a) N4 and (b) NF4. (c) The variation of H. and M, with temperature, and (d) the exchange bias effect in N4 sample at 30 K.
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Fig. 8. ZFC-FC hysteresis loop at 6 K for NF4 and inset shows the same measurement
for N4 at 6 K.

prominent in the case of NF4). This vertical shift is attributed to
freezing of surface spin in the direction of applied field [28]. The
spin-glass like behavior as described above is most likely to be due
to broken bonds and disorder in the materials as their grain size is
reduced to nanometric dimension [15]. Thus the room tempera-
ture ferromagnetism seen in the sample N4 and NF4 is essentially
coming from the particle size effect. The nearly saturated M-H loop
observed at room temperature for the sample NF7 and the
corresponding large coercivity is attributed to the presence of
NiFe,0,4 impurity phase in the sample. The impurity phase has
resulted as the sample was heat treated at 700 °C.

4. Conclusion

Pristine and Fe-substituted NiO nanoparticles with high
crystallinity were prepared by a chemical route. The M-H and
M-T behavior of the samples could be explained with a core-shell
model. The open loops seen in M-H curves are due to the
uncompensated spins at the core whereas the surface spins in the

shell gives a linear M-H behavior. Exchange bias and vertical loop
shifts that are found to be more prominent at lower temperature
also point to the existence of core shell structure. The surface
disorder or vacancies gave rise to spin-glass like freezing of
magnetic moments below 10 K.
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