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a Department of Physics, Faculty of Mining and Geology, University of Belgrade, Belgrade, Serbia
b Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
c Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
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a b s t r a c t

We show that annealing at high temperatures has a significant effect on the structural and magnetic
properties of NiO/SiO2 nanostructures synthesized by a sol–gel combustion method. Samples under-
went heat treatments at 500 ◦C, 800 ◦C, 950 ◦C and 1100 ◦C. As compared to the 500 ◦C sample, the 800 ◦C
sample showed the following magnetic properties: much higher irreversibility temperature, a signifi-
cantly broadened zero-field-cooled (ZFC) magnetization maximum, a decrease of the ZFC magnetization,
an increase of the coercivity, and weaker inter-particle interactions. These changes can be attributed to
agglomeration of nanoparticles in part of the sample. We believe that this agglomeration can be explained
by the removal of thin regions of silica that separate nanoparticles in close proximity during the anneal-
ing process at 800 ◦C. Magnetic measurements for the 1100 sample reveal both an abrupt increase in
size of the NiO nanoparticles, which is confirmed by TEM and XRPD measurements, and an increase in
inter-particle interaction strength.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Interest in the magnetic properties of nanosized NiO has
recently been revived due to reports of interesting and complex
magnetic behavior [1–16]. Although bulk NiO is antiferromagnetic,
nanoparticles exhibit room-temperature coercivity, spin-glass
behavior, superparamagnetism, memory effects, exchange bias
effects and magnetic transitions at low temperature [17–29].
The novel magnetic properties of NiO nanoparticles compared to
bulk material are mainly due to a complex interplay between
finite size effects, surface effects and inter-particle interactions
[4,6,16,22,24,27,28]. Finite size effects are related to the reduced
number of exchange-coupled spins within nanoparticles, whereas
surface effects are related to the reduced symmetry of sur-
face atoms. Moreover, for agglomerated magnetic nanoparticles,
magnetostatic interactions have a high impact on the magnetic
behavior and slow down the relaxation time � of the magnetic
moments [22,30]. It has been reported that inter-particle interac-
tions between magnetic nanoparticles in close proximity strongly
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P.O. Box 522, 11001 Belgrade, Serbia. Fax: +381 11 6308829.

E-mail address: marint@vinca.rs (M. Tadić).

affect the macroscopic magnetic properties, giving rise to phenom-
ena such as an increase of the blocking temperature TB, broadening
of the magnetization maximum, changed values of coercivity and
magnetization, and spin glass behavior. Therefore, the magnetic
properties of agglomerated magnetic nanoparticles are strongly
influenced by inter-particle interactions and differ significantly
from those of isolated nanocrystals. Accordingly, one particularly
interesting topic is the study of inter-particle interactions of NiO
nanoparticles. Winkler et al. investigated the effect of interac-
tions between ∼3 nm NiO nanoparticles by comparing the magnetic
properties of a powder sample (interacting particles) with a sam-
ple in which the particles were dispersed in a polymer (weakly
interacting sample) [22]. They revealed that inter-particle inter-
actions shift the distribution of blocking temperatures to higher
temperatures and increase the effective energy barriers of the par-
ticles. They also found that the magnetization of the powder sample
was much lower, implying that inter-particle interactions have a
demagnetizing effect [22]. Bodker et al. showed that inter-particle
interactions can have a strong effect on the superparamagnetic
relaxation behavior of NiO nanoparticles [31]. They found that the
ZFC maximum is broadened as the interaction strength increases
and that the upturn in the FC curve at low temperatures is sup-
pressed [31]. Meneses et al. also studied the magnetic properties of
NiO nanoparticles with different strengths of inter-particle inter-

http://dx.doi.org/10.1016/j.jeurceramsoc.2015.06.024
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Fig. 1. Observed (points), calculated (line) and difference (bottom line) X-ray powder diffraction patterns of samples S500 (a), S800 (b), S950 (c) and S1100 (d). The insets
show Williamson–Hall plots based on the five labelled peaks, with a linear fit (red lines).(For interpretation of the reference to color in this figure legend, the reader is referred
to the web version of this article.)

actions [32]. They revealed two maxima in the ZFC magnetization
curves, the lower of which was not magnetic field dependent but
depended strongly on the inter-particle interaction strength [32].

Recently, the properties of magnetic nanoparticles in various
matrixes have been widely studied due to fundamental and techno-
logical interest [33–35]. These systems are useful for investigation
of the relationship between the size of the particles, inter-particle
interactions and macroscopic magnetic properties [36–42]. How-
ever, thus far no detailed studies have been carried out to
investigate the effect of annealing at high temperatures on the
magnetic properties of NiO nanoparticles in a silica matrix. In this
work, we present an investigation of the structural and magnetic
properties of NiO/SiO2 nanostructures after annealing treatment
at high temperatures (500 ◦C, 800 ◦C, 950 ◦C and 1100 ◦C). Our
results suggest that agglomeration of the NiO nanoparticles dur-
ing the annealing process at 800 ◦C has an important effect on
the magnetic behavior. The observed magnetic properties of the
NiO nanoparticles are complex and are strongly affected by the
temperature-dependent interplay between finite size effects and
inter-particle interactions.

2. Experimental

The NiO nanoparticles in a silica matrix were prepared using
a sol–gel combustion method [14]. In brief, the starting point for
the synthesis of this targeted system was a solution prepared by
mixing tetraethoxysilane (TEOS, Aldrich), distilled water, ethanol,
nickel nitrate (Ni(NO3)2·6H2O, Aldrich) and citric acid monohy-
drate (CA, Aldrich). Nickel nitrate was added to the initial solution
in such a proportion as to provide 25 wt.% of nickel oxide in the
final dried powder. The molar ratios of ethanol to TEOS, water to
TEOS and nickel nitrate to CA were 4:1, 12:1, and 1:0.9, respectively.
The pH of the mixture was adjusted to about 2.5 after an hour of
stirring. The sol was dried for about 35 h at 55 ◦C. The gel was subse-

quently heated in air at 500 ◦C (S500), 800 ◦C (S800), 950 ◦C (S950)
and 1100 ◦C (S1100) for three hours.

The crystalline part of the samples was analyzed using X-ray
powder diffraction (XRPD) on a Bruker D8 Advance diffrac-
tometer operating with Cu K� radiation. Measurements were
performed in the range 10◦ ≤ 2� ≤ 120◦. The chemical composition
was determined using energy-dispersive X-ray spectroscopy (EDS)
implemented in a field emission scanning electron microscope (FE-
SEM, JEOL JSM-7600F). The size and distribution of the nickel oxide
nanoparticles were observed using a high resolution transmission
electron microscope (JEOL 2010-F) operating at 200 kV. Magnetic
measurements were performed on a commercial Quantum Design
MPMS-XL-5 SQUID-based magnetometer over a wide range of tem-
peratures (5–300 K) and applied DC fields (up to 5 T). The same
instrument was used for AC magnetization measurements carried
out in the 1 Hz ≤ � ≤ 1000 Hz frequency range in the temperature
range encompassing the maxima in the magnetization curves.

3. Results and discussion

The labels S500, S800, S950, S1100, used below in the text,
indicate the final heat treatment temperatures. All the samples
were characterized by XRPD measurements (Fig. 1), which con-
firm the formation of the NiO crystal structure with space group
Fm-3m [28,43,44]. The XRPD patterns were fitted in the range
30◦ ≤ 2� ≤ 120◦ using the GSAS software [45]. The refined lattice
parameter of NiO was 4.1714(10) Å, 4.1790(5) Å, 4.1840(3) Å,
and 4.1818(2) Å for the S500, S800, S950 and S1100 samples,
respectively. The strong upturn in the background towards lower
diffraction angles can be attributed to the amorphous silica matrix.
The full widths at half maximum W of the five to eight lowest
angle peaks, corrected for the instrumental peak width (deter-
mined using a standard LaB6 sample), were used to construct
Williamson–Hall plots of W cos� versus 4 sin� as shown in the
insets to Fig. 1. Estimates of the volume-weighted average crys-
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Fig. 2. Transmission electron micrographs of S500 and S800.

tallite sizes D can then be obtained from linear fits to the data;
the intercept is K�/D, where K is the shape factor (∼0.9) and �
is the X-ray wavelength (1.5406 Å). The average crystallite sizes
obtained from the fits were D = 7.0(5) nm for S500, D = 7.6(4) nm
for S800 D = 7.5(2) nm for S950, and D = 21(2) nm for S1100. The
EDS measurements of the samples confirmed that Ni, Si and O are
the main components with atomic ratios in good agreement with
those expected from the synthesis conditions. The size, morphol-
ogy and microstructure of the nanoparticles were investigated by
TEM and HRTEM measurements, as shown in Figs. 2 and 3. It can
be seen that the nanoparticles in all samples are embedded in a
silica matrix. The TEM images reveal that the diameters of both
the S500 and S800 nanoparticles are about 7 nm (Fig. 2), consis-
tent with the XRPD analysis. Moreover, annealing at 800 ◦C gives
rise to agglomeration of the nanoparticles (Fig. 2(d–f)). We believe
that thin regions of the silica matrix that separate nanoparticles in
close proximity are removed during annealing at 800 ◦C, allowing
direct contact between nanoparticles. Therefore, both well-isolated
and agglomerated nanoparticles are identified in the S800 sample
(Fig. 2(d–f)). Our TEM measurements show minimal or no aggre-
gation between NiO nanoparticles in the S500 sample (Fig. 2(a–c)).
Compagnini et al. studied a system comprised of silver nanoparti-
cles embedded in silica and also observed degradation of the silica
matrix after thermal treatments at temperatures above 500 ◦C, with
the formation of voids and extended defects in the matrix and an
increase in size of the nanoparticles [46]. Our work shows that the
NiO/SiO2 nanostructure exhibits similar behavior, suggesting that

this effect might be common for nanosized materials embedded in
a silica matrix. In Fig. 3(a–c), we can see isolated and agglomerated
nanoparticles as well as the formation of bigger grains in the S950
sample. The TEM images of sample S1100 (Fig. 3(d–f)) show an
abrupt increase in the size of NiO nanoparticles, as also observed
by XRPD. Particle size histograms determined from several TEM
images are presented in Fig. 4. The histograms were fitted using a
log-normal distribution of particle diameters from which the mean
particle diameter <D> and the distribution width ı were deter-
mined (Fig. 4). We obtained <D>S500 = 6.4 nm and ıS500 = 0.19 for
S500, <D>S800 = 6.6 nm and ıS800 = 0.35 for S800, <D>S950 = 6.7 nm
and ıS950 = 0.36 for S950, and <D>S1100 = 12.7 nm and ıS1100 = 0.42
for S1100. We thus observe an increase of the mean particle diame-
ter and distribution width with increasing annealing temperature.
The values of <D> and ı are very similar for the samples S800 and
S950, whereas ı is much smaller for sample S500 and considerably
higher for sample S1100. The histogram of sample S1100 indicates
significantly larger particles compared to the other samples.

In order to investigate the dynamic behavior of the magne-
tization in the samples, AC susceptibility measurements were
performed at four different frequencies of 1, 25, 100 and 1000 Hz,
over the temperature range that encompasses the AC susceptibility
maxima. From the experimental data presented in Figs. 5 and 6, it
can be seen that the in-phase component �′ (T) of all four samples
exhibits a peak that increases in temperature with increasing fre-
quency, while the height of the peak decreases. These data provide
insight into the nature of inter-particle interactions in the sam-



3846 D. Nikolić et al. / Journal of the European Ceramic Society 35 (2015) 3843–3852

Fig. 3. Transmission electron micrographs of S950 and S1100.

Fig. 4. Particle size histograms of the samples fitted by log-normal distribution function.
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Fig. 5. In-phase component of the AC susceptibility �′ as a function of temperature for various frequencies with corresponding fits to the Vogel–Fulcher law for the samples
S500 (a and c) and S800 (b and d).

Fig. 6. In-phase component of the AC susceptibility �′ as a function of temperature for various frequencies with corresponding fits to the Vogel–Fulcher law for the samples
S950 (a and c) and S1100 (b and d).

ples. A useful criterion for distinguishing between freezing and
blocking processes lies in determining the relative shift in temper-
ature per decade frequency by extracting the empirical parameter
C1 = �TB/(TB�log�) [34]. The values obtained were C1(S500) = 0.067,
C1(S800) = 0.086, C1(S950) = 0.074 and C1(S1100) = 0.056. The expected
value of C1 for non-interacting particles lies in the range ∼0.1–0.13,
whereas for spin glasses C1 < 0.03 [47,48]. Therefore, our data indi-
cate the existence of inter-particle interactions in all samples and
the maxima in �′ (T) correspond to the blocking temperatures TB.

The frequency dependence of the �′ (T) maxima (Fig. 5 and 6(a,b))
can then be fitted to the Vogel–Fulcher law (Figs. 5 and 6(c–d))
[24,30,32]:

� = �0 exp [
Ea

kB
(TB − T0)] (1)

where Ea is the energy barrier to magnetization reversal in a
single particle, � = 1/� is the characteristic time of the experiment
(� is the frequency of the magnetic field) and T0 is a measure
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Table 1
Magnetic parameters of the samples.

Sample �0

[s]
Ea

[K]
T0

[K]
Keff [erg/cm3] C1 C2

S500 1.26 × 10−13 187.8 3.18 1.89 × 105 0.067 0.71
S800 1.9 × 10−12 187.1 1.96 1.72 × 105 0.086 0.82
S950 1.08 × 10−10 225.7 8.2 1.21 × 105 0.074 0.63
S1100 8.1 × 10−13 1298 53.78 1.7 × 105 0.056 0.52

of the inter-particle interaction strength. The best fits of the
experimental data to Eq. (1) are shown in Figs. 5 and 6(c–d),
from which the following parameters were extracted:
�0(S500) = 1.26 × 10−13 s, Ea(S500)/kB = 187.8 K, T0(S500) = 3.18 K for
S500; �0(S800) = 1.9 × 10−12 s, Ea(S800)/kB = 187.1 K, T0(S800) = 1.96 K
for S800; �0(S950) = 1.08 × 10−10 s, Ea(S950)/kB=225.7 K, T0(S950) =
8.2 K for S950; �0(S1100) = 8.1 × 0−13 s, Ea(S1100)/kB = 1298 K,
T0(S1100) = 53.78 K for S1100. The magnetic anisotropy param-
eter of a nanoparticle Ea/kB can be used to estimate the effective
anisotropy constant Keff using the relation KeffV = Ea, where
V is the volume of the particle. For spherical particles with
diameters of d(S500) =6.4 nm and d(S800) = 6.6 nm, this relation
gives Keff(S500) = 1.89 × 105 erg/cm3, Keff(S800) = 1.72 × 105 erg/cm3,
Keff(S950) = 1.21 × 105 erg/cm3 and Keff(S1100) = 1.7 × 105 erg/cm3.
These values of Keff are in good agreement with previous reports
for nanocrystalline NiO [28,49]. In order to further analyze the AC
susceptibility data, we calculated the value of another empirical
parameter C2 = (TB–T0)/TB using the T0 values obtained from
the Vogel–Fulcher fit. The obtained values were C2(S500) = 0.71,
C2(S800) = 0.82, C2(S950) = 0.63 and C2(S1100) = 0.52, whereas the
expected value of the C2 parameter for non-interacting systems is
about one [47,48]. These values are in agreement with literature
data for interacting nanoparticle systems [50–52]. The deter-
mined magnetic parameters of the samples are summarized in
Table 1.

The annealing treatment has a significant effect on the nature
of the inter-particle interactions. As compared to the S500 sam-
ple, the sample annealed at 800 ◦C showed significantly weaker
inter-particle interactions based on the frequency dependence of
the maximum in the AC susceptibility. It should also be noted that

the �′(T) maximum in the S800 sample is much broader than in
the S500 sample (Fig. 5(a) (S500) and (b) (S800)). This indicates
that there is a broad distribution of anisotropy energy barriers for
the S800 nanoparticles. Our observations can be explained by the
annealing-induced agglomeration of nanoparticles that are in close
proximity to each other (Fig. 2(a–c)), resulting in the S800 sam-
ple containing populations of both well-isolated and agglomerated
nanoparticles (Fig. 2(d–f)). We may conclude that the maximum
in �′ (T) for the S800 sample (Fig. 5(b), Tmax = 8 K) corresponds to
the blocking temperature of the fraction of nanoparticles that are
well-isolated; this peak is strongly broadened by the fraction of
nanoparticles that are agglomerated. The determined values of C1
and C2 for S950 are close to those of S500. However, the values of
C1 and C2 for S1100 are smaller than those of the other samples
investigated in this work, indicating stronger inter-particle inter-
actions, which is in agreement with the field-cooled magnetization
data discussed below.

We also measured the field-cooled (FC) and zero-field-cooled
(ZFC) DC magnetic susceptibility of all samples as a function of tem-
perature between 5 K and 100 K (Fig. 7). The measurements were
performed in an applied magnetic field of H = 100 Oe on warming
after the sample had been cooled either in the absence (ZFC curve)
or presence (FC curve) of the same applied magnetic field. At high
temperatures, the ZFC and FC curves overlap and the susceptibility
increases with decreasing temperature. However, the two curves
separate below an irreversibility temperature. In order to assign
values of Tirr, we first chose different dM values and determined
the temperatures at which the ZFC and FC curves are separated by
these values, as shown in Table 2. It is apparent that Tirr depends
on the choice of dM; an increase of dM gives a decrease of Tirr. The

Fig. 7. Field-cooled and zero-field-cooled magnetization as a function of temperature for (a) S500, (b) S800, (c) S950 and (d) S1100 under an applied magnetic field of 100 Oe.
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Fig. 8. Dependence of the isothermal magnetization M(H) of the samples S500 (a and b) and S800 (c and d) at the indicated temperatures.

Table 2
Dependence of irreversibility temperature on different chosen magnetization values
dM.

dM [emu/g] dM [emu/g] dM [emu/g] dM [emu/g]

0.05 × 10−5 0.1 × 10−5 0.2 × 10−5 0.5 × 10−5

Tirr(S500) [K] 51 47 39 31
Tirr(S800) [K] 87 78 65 56
Tirr(S950) [K] 90 74 67 54
Tirr(1100) [K] 255 200 155 115

most sensitive dependence of Tirr on dM was observed for the S1100
sample.

We define Tirr as the point where the ratio (MFC–MZFC)/MFC
becomes less than 1%. Using this criterion, we determined a Tirr
of 14 K for S500, 72 K for S800, 82 K for S950 and 255 K for S1100.

The FC susceptibility of all samples increases monotonically
with decreasing temperature below Tirr whereas the ZFC suscep-
tibility exhibits a maximum at ∼8 K for S500 and S800, ∼20 K for
S950 and ∼95 K for S1100, and then sharply decreases at low tem-
peratures. The temperature at which such a maximum in the ZFC
curve occurs is usually referred to as the blocking temperature,
below which the magnetic moments are frozen in fixed directions
or “blocked” [53,54]. The blocking of a superparamagnetic particle
is related to its magnetic anisotropy energy Ea [55]. Moreover, the
blocking temperature is defined as the temperature at which the
relaxation time � of the magnetic moments is equal to the time-
scale of the measurement technique (�m) [56]. The relaxation time
� needed to reverse the magnetic moment of a non-interacting par-
ticle follows the Arrhenius law � = �0exp(Ea/kBT), where Ea = KeffV
(Keff is the effective anisotropy constant and V is the particle vol-
ume) and �0 denotes the attempt frequency [56,57]. Therefore,
particles with larger V and Keff will have higher energy barriers Ea.
The relaxation times of such particles will thus be longer and their
magnetic moments will become blocked at higher temperatures.
The broader maxima (Tmax ∼ 8 K) in the AC and ZFC measurements
for S800 compared to S500 (Figs. 5 and 7(a,b) imply the existence

of a broader energy barrier distribution for these nanoparticles.
Moreover, the ZFC and FC curves for S800 remain separated until
much higher temperature (Tirr = 72 K) than S500, which represents
the blocking temperature of the particles with the largest energy
barrier. The increase of Tirr and broadening of the magnetization
maximum in S800 compared to S500 could be associated with
the part of the sample that consists of agglomerated nanoparticles
(bigger grains), as previously reported in the literature [31]. The
presence of two particle populations with different inter-particle
interactions (well-isolated and agglomerated nanoparticles) would
then be associated with complex magnetic relaxation mechanisms,
leading to a wide distribution of blocking temperatures.

The determined Tirr values are very similar for S800 and S950,
which is in agreement with the TEM analysis (Fig. 4). The abrupt
increase of the ZFC maximum and Tirr in the sample S1100 sug-
gests a significantly larger size of NiO particles, which is confirmed
by our TEM (Fig. 3) and XRPD measurements (Fig. 1). Moreover, the
ZFC peak is significantly wider in S1100 than in the other samples
investigated (Fig. 7(d)), which indicates a wider size distribution.
The increase in FC magnetization is somewhat suppressed at low
temperature, which is an indication of much stronger inter-particle
interactions. In non-interacting and weakly-interacting systems
the magnetization rapidly increases with decreasing temperature
during FC measurements due to spins which are able to align with
the applied field. Inter-particle interactions suppress this align-
ment and the FC magnetization increases more slowly or becomes
flattened at low temperatures.

The field dependence of the magnetization M(H) was measured
at four different temperatures for all samples and is shown in
Figs. 8 and 9. The magnetization is not saturated in high mag-
netic fields for any of the samples, as was also observed for other
nickel oxide nanomaterials [22]. The hysteresis loops are symmet-
ric around the origin, with coercivity, remanence and saturation
magnetization at 5 K of HC(S500) = 110 Oe, Mr(S500) = 3.80 emu/g, and
MS(S500) = 32.85 emu/g for sample S500 and HC(S800) = 1250 Oe,
Mr(S800) = 0.96 emu/g, and MS(S800) = 6.95 emu/g for sample S800.
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Fig. 9. Dependence of the isothermal magnetization M(H) of the samples S950 (a and b) and S1100 (c and d) at the indicated temperatures.

The values of MS were determined by extrapolating plots of M
versus reciprocal field to 1/H = 0. The S800 sample has a much
higher coercive field and a much smaller magnetization than S500
(Fig. 8). An increase of coercive field due to particle agglomera-
tion has previously been reported for NiO nanoparticles [32]. It
has also been reported that inter-particle interactions among mag-
netic nanoparticles increase the energy barrier Ea and enhance HC
[58]. Moreover, much lower magnetization has been reported for
interacting NiO nanoparticles in comparison with weakly inter-
acting NiO systems, indicating the demagnetizing character of
inter-particle interactions [22]. We thus conclude that agglom-

eration of the NiO nanoparticles in S800 can produce a decrease
in the magnetization and an increase of the coercive field. The
M(H) curves recorded at T = 100 K for samples S500 and S800 show
the absence of both coercivity and remanence, which points to
superparamagnetic-like behavior at this temperature (Fig. 8). It
should be noted that S500 shows superparamagnetic properties
above 25 K (Fig. 8(b)) whereas this is the case only at 100 K for
S800 (Fig. 8(d)). The magnetic moments of the nanoparticles mp

in samples S500 and S800 were determined from the equation
mp = MS�V, where 	 = 6.67 g/cm3 is the density of the nanoparticles,
and V(S500) = 164.64 × 10−21 cm3 and V(S800) = 195.43 × 10−21 cm3

Fig. 10. Out-phase component of the AC susceptibility �′′ as a function of temperature for various frequencies for the samples S500 (a), S800 (b), S950 (c) and S1100 (d).
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are the volumes of the nanoparticles in each sample. Using the val-
ues MS = 7.63 emu/g and MS= 4.21 emu/g measured at 100 K for the
S500 and S800 nanoparticles, we obtained mp(S500) = 790 �B and
mp(S800) = 593 
B.

Magnetization as a function of applied magnetic field at four dif-
ferent temperatures is shown in Fig. 9 for S950 and S1100 samples.
It can be seen that the behavior changes from superparamagnetic-
like to a combination of ferromagnetic and antiferromagnetic-like.
The observed coercivity is due to the uncompensated spins whereas
the non-saturated behavior arises from antiferromagnetically
ordered spins. It should be noted that the coercivity of the S1100
sample is much higher at low temperature (HC (S1100) = 5850 Oe at
5 K) compared to the other samples. At low temperature ther-
mal energy is negligible and the measured coercivity indicates the
energy barrier height, which is in agreement with the higher energy
anisotropy Ea determined for S1100. It has been reported that the
coercivity can be influenced by exchange or/and dipolar interac-
tions due to an increase of the energy barrier [57]. We believe,
based on the AC susceptibility and the suppressed FC magnetization
increase, that inter-particle interactions play an important role in
S1100. The observed decrease of magnetization M with increased
annealing temperature of the NiO nanoparticles is due to the better
crystallinity and increase in particle sizes as well as the demagne-
tizing character of inter-particle interactions [22]. Fig. 10 shows the
out of phase AC susceptibility for all samples. It can be seen that the
imaginary part of the susceptibility exhibits a peak in each case, in
accordance with the DC magnetization and the real part of the AC
susceptibility. The peak position shifts to higher temperatures with
increasing frequency for S500 and S800 (Fig. 10(a–b)) as reported
for nanosized systems. The measured imaginary susceptibilities for
S950 and S1100 are noisy due to the smaller magnetic response of
these samples. However, the existence of maxima can be observed
below 20 K for S950 and below 100 K for S1100.

4. Conclusions

In summary, we have used XRPD, TEM and SQUID magnetom-
etry to investigate the important influence of agglomeration on
the magnetic properties of NiO nanoparticles embedded in a sil-
ica matrix and annealed at 500 ◦C (S500), 800 ◦C (S800), 950 ◦C
(S950) and 1100 ◦C (S1100). TEM measurements revealed that both
agglomerated and well-isolated nanoparticles coexist in the S800
sample, in contrast to the S500 sample where all the nanopar-
ticles are well separated. The agglomeration likely occurs by the
removal of thin parts of the silica matrix that separates nanopar-
ticles in close proximity during annealing at 800 ◦C, enabling
direct contact between nanoparticles. Both superparamagnetic and
ferromagnetic-like behaviors are observed in the samples annealed
at higher temperatures. The magnetic properties of S1100 show an
abrupt increase of Tmax and Tirr, indicating an increase in the size
of the NiO particles. Moreover, we conclude that stronger inter-
particle interactions increase the energy barrier and coercivity in
the S1100 sample.
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properties of NiO nanoparticles embedded in a silica matrix, J. Alloys Compd.
509 (25) (2011) 7134–7138.

[12] S.D. Pappas, A. Delimitis, V. Kapaklis, E.T. Papaioannou, P. Poulopoulos, D.
Trachylis, M.J. Velgakis, C. Politis, Natural nanomorphous Ni/NiO magnetic
multilayers: structure and magnetism of the high-Ar pressure series, J.
Nanosci. Nanotechnol. 14 (8) (2014) 6103–6107.

[13] S.D. Tiwari, K.P. Rajeev, Effect of distributed particle magnetic moments on
the magnetization of NiO nanoparticles, Solid State Commun. 152 (12) (2012)
1080–1083.
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