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NiO Nanoparticles Dispersed in Mesoporous Silica Glass
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We have studied the magnetic properties of NiO nanoparticles dispersed into mesoporous silica glass with
three particle size distributions obtained using the bottom-up nanofabrication technique. The samples were
characterized by XRD, Raman, and TEM and found to consist of monodispersed rock salt structure NiO
nanoparticles. The magnetic results indicate that the particles can be considered as an antiferromagnetically
ordered core with an uncompensated magnetic moment, and a magnetically disordered surface. The
magnetization loops exhibit a loop shift with intriguing temperature dependence. Furthermore, an increase in
the average blocking temperature is observed with increases in the number of impregnation—decomposition
cycles. These results are discussed considering the influence of the magnetic interaction on the core—shell

structure of the nanoparticles.

Introduction

Magnetic nanoparticle (NP) systems have received consider-
able interest in recent years owing to their unique magnetic
properties as well as their technological applications.!™> Mag-
netic nanoparticles show new properties or properties that are
modified relative to those of bulk materials. The reduction of
particle size to nanoscale levels leads to a complex interplay
between finite size effects and surface effects, which is
responsible for the magnetic behavior of nanoparticle magnetic
systems.! Finite size effects are related to the reduced number
of exchange-coupled spins within the particle. Surface effects
are related to the reduced symmetry of surface atoms which
have a nearest neighbor on one side and none on the other side,
resulting in a larger number of broken exchange bonds and
consequently surface anisotropy, magnetic frustration, and spin
disorder. These effects are enhanced in antiferromagnetic (AF)
nanoparticles due to the much lower core moment with respect
to ferromagnetic (F) nanoparticles of the same size. According
to the Néel model, nanoparticles of AF materials can have a
net magnetic moment due to an uncompensated spin number
in the two sublattices, depending on the crystal structure.*
However, experiments on NiO AF nanoparticles have shown
that the two-sublattice model cannot account for anomalous
magnetic properties, such as large coercivities (Hc), field shifts
of the hysteresis loop (Hg),? superparamagnetism, and spin-glass
(SG) behaviors,® all of which are strongly particle-size-depend-
ent.

Both theoretical and experimental published data on NiO
nanoparticles show that the magnetic structure within the
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nanoparticle can differ strongly with respect to the bulk magnetic
structure because of the influence of finite size and surface
effects.”™8 However, there is still some debate regarding the
origin of such effects.? For instance, while the exchange bias
effect can be demonstrated by considering a complex magnetic
structure with as many as eight sublattices, some SG-like
properties at low temperature are compatible with a core—shell
structure, where a ferromagnetic or spin-disordered shell is
exchange-coupled to an ordered AF core.5’

In this work, we present an investigation of the effects of
magnetic interparticle interactions and particle size distributions
on the magnetic properties of NiO NPs dispersed into porous
Vycor glass (PVG). The results obtained for zero-field-cooled
(ZFC) and field-cooled (FC) magnetization, Hc and Hg, are
interpreted on the basis of a core—shell structure, with an
antiferromagnetic core and a disordered nonergodic shell. Our
results suggest that interparticle interactions and particle size
distribution of NiO NPs play an important role in Hc and Hg.

Experimental Methods

Mesoporous Silica Glass. The mesoporous silica glass
utilized in this work was porous Vycor glass (PVG), code 7930,
purchased from Corning Glass Company. The PVG was cleaned
and activated as described by the manufacturer.’

Synthesis of NiO Nanoparticles Dispersed in Mesoporous
Silica Glass. The precursor of the nickel oxide is the single-
source metallo-organic compound nickel(I) 2-ethylhexanoate,
Ni[OOCCH(C,Hs5)C4Hy],, hereafter indicated as Ni(hex),, syn-
thesized by a metathesis reaction.' This preparation is carried
out by mixing 10.2644 g (0.06 mol) of anhydrous nickel acetate
with 18.4327 g (0.12 mol) of 2-ethylhexanoic acid in a 250
mL round-bottom flask. It was stirred and heated under vacuum
at 363 K for 4—5 h. The byproduct acetic acid was removed,
and a clear green viscous liquid was obtained. The nanocom-
posites were prepared by impregnation of monoliths of PVG
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Figure 1. X-ray diffraction patterns for NiO NPs with three, five, and
seven IDCs.

by a hexane solution of Ni(hex), (0.8 mol L") for 8 h, followed
by a thermal treatment at 873 K for 8 h under a synthetic air
flow. Nanocomposites of NiO in PVG with different particle
size distributions were obtained by employing sequences of
impregnation—decomposition cycles (IDCs).” We have prepared
samples with three, five, and seven IDCs. All the monoliths,
independent of the number of IDCs, were submitted to 7 thermal
treatments, completing a total of 56 h at 8§73 K.

Characterizations. X-ray measurements were performed on
a Shimadzu XRD-6000 powder diffractometer with CuKa
radiation, in the step scan mode (0.01° with a 10 s counting
time per step). Energy-filtered transmission electron microscopic
(EFTEM) images were obtained using a Carl Zeiss CEM 902
microscope equipped with a Castaing—Henry energy filter
spectrometer within the column and a Proscan Slow Scan
charge-coupled device (CCD) camera, both controlled by a
microcomputer running the AnaluSis 3.0 system. The magne-
tization measurements were performed in a superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design MPMS).

Results and Discussion

X-ray powder diffraction patterns (Figure 1) showed well-
defined peaks at 37.3°, 43.4°, and 63.0° (20) indicating the
formation of the cubic phase of NiO (JCPDS file 00-047-1049).
Below 20 = 40° the pattern is dominated by the large
background signal coming from the noncrystalline PVG matrix.
The IDC methodology showed a linear mass increment of the
nanoparticles inside the PVG (data not shown) that is supposed
to lead to an increase in the NiO crystallite size.!! The variation
of the crystallite size of the NiO nanoparticles as a function of
the number of IDCs was evaluated from XRD (Figure 1) (using
Scherrer’s equation)'?> and EFTEM (Figure 2). The XRD
diffraction patterns clearly show the increase of the intensity
and a less pronounced decrease of the full-width at half-
maximum (fwhm) with the increase in the number of IDCs.
The crystallite size estimated from Scherrer’s equation indicated
an average crystallite size of 10 nm, independent of the number
of IDC, probably due to the X-ray pattern being dominated by
the large background signal coming from the noncrystallite PVG
matrix below 40° (26).

The EFTEM images of samples obtained with three, five,
and seven IDCs (Figure 2) show nearly spherical monodispersed
NiO nanoparticles with particle size distributions dependent on
the number of IDCs. The TEM dark field image of NiO/PVG
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Figure 2. EFTEM images of NiO nanoparticles with three, five, and
seven IDCs.

with seven IDCs (Figure 3) confirms the crystallinity of the NiO
nanocrystals, in agreement with the X-ray data. The histogram
of the particle size distributions and the variation of the average
crystallite size with the number of IDCs are shown, respectively,
in Figure 4a and 4b.

Figure 5 shows the ZFC and FC magnetization curves
measured for different numbers of IDCs. By lowering the
temperature, the FC curves show a continuous increase of
magnetization value, and the ZFC curves show a broad
maximum, followed by a small increase at low temperature.
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NiO NPs Dispersed in Mesoporous Silica Glass

Figure 3. TEM dark field image of NiO NPs with seven IDCs, obtained
using transmission electron microscopy.
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Figure 4. Histogram of the particle size distributions for different
numbers of IDCs (a) and average nanocrystal size as a function of the
number of impregnation—decomposition cycles for the PVG/NiO
system (b).

As can be seen in Figure 5, the peak observed in the ZFC
curves shifts to higher temperature with an increased number
of IDCs, but the irreversibility temperatures determined by the
separation between the ZFC and FC curves remain almost
constant. The maximum in the ZFC curve is usually attributed
to the average blocking temperature of the magnetic moment
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Figure 5. ZFC and FC magnetization curves of all samples studied.
The inset shows the displacement to higher temperature of the maximum
of ZFC curves by increasing the number of IDCs.

distribution, and the irreversibility temperature between the ZFC
and FC curves corresponds to the largest energy barrier.
Assuming that the measured magnetic moments are due to NiO
uncompensated moments, the ZFC and FC curves can be
described by considering a progressive blocking process of the
core particle moment distribution. Moreover, experimental
studies have suggested that the magnetic moment of NiO
nanoparticles increases with their diameters.'3~!> Therefore, the
observed increase of the peak temperature when increasing
the number of IDCs can be ascribed to an increase of either the
diameter or the anisotropy of the NPs.

Even though XRD measurements do not indicate large
variations in the diameter of the particles with the IDC number,
TEM grain size analysis shows that the median diameter
increases from 5 to 7.5 to 11 nm for 3, 5, and 7 IDC cycles,
respectively, as shown in Figure 4. Therefore the median volume
of particles is an order of magnitude larger for the seven IDC
set. It can be assumed that the reversal of the particles is due to
thermal activation effects over distribution of energy barriers
(AE). The relaxation over a single barrier for noninteracting
particles with uniaxial anisotropy is described by the Néel—
Arrhenius law given by

T = fyexpl—AE/kgT]

where 7 is the measurement time, f; is the attempt frequency
for reversal, normally taken to be 10° s™!, kg is the Boltzmann
constant, and 7 is the measurement temperature. Assuming a
grain volume dependence of the energy barriers to reversal of
the form, AE = KV, where Kur is the magnetocrystalline
anisotropy of the NiO particles and V is the median of the
particle volume distribution for each IDC set based on TEM
analysis, and a typical measurement time of 100 s, we obtain
an expression of the form, KagV = 25kpTs, where Ty is the
median blocking temperature. The values of Ty obtained from
the maximum of the ZFC curves (Figure 5) are 36, 62, and 90
K (£5 K) for 3, 5, and 7 IDCs, respectively. The anisotropy
constant calculated from this expression is Kap(75) ~ 1.89 x
10° erg/cm?® for the 3 IDC set and 9.68 x 10° and 4.45 x 10°
erg/cm’® for the 5 and 7 IDC sets, showing a decrease in
anisotropy with increasing IDC cycle number. Using the
approximation that the AF moment, map, is approximately (Tx
— D3, and Kap =< me° for uniaxial anisotropy, we obtain Kxp
= Kxx(0)[(Txy — T)/Tx] with Ty ~ 520 K.'® Hence, the values
of the anisotropy for the three sets at 293 K are 8.9 x 10°, 4.8
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x 10%, and 2.3 x 10° erg/cm?® for the 3, 5, and 7 IDC sets.
Therefore, the increase in the median blocking temperature with
IDC cycling can be attributed to particle size effects. In order
to do these calculations, we have assumed that the whole particle
volume behaves as an AF core.

The value used for Ty in these calculations corresponds to
bulk NiO. The exact value for thin films is expected to be lower
as observed by Alders et al.'” in epitaxial NiO (a = 4.176 A)
layers grown on MgO with different thicknesses. A reduced Ty
would lead to further reduction in Ksp. Alders et al.'” found
that for 20, 10, and 5 monolayers, Ty is reduced to 470, 430,
and 295 K, respectively. Hence, lower anisotropy values are
expected for lower Tyn. However, this does not significantly
affect the argument exposed above. For instance, using these
values as an estimate of Ty for the 5 IDC sample with median
grain size of 7.5 nm, a decrease of about 12% would be expected
for K, AF-

The increase of the blocking temperature could be associated
with increasing magnetic interactions between the particles (due
to the increase of particle concentration), as reported in other
experimental and theoretical work.!*!31° However, the Vycor
matrix excludes the possibility of magnetic exchange interaction
between the NPs.'¥72% Also, the magnetic dipole interaction
among AF NPs is usually negligible because the magnetic
moments of AF NPs are typically much smaller than those of
FM NPs. Therefore, insignificant effects of interparticle interac-
tions are expected in the temperature range where the ZFC
curves exhibit peaks.

As the particle size is reduced, the contribution of the shell
is more pronounced. According to a core—shell description, a
one atom thick shell would reduce the AF volume, which, in
the case of the 3 IDC sample, would mean a 12% reduction in
diameter and therefore a ~50% increase in anisotropy, while
for a 11 nm particle Kar would increase ~20%. However, as
the particle diameters were measured by bright and dark field
transmission electron microscopy, it is expected that the
contribution of the shell atoms to the whole particle volume
will not be appreciable on the measurement of the particle size
from the TEM images due to local symmetry breaking of the
lattice, broken bonds, and the defects characteristics of the shell
structure. Some interesting magnetic effects associated with the
shell have been observed below 25 K in NiO nanoparticles
systems.®?!?? Discussion of such properties is based on a
polycluster structure within the shell caused by surface effects.
The disorder and competition of magnetic interactions between
the small clusters within the shell can give rise to spin-glass
freezing, i.e., a cooperative freezing of spins at a certain
temperature below which a highly irreversibible, metastable
frozen state occurs without the usual long-range spatial magnetic
order.? For instance, spin-glass-like freezing at about 15 K was
observed in a 3 nm NiO nanoparticles system.* Here we have
observed a continuous increase of magnetization in ZFC and
FC curves below 20 K for all samples studied. Such behavior
is related to shell magnetization with probable freezing tem-
perature below 20 K, since the mean particle sizes in our samples
are rather bigger than 3 nm.

Therefore, in order to investigate magnetic properties associ-
ated with the shell in more detail, we have measured ZFC and
FC hysteresis loops over a wide temperature range (2—180 K).
Large coercivities and shifted hysteresis loops are observed for
all samples after field cooling procedures. Figure 6 shows
hysteresis loops measured at 10 K for the sample with 5 IDC
for both ZFC and FC in 10 kOe from 300 K. As can be seen
from the inset in Figure 6, the FC hysteresis loop is shifted
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Figure 6. Magnetization vs applied field measured at a temperature
of 10 K for both ZFC and FC from 300 K in 10 kOe. The inset is a
close-up of the center of the hysteresis, showing the field shifts of the
hysteresis.

30F
25[
20[
15[
10f
05[
00l
T 05
0f
s

_20 [ 1 1 1 1 1 1 1
0 30 60 90 120 150 180

Temperature (K)

Hc (kOe)

HE (kOe

Figure 7. Evolution of the values of the field shift of hysteresis (Hg)
and coercivity (Hc) with temperature, for all samples. The solid lines
are guides for the eyes.

from the origin and broadened. The value of the field shift at
10 K is Hg = —1.5 kOe for the sample with 5 IDCs.

The temperature dependence of Hg and Hc was investigated
in the temperature range 2—180 K for all samples and is shown
in Figure 7. Both Hg and H¢ go to zero at the irreversibility
temperature for all samples. It is observed from Figure 7 that
the change in the magnitude of Hg depends on both the number
of IDCs and the temperature conditions.

Interestingly, for samples with 3 and 7 IDCs a maximum
was observed at about 10 K for both Hg and Hc temperature
variations. Although the observed temperature behavior of Hg
is very similar to Hc(T), the mechanisms responsible for such
temperature dependences are different. The Hc temperature
behavior can be understood considering the magnetic config-
uration within the NPs. With decreasing temperature, Hc
increase until 10 &= 3 K is in agreement with what is expected
for the progressive blocking process of core particle moments.
The magnetization at this range of temperature, where most of
the core particle moments are blocked, is mainly determined
by the surface spins, which thermally fluctuate; i.e., it behaves
like a paramagnetic contribution. With the subsequent decrease
in temperature there is an increase of the paramagnetic contribu-
tion of the surface spins and clusters and, consequently, an actual
narrowing of the hysteresis cycle. Similar H¢ temperature
behavior has been observed and described for FM NPs.?*?5 The
sample with 5 IDCs does not exhibit a clear maximum at 10 K,
probably due to the fact that, in this case, the paramagnetic type
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Figure 8. Close-up of the center of the hysteresis loops obtained for each sample: (l) 3 IDCs, (O) 5 IDCs, and (4a) 7 IDCs, at temperatures of

2, 10, 15, 25, 40, and 70 K.

contributions of the shell are not strong enough to dominate
the magnetic behavior below 10 K.

On the other hand, the intriguing Hg temperature behavior
may arise due to interface exchange coupling between the
antiferromagnetically ordered core and the disordered shell
clusters.?%?” Above the irreversibility temperature between ZFC
and FC curves, the core moments are in a superparamagnetic
state, and, consequently, the Hg is zero. With decreasing
temperature, the increase of Hg until around 10 K is in
agreement with the progressive blocking process of the core
moments. The subsequent decrease below 10 K, where most of
the core nanoparticles are blocked, is mainly determined by the
surface clusters. By decreasing the temperature, thermal fluctua-
tions slow down and the magnetic correlation between clusters
in the shell grows, leading to a low effective magnetic anisotropy
of the shell clusters, and therefore is less effective to induce
exchange bias; i.e., Hg decreases.

It is important to note that, although in the higher temperature
range (7 > 25 K) the Hg appears to increase with increasing
number of IDCs, below 25 K we observe a decrease of the Hg
when the number of IDCs increases from 5 to 7.

In order to have an insight into the possible mechanisms to
explain the behavior of Hg at temperatures below 25 K for our
samples, we have plotted the hysteresis loops at different
temperatures. Figure 8 shows that below 25 K there is an
increase in the slope of the M vs H hysteresis loops, indicating
an increase in susceptibility that should contribute to reduction
of Hg below 20 K. Below 25 K the three samples exhibit a
sudden change in the trend of the temperature dependence of
Hg (Figure 7), which appears to be compatible with a collective
magnetic state typical of spin-glass-like behavior, probably F
surface domains, demonstrating that below 20 K there is a
fraction of surface spins which are strongly coupled by
superexchange interactions.?! The spin-glass-like behavior is also
manifested as a sudden increase in susceptibility below a
transition temperature, resulting in an enhancement of the
uncompensated magnetic moment. This effect could be expected
to decrease the value of the exchange field in a similar way as
in the case of other exchange-biased systems for which an
increase in the magnetization of the F layer results in the
reduction of Hg.?® It is notable that, in the case of the five IDCs
curve, it experiences a less pronounced change in susceptibility
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than the other two samples, which correlates with a lower
decrease of Hg below the transition temperature.

However, given the nature of our samples, the number of
IDC cycles increases the mass of NiO without leaving an option
to weigh the exact mass of magnetic material contained in the
sample due to the fact that the magnetic material is embedded
in Vycor PVG glass matrix. From measurements of the initial
mass susceptibility,? it would possible to estimate the average
uncompensated moment in the sample and, assuming an average
magnetic moment per Ni ion throughout the sample, the number
of magnetic ions that correspond to that uncompensated moment
may be obtained. Information about the unoxidized Ni content
in the sample may help to discern the effects produced on the
magnetic behavior by uncompensated moments whether due to
uncompensated NiO moments or to Ni clusters. Since our XRD
results shown in Figure 1 do not reflect any contribution from
unoxided Ni, either crystalline or amorphous, in our samples,
an eventual residual fraction of Ni clusters, ferromagnetic at
low temperatures, will not affect in a significant manner our
results. Nevertheless, experimental measurements of the portion
of moments from NiO and Ni clusters would help in the
interpretation of magnetic data and the development of theoreti-
cal models to explain the exchange bias behavior in NiO
nanoparticles.

Conclusion

In conclusion, we have observed large coercivities and field-
shifted hysteresis loops in NiO nanoparticles dispersed in Vycor
glass for different numbers of impregnation—decomposition
cycles. The experimental results suggest that the particle size
and, consequently, the magnetic anisotropy are the main
parameters that significantly change with the different numbers
of IDCs. The coercivity and loop shift determined as a function
of temperature display a maximum at about 10 K and a further
decrease with increasing temperature approaching zero near the
irreversibility temperature between the ZFC and FC curves.
These observations are consistent with the core—shell magnetic
configuration with FM clusters in the shell and an AF core.
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