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a b s t r a c t

We have observed unusual magnetic properties of NiO (nickel oxide) nanoparticles embedded in a silica
matrix. The sample was synthesized by a method based on the contribution of sol–gel and combustion
processes. X-ray powder diffraction (XRPD) of the sample shows the formation of the nanocrystalline
NiO phase whereas transmission electron microscope (TEM) reveals spherical-shaped nanoparticles of
about 4 nm diameter. Moreover, HRTEM images show lattice fringes of the nanoparticles and defects in
the crystal structure. The temperature and field dependence of the magnetization are also measured. The
zero-field-cooled (ZFC) measurements show two maximums, one sharp and narrow at low temperatures
∼6.5 K and an other broad one at higher temperature ∼64 K. The FC magnetization shows a continuous
increase upon lowering the temperature. The M(H) measurements reveal that NiO nanoparticles display
ol–gel synthesis
agnetic materials

anomalous hysteretic behaviors at low temperatures (below the low temperature maximum in the ZFC
curve, 2 K and 5 K) showing that the magnetization initial curve lies below the hysteresis loop for a certain
field range. Moreover, jump of the magnetization at low temperatures (2 K and 5 K) are also observed.
These features represent novel magnetic properties for nanosized NiO which may be attributed to the
surface spins. Moreover, these results indicate that the NiO nanoparticle consists of magnetically disorder
shell and antiferromagnetically order core with an uncompensated magnetic moment.
. Introduction

In the last few years, antiferromagnetic nanosized systems
nd their preparation and investigation have been active research
opics in materials science [1–8]. The nickel oxide (NiO) has
ttracted much attention and it has been used in magnetic devices,
ntibacterial applications, catalysis, electrode materials, sensors
nd electrical devices [9–17].

Bulk nickel oxide possesses antiferromagnetic characteristic
ith a Néel temperature of TN ≈ 523 K [18]. Its magnetic proper-

ies are very sensitive on the particle size and broad spectrum of
agnetic properties has been obtained in the nanosized systems

uch as superparamagnetism, spin glass, high magnetization, high
agnetic moment of the particles, high coercivity, high exchange

ias, memory and aging effects [19–34]. Therefore, NiO mag-
etic properties arise from both the atoms which reside on the
urface of the nanoparticles, and from the atoms in the nanopar-
icle crystalline core. The reported results have revealed that the

urface spins may dominate on the magnetic properties of NiO
anoparticles at low temperatures where surface spins are frozen

n the spin-glass-like configuration. Moreover, various theories
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and experimental results are reported to explain magnetic behav-
ior of NiO nanoparticles but full understanding of the magnetic
properties is still not complete. Kodama et al. reported a model
where the spins in NiO nanoparticles yield multisublattice con-
figuration, indicating that the reduced coordination of surface
spins leads to an important change in the magnetic order of the
whole particle [24]. Winkler et al. prepared NiO nanoparticles
with high saturation magnetization MS ≈ 65 emu/g, freezing and
blocking temperature, and huge magnetic moment of the particles
mp ≈ 500 �B [21,22]. Vaidya et al. synthesized NiO/SiO2 core–shell
nanostructures and studied dependence of magnetic susceptibil-
ity on the weight content of SiO2 [29]. Jagodič et al. reported on
surface-spin magnetism of antiferromagnetic NiO in both nanopar-
ticle and bulk form [23]. Ge et al. reported monodispersed NiO
nanoflowers with anomalous magnetic behavior below blocking
temperature (cusps in the ZFC and FC curves at 21 K) which might
be linked with uncompensated spins [27]. Moreover, a reduction
of the Néel temperature with decreasing particle size has been also
observed in NiO nanoparticles [35]. Particular attention has been
paid to the synthesis of nanostructural nickel oxide materials to
enhance their performance in applications and to better under-

stand their properties. For those reasons, various techniques have
been proposed in order to produce nanosized NiO such as sol–gel,
anodic arc plasma, solvothermal, thermal decomposition, solid-
state milling, chemical precipitation, hydrothermal, molten-salt
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2 K and 5 K, the hysteresis displays an anomalous behavior show-
ing that the magnetization initial curve lies below the hysteresis
loop (Fig. 5(a) and (b)). At the temperature of 10 K the anomalous

Table 1
Magnetic parameters obtained from the hysteresis loops.

Temperature [K] HC [Oe] Mr [emu/g] MS [emu/g] Magnetic
behavior
M. Tadić et al. / Journal of Alloys a

ynthesis, and magnetron sputtering technique [36–48]. The prepa-
ation of magnetic nanoparticles embedded in a non-magnetic
atrix has been very interesting for fundamental studies and appli-

ations. Among different matrixes silica is advanced because of its
on-toxic nature, high biocompatibility, prevention of agglomer-
tion, temperature resistance, chemical inertness and adjustable
ore diameter [26,29,30,49–56]. Sol–gel method has been very use-
ul for preparation of the nanoparticles in amorphous silica [49–51].

sol–gel combustion method is also utilized in the synthesis of
anomaterials [30,57].

The aim of this work is to present a peculiar magnetic behavior
f the NiO nanoparticles embedded in a silica matrix. The inves-
igation of the sample shows phase purity of NiO nanocrystals,
pherically shaped NiO nanoparticles of about 4 nm diameters, lat-
ice fringes of the nanoparticles and crystal defects, as well as
nomalous magnetic behavior (two maximums in the ZFC curve
nd hysteretic behavior where initial curve lies below hysteresis
oop). The results show that the NiO nanoparticle consists of mag-
etically disorder shell and antiferromagnetically order core with
n uncompensated magnetic moment. The possible explanations
or the observed anomalous magnetic behavior may arise from the
urface spins.

. Experimental

The NiO nanoparticles embedded in a silica matrix were prepared by utilizing
he sol–gel combustion method [30]. The synthesis process in this work was done
t lower heating temperature (Theating = 300 ◦C) compared to our previously work
Theating = 500 ◦C).

The X-ray powder diffractometer (Phillips PW-1710) employing CuK�
� = 1.5406 Å, 2� = 10–70◦) radiation was used to characterize the crystal structure
f the nanocomposite (step 0.02◦ , exposition 20 s/step). The size, morphology and
anostructure were observed by SEM (scanning electron microscope, JEOL 840A)
nd TEM (transmission electron microscopy, JEOL 2010 F). The magnetic properties
f the sample were performed using a commercial Quantum Design MPMS-XL-5
QUID-based magnetometer in a wide range of temperatures (2–300 K) and applied
C fields (up to 5 T).

. Results and discussion

The phase purity of the sample was examined by X-ray pow-
er diffractometer. The recorded and indexed diffraction pattern is
hown in Fig. 1(a) where broad peaks can be observed, as expected
or a nanocrystalline sample. All diffraction peaks coincide with
eaks characteristic of the NiO phase. The mean crystallite diam-
ter D was estimated using Scherrer’s equation (D ≈ 0.9�/� cos �)
nd the (2 0 0) reflection. We obtained a value of D ≈ 3.7 nm. The
ilica matrix is in an amorphous state (broad peak around 2� ≈ 22◦).
he low-magnification SEM image (Fig. 1(b)) shows that the sam-
le is made of big grains of the NiO/SiO2 nanocomposite (few
icrometers). The SEM image shows the appearance and size of
iO/SiO2 grains whereas TEM measurements were performed for

he purpose of examining NiO nanoparticles (their morphology,
anoparticle size and nanostructure).

Fig. 2 shows TEM images of the sample. TEM images show
hat the grains consist of spherically shaped nanoparticles that are
mbedded in an amorphous matrix. Moreover, the nanoparticles
re well dispersed in the matrix. The figures also show that the
article size distribution is narrow with an average size of about
nm. We notice that the average particle size observed by TEM
grees well with the average crystallite size determined by XRPD.
he nanostructure of the nanoparticles is shown in Fig. 3(a–c). The
igh-resolution TEM (HRTEM) images exhibit well defined lattice

ringes of individual particles confirming their crystalline nature.

efects in the crystal structure are also observed (Fig. 3(b) and (c)).

Zero-field-cooled (ZFC) and field-cooled (FC) measurements
ere performed on the sample in the applied magnetic field of

00 Oe and in the temperature range of 2–300 K (Fig. 4). The FC
Fig. 1. (a) X-ray diffraction pattern of the NiO nanoparticles in an amorphous silica
matrix. The Miller indices (h k l) of the peaks are also shown. (b) SEM image of the
sample.

magnetization shows a continuous increase upon lowering the
temperature thus showing non-interacting or weak interacting
particles [22,28]. The ZFC curve shows two peaks, one sharp and
narrow at ∼6.5 K and another broad one at ∼64 K (insets of Fig. 4).
Similar behavior has been found in NiO nanoparticles, and was
interpreted as freezing temperature (lower peak) and blocking
temperature (higher peak) [21–23,26–28].

Fig. 5 shows the field dependence in the ±5 T range of magneti-
zation at 2 K, 5 K, 10 K and 40 K. The sample was cooled in zero fields
from the room temperature to the measurement temperatures.
Then, the data were taken while the magnetic field was raised to 5 T
(initial curve), then decreased to −5 T (demagnetization curve), and
then again increased to 5 T (remagnetization curve). The obtained
values of the coercivity, remanent magnetization and saturation
magnetization (Fig. 5) are given in Table 1. The values of MS were
determined by extrapolating M to infinite magnetic field. Both at
2 285 3.71 26.65 Anomalous
5 31 0.33 28.44 Anomalous

10 60 0.041 8.9 Normal
40 53 0.013 8.49 Normal
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Fig. 2. TEM images of the NiO nanopartic

Fig. 3. HRTEM images of the NiO nanoparticles.
les in an amorphous silica matrix.

behavior had already disappeared and hysteretic behavior is nor-
mal (Fig. 5(c)). Normal hysteretic behavior is also observed at 40 K
(Fig. 5(d)). Moreover, the initial curves do not show an S shape
which is observed in systems with strong inter-particle interactions
[21,22].

Finally, we discuss the possible origin of the anomalous mag-
netic behavior. The saturation magnetization of ∼27 emu/g (at 2 K
and 5 K, Table 1) is high for antiferromagnetic materials and is much

bigger than the magnetization of bulk NiO materials. Moreover,
high remanent magnetizations are also observed at low temper-
atures (Table 1). These high magnetizations (Mr and MS) probably
arise from the uncompensated surface spins which are aligned and

Fig. 4. Temperature dependence of the zero-field-cooled (ZFC, open symbols) and
field-cooled (FC, solid symbols) magnetization measured in a field of 100 Oe.
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Fig. 5. Field dependence of magnetization recorded at 2 K (a), 5 K (b

rozen in the direction of the magnetic field at low temperatures.
oreover, the existence of non-exact compensation of spins in anti-

erromagnetic core is also expected to contribute to these high
agnetization values (defects in particles, Fig. 3(b) and (c)) [58–60].

he MS and Mr values are significantly smaller at higher tempera-
ures (10 K and 40 K, Table 1) showing that the surface spins freely
uctuate (surface spins are unfrozen). After above facts, we con-

ecture that the NiO nanoparticle consists of magnetically disorder
hell and antiferromagnetically order core with an uncompensated
agnetic moment. When the sample is cooled down to tempera-

ure below 6.5 K (zero-field cooling) the surface spins freeze into a
pin-glass-like configuration whereas the core spins are blocked
nd aligned along easy axes. The nanoparticle surface spins are
xchange coupled to the core spins and part of the surface spins
re aligned in the direction of the easy axes (preferred direction).
n the magnetic field (initial curve) the surface spins rotate together

ith the core spins toward the field direction. With increasing mag-
etic field the number of surface spins directed along the field
irection increases. The large fields orient all surface spins paral-

el to the field direction (Fig. 5(a), break in the initial curves ≈ 1 T).
hen this alignment is reached (field induced orientation of the

urface spins), the magnetization remains increased up to the 5 T
ut with lower slope (smaller susceptibility) due to the core spins.
ith decreasing field (demagnetization curve), some of the surface

pins are still aligned and frozen in the direction of the magnetic
eld up to the zero field (high value of the remanent magnetiza-
ion, Table 1). When the magnetic field is reversed the surface spins

hange their direction (weak exchange interactions between sur-
ace spins) and rotate toward the reversed field direction showing
harp decrease of the magnetization. The demagnetization curve
hows same behavior as initial curve in the high fields (Fig. 5). In
(c) and 40 K (d). The insets show low field magnetization behavior.

the remagnetization curve measurements (positive part of fields),
the surface spins also rotate in the field direction and provide a
pinning force to the core spins. These provide sharp increase of the
magnetization and higher values compared to the initial magne-
tization for a certain field range. With increasing temperature the
number of frozen spins decreases, the surface spin effect becomes
weaker and disappeared at 10 K (normal hysteresis behavior). The
field dependence of the magnetizations M(H) are in agreement with
the temperature dependence of the magnetization M(T) (Fig. 4),
implying that the surface spins dominate the magnetic properties
at low temperatures. Moreover, HC values show random trend with
temperature (Table 1). The increase of the coercivity below blocking
temperature (higher maximum) with decrease of the tempera-
ture is well known for nanomaterials [61–63]. On the other hand,
the decrease of the coercivity at temperatures below blocking and
a sharp increase afterwards are unusual. Similar unusual behav-
ior of HC in NiO nanoparticles has been reported in the literature
[21,22,26–28]. This behavior should also arise from the surface spin
dynamics. A possible explanation is the formation of superparam-
agnetic surface spin clusters which can decrease surface anisotropy
i.e. decrease the coercivity (around the lower maximum). Below the
lower maximum surface spins are in a spin-glass-like state and lead
to increases of the surface anisotropy i.e. increase of the coercivity
[21,22].

4. Conclusions
The NiO nanoparticles embedded in an amorphous silica matrix
have been synthesized by a sol–gel combustion method. The
method provides an inexpensive and easy preparation of NiO
nanoparticles embedded in a silica matrix. The XRPD, TEM and
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RTEM reveal the nanocrystalline NiO phase, spherically shaped
article morphology, nanoparticle size of about 4 nm, lattice fringes
f the nanoparticles and defects in the crystal structure. The M(T)
easurements show two maximums (ZFC curve), one sharp and

arrow at low temperature ∼6.5 K and an other broad one at higher
emperature ∼64 K. Moreover, the magnetic measurements display
ysteretic behavior at 2 K, 5 K, 10 K and 40 K, as well as jump of
he magnetizations at 2 K and 5 K. After above facts, we conjec-
ure that the NiO nanoparticle consists of magnetically disorder
hell and antiferromagnetically order core with an uncompensated
agnetic moment. The unusual magnetism in NiO nanoparticles is

lso given by hysteretic behavior at 2 K and 5 K where initial mag-
etization curve lies below the hysteresis loop which is a novel
ffect in NiO systems. These anomalous behaviors are discussed as
onsequence of the surface spins which are frozen at low tempera-
ures (2 K and 5 K). The origin of such anomalous behavior demands
urther investigation.
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