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A B S T R A C T

Ni nanoparticles (NPs) with a mean diameter ∼5 nm, embedded in an amorphous SiO2 and C matrix (SiO2/C)
were produced through a modified sol–gel method. Magnetization measurements at temperatures ranging from
2 to 350 K and under an applied magnetic field of 70 kOe showed two different temperature regimes: (i) for
temperatures from 2 to 100 K, where an exponential-like decrease in the temperature dependence of the
saturation magnetization 𝑀𝑆 (𝑇 ) is observed; and (ii) a slower decrease in 𝑀𝑆 (𝑇 ) with increasing 𝑇 above
100 K, attributed to spin waves, and obeying the predictions of the Bloch’s law. Fittings performed to the data
adding appropriate terms to the Bloch’s law indicated that the low temperature behavior of 𝑀𝑆 (𝑇 ) can be
satisfactorily explained as the result of magnetic contributions from the amorphous SiO2/C matrix and from
the surface of the NPs. The high temperature behavior of 𝑀𝑆 (𝑇 ) follows the Bloch’s law with an exponent 𝛼 =
3/2 and an increased 𝐵 value, compared to the Ni bulk.
1. Introduction

Metallic nanoparticles (MNPs) have been intensively studied, espe-
cially due to their important technological application like, for instance,
in bio-medicine [1,2]. Although many properties have been understood
through the years, there are some fundamental aspects that are still a
matter of intense research and controversy [3,4].

One important aspect for technological application is the influ-
ence of coating in MNPs, as well as understanding the temperature
(𝑇 ) dependence of their magnetic properties, including here the tem-
perature dependence of saturation magnetization 𝑀𝑆 (𝑇 ). This funda-
mental problem was theoretically addressed by Bloch almost hundred
years ago, and it was described by invoking the propagation of spin
waves throughout the magnetic material, with 𝑀𝑆 (𝑇 ) decreasing with
increasing temperature [5].

The simplest form of the Bloch’s law, that describes the temper-
ature dependence of the zero magnetic field (𝐻 = 0) spontaneous
magnetization 𝑀𝑆 (𝑇 ) is:

𝑀𝑆 (𝑇 ) = 𝑀0 (1 − 𝐵𝑇 𝛼) , (1)

where 𝑀0 is the saturation magnetization at 𝑇 = 0 K, 𝛼 is an exponent
that usually takes the value 3/2 for three-dimensional bulk materials,
and 𝐵 is a constant that depends on the exchange integral in the
material [5,6].
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For the particular case of nickel (Ni) Pauthenet [7] based on a more
general spin wave theory proposed by Dyson [8], suggested that 𝑀𝑆 (𝑇 )
of Ni single crystals is well represented when higher power terms are
added to the Bloch’s law:

𝑀𝑆 (𝑇 ) = 𝑀0
(

1 − 𝐵𝑇 3∕2 − 𝑎5∕2𝑇
5∕2 − 𝑎7∕2𝑇

7∕2) , (2)

where the 𝑇 5∕2 term is a high order spin wave contribution, and the
𝑇 7∕2 term corresponds to the spin-spin collisions. Also, for ferromag-
netic Ni, there should be included a susceptibility term 𝜒 ⋅𝐻 , when 𝐻
is not zero [7].

For magnetic nanoparticles (NPs) the scenario is certainly more
complex and other mechanisms need to be considered. For instance, the
𝑀𝑆 (𝑇 ) behavior of magnetic NPs may differ considerably from that of
the bulk due to surface effects, like spin canting, surface spin disorder,
broken exchange bonds, interface spin-glass clusters, and spin pinning
[9–12]. Also, the 𝑎5∕2 term can be positive, zero or negative, depending
on the energy gap and external magnetic field [13].

The experimental results found in literature for magnetic NPs are
not consensual, and some researchers have observed that the expo-
nent 𝛼 = 3∕2 is maintained in some situations, with alteration of 𝐵
value, while others have concluded that the 𝛼 = 3∕2 exponent is no
longer obeyed [14,15]. For instance, the temperature dependence of
𝑀𝑆 of ultrafine Fe particles embedded in a SiO2 matrix was found
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to follow the Bloch’s law in a large temperature window, with the
usual 3/2 exponent expected for three dimensional (3D) systems, a
feature accompanied by a 𝐵 value around ten times higher than its bulk
ounterpart. However, at very low temperatures, a strong increase of
𝑆 with decreasing 𝑇 was observed and attributed to an effect of the
Ps size distribution [14].

Experimental results of many other investigations have also indi-
ated a marked exponential-like, low temperature enhancement of 𝑀𝑆

in a variety of magnetic compounds, and this feature was associated
with different origins. For example, the increase of 𝑀𝑆 (𝑇 ) in the low
𝑇 regime found in nanostructured Co/Pt was explained by consider-
ing changes in the chemical potential of the NPs, which varies with
temperature due to a Bose–Einstein condensation of magnons [16].

Some other researchers have tried to explain their exponential-like
low 𝑇 increase of 𝑀𝑆 data as the result of an open gap in the NPs
phonon energy spectrum, due to the finite size of the nanocrystals [17].
On the other hand, Mørup argued that the uniform mode at low
𝑇 is predominant in NPs, and instead of an exponential increase of
the spontaneous magnetization with decreasing temperature, a linear
increase would be expected, suggesting that the low 𝑇 deviations could
be associated with paramagnetic impurities in the samples [18].

The study of the effect of SiO2 coating on magnetic properties
of Fe3O4 NPs, conducted by Larumbe et al. [11], also revealed that
only their coated NPs exhibited an exponential-like feature at low
temperatures, with the saturation magnetization at 𝑇 = 0 K reaching
a value below the uncoated material. This behavior was also related
to surface spin disorder that would be greatly enhanced by the NPs
silica coating. A similar argumentation was used to explain a low 𝑇
contribution to the spontaneous magnetization observed in Si coated
cobalt NPs [19]. Of particular interest to our purposes is the systematic
study conducted in SiO2∕𝛾-Fe2O3 nanocomposites [20]. The authors
found that the low temperature fast increase in 𝑀𝑆 (𝑇 ) becomes more
evident when the SiO2 content is increased, establishing a correlation
between the exponential-like feature in low 𝑇 magnetization and the
SiO2 content.

Within this complex scenario and to shed light in this fundamental
problem, we have carefully studied the behavior of the saturation
magnetization 𝑀𝑆 (𝑇 ) of Ni NPs embedded in an amorphous SiO2/C
matrix in a large range of temperatures and with different Ni concen-
trations. Therefore, the aim of this work is to verify the application of
Bloch’s law for Ni NPs, as well as to understand contributions arising
from the amorphous SiO2/C matrix content and other magnetic and
morphological variables on the low 𝑇 deviations of the Bloch’s law.

2. Experimental

Very diluted Ni NPs samples were synthesized through a modified
sol–gel method by using tetraethylorthosilicate (TEOS), citric acid, and
nickel (II) nitrate, as described in details elsewhere [21]. This process
yields a nanocomposite comprising of a ferromagnetic substance (Ni
NPs) embedded in an amorphous matrix of silica and carbon (SiO2/C)
derived from TEOS. As a result, Ni NPs-SiO2/C samples were obtained,
containing spherical NPs measuring ∼5 nm in diameter and varying Ni
concentration. X-ray powder diffraction (XRD) analysis, provided in
the Supplementary Material (SM), indicates the absence of any oxide
phases in the nanoparticles (Fig. S1 of SM).

Throughout the series, the concentration of Ni was maintained very
low, ranging from 1.9 to 12.8 wt%. For samples containing less than 4.0
wt% Ni, the dipolar interaction can be considered negligibly small [22].
Conversely, for samples containing more than 4.0 wt% Ni, dipolar
interaction has been identified, albeit not strong enough to cause a
collective spin-glass state [22]. Hence, this Ni NPs series comprises a
significant amount of amorphous SiO2/C matrix, making it appropriate
for investigating the influence of the amorphous matrix’s magnetization
2

on the magnetic properties of our Ni NPs systems.
Further samples of interest for this investigation were also prepared.
Nickel oxide NiO NPs were synthesized from a precursor Ni-SiO2/C
sample containing 1.9 wt% Ni by subjecting it to a heat treatment
performed at 250 ◦C under O2 atmosphere for 90 min. After the heat
treatment in the oxidizing atmosphere, the morphology of the NiO
NPs, such as the shape and average particle size, remained unchanged
due to the low temperature of the heat treatment. Figure S2 in the
Supplementary Material showed the complete oxidation of this sample,
as evidenced by the presence of diffraction peaks corresponding only
to NiO. Additionally, a sample consisting solely of SiO2 and C was
synthesized using the same modified sol–gel technique. This SiO2/C
matrix was then mixed with a standard, high purity bulk Ni sample
at weight ratios of 95.0:5.0 and 97.5:2.5, respectively.

Magnetization measurements (𝑀 vs 𝑇 and 𝑀 vs 𝐻) were carried
out using two commercial platforms from Quantum Design: (i) a Su-
perconducting Quantum Interference Device (SQUID) magnetometer;
and (ii) a Vibrating Sample Magnetometer (VSM) option of a Physical
Property Measurement System (PPMS). The 𝑀 vs 𝑇 experiments were
conducted in a wide range of temperatures (from 2 to 350 K) and ap-
plied magnetic fields as high as 70 kOe. Both Zero-Field-Cooling (ZFC)
and Field-Cooling (FC) modes at 70 kOe were measured and found to
be reversible. The applied magnetic field of 70 kOe was sufficient to
saturate the Ni-NPs samples under investigation. Therefore, the 𝑀 vs
𝑇 data taken at 70 kOe are referred as saturation magnetization (𝑀𝑆
vs 𝑇 ) in the following sections.

Exclusively for the standard Ni bulk sample, 𝑀 vs 𝑇 curves were
taken under an applied magnetic field of 10 kOe. The 𝑀 vs 𝐻 curves
were measured in the magnetic field range of −70 kOe to +70 kOe, at
various temperatures following the ZFC process, and only at 5 K after
FC process. The FC process was conducted with an applied magnetic
field of 50 kOe during sample cooling to 5 K.

3. Results and discussion

3.1. Bloch’s law at high temperatures

Fig. 1 shows a typical temperature dependence of saturation mag-
netization (𝑀𝑆 vs 𝑇 ) curves under an applied magnetic field of 70 kOe
for two samples: 1.9 and 12.8 wt% Ni NPs-SiO2/C. The overall data
indicate that there are two apparently distinct regimes in the 𝑀𝑆 (𝑇 )
behavior: (i) for low temperatures, roughly up to ∼100 K, where an
exponential-like fast decrease in 𝑀𝑆 with increasing 𝑇 takes place; and
(ii) above 100 K, where a slower, progressive, and smooth decrease in
𝑀𝑆 (𝑇 ) is observed, a feature typically found in a ferromagnetic system
under the effect of thermally-induced spin waves.

To certify that the fittings to the Bloch’s law is obeyed in a narrower
range of temperatures (𝑇 ≥ 100 K), first we have borrowed the data
published by Pauthenet for crystalline Ni [7], and also obtained the
𝑀𝑆vs 𝑇 data for polycrystalline Ni samples, where the exponential-
like contribution is not perceptible or even absent. The first step was
fitting Eq. (2) to the data of Pauthenet [7] for a wider temperature
range, roughly from 4 to 300 K, a procedure followed by narrowing
the temperature range from 100 to 300 K, observing the quality of
the resulting fit. The purpose here was to investigate the effect of
narrowing the temperature window of fitting on the 𝐵 constant value,
since generally only 𝐵 is reported in other studies, and it is the variable
of interest.

The 𝑀𝑆 vs 𝑇 data for the Ni crystal are available in Ref. [7], for
a temperature range from ∼4.2 to ∼287 K. The fittings performed
using Eq. (2) for the entire temperature range resulted in 𝐵𝑇 =
8.2 ⋅ 10−6 K−3∕2, and 𝐵𝑇≥100𝐾 = 6.3 ⋅ 10−6 K−3∕2 for the narrowed
range, roughly from 100 to 300 K. It is important to state that 𝐵,
obtained in Ref. [7] using a different approach, was found to be 𝐵𝑇 =
6.84 ⋅ 10−6 K−3∕2, a value in line with both above mentioned. In this

context, it seems reasonable to consider that a ∼17% change in 𝐵 is
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Fig. 1. 𝑀𝑆 vs 𝑇 curves for (a) 1.9 and (b) 12.8 wt% Ni NPs samples, taken under an
xternal magnetic field of 70 kOe. The curves exhibit an exponential-like behavior at
ow temperatures. Similar behavior of 𝑀𝑆 (𝑇 ) data has been observed for all samples
isted in Table 1. The arrows indicate the saturation magnetization 𝑀𝑆 (0) at 𝑇 = 0 K

for bulk Ni.

quite acceptable, when different fitting ranges in the 𝑀𝑆 vs 𝑇 data are
used.

For the polycrystalline Ni sample, the curve 𝑀𝑆 vs 𝑇 is presented
in Fig. S3 of the Supplementary Material. The fittings performed using
Eq. (2) for the whole and narrow temperature ranges resulted in
𝐵𝑇 = 5.6 ⋅ 10−6 K−3∕2, and 𝐵𝑇≥100𝐾 = 6.7 ⋅ 10−6 K−3∕2, respectively.
These values differ in less than ∼17% and, therefore, it would appear
reasonable to consider that even in a narrower temperature range, the
fitting does not result in significant changes, since it maintains the same
order of magnitude for 𝐵.

Based on the above results, we consider that it is reliable, for Ni
NPs to fit the Bloch’s law above 100 K. Therefore, the 𝑀𝑆 (𝑇 ) data
above 100 K were fitted by using Eq. (2) for our Ni NPs-SiO2/C samples,
and selected results are shown in Fig. 1. Since experimental data from
different magnetic NPs systems have shown that the exponent 𝛼 = 3/2
holds [13,14,23–25], and to avoid an excess of free parameters, the
exponent 𝛼 = 3/2 was maintained fixed in our fitting procedure.

The relevant parameters obtained from the fitting and necessary for
the analysis of the spin-wave stiffness (𝐷) are listed in Table 1. We also
mention that certain parameters of the fitting as 𝑎5∕2 and 𝑎7∕2, which
are not relevant to the discussion, have been omitted from the table for
the sake of clarity. The spin wave stiffness constant 𝐷 is related to the
fitting parameter 𝐵 by:

𝐷 =
𝑘𝐵
4𝜋

(

2.612 𝑔𝜇𝐵
𝜌𝑀0𝐵

)2∕3
, (3)

here 𝑔 is the Landé 𝑔-factor, 𝑘𝐵 is the Boltzmann constant, 𝜇𝐵 is the
ohr magneton, 𝜌 is the density, and 𝑀0 is the value of 𝑀𝑆 at 𝑇 = 0 K
nd considered here to be 58.858 emu/g [7].

By inspecting the fitted curve above ∼100 K in Fig. 1, it is possible
o notice that the 𝑀𝑆 (𝑇 ) data of 1.9 and 12.8 wt% Ni NPs-SiO2/C are
ell described by the Bloch’s law, but with an almost four times higher
value (Table 1) when compared with the one obtained in the bulk

i of 6.84 ⋅ 10−6 K−3∕2 [7]. Higher 𝐵 values correspond to lower spin
ave stiffness constant 𝐷, a feature commonly attributed to size effects
ue to the increased surface spins contribution who are poorly corre-
ated to the core, as has been frequently argued to occur in different
anostructured systems [14,26–28]. Also, the 𝑀0 values obtained for
Ps are slightly lower than those of the bulk material, but this is a
ommon feature seen in nanostructured systems [11,13,26,29,30]. The
ifference between the experimental 𝑀0 values obtained for Ni NPs-
iO /C samples (represented by the solid line extrapolated to 0 K) and
3

2 𝑡
Table 1
Saturation magnetization 𝑀0 and parameter 𝐵 obtained by fitting Eq. (2) to the high
temperature data, for different Ni concentrations. The spin wave stiffness constant 𝐷
was obtained using Eq. (3).

Ni 𝑀0 𝐵 𝐷
(wt%) (emu/g) (10−6 K−3∕2) (meV Å2)

1.9 42 25 174
2.7 50 21 195
4.0 51 25 174
7.9 38 18 216
12.8 47 22 189

the expected saturation magnetization at 𝑇 = 0 K for bulk Ni (indicated
by arrows) can be visualized in Fig. 1.

It is worth noting that depending on the technique employed for
determining the spin wave stiffness constant 𝐷 for bulk materials, dif-
erent values are frequently found. For instance, the estimated 𝐷 values
sing our 𝑀𝑆 (𝑇 ) data were consistently smaller than that obtained for
i bulk at low temperatures using neutron spectroscopy (𝐷 ∼ 400 meV
2) [31]. However, the 𝐵 values listed in Table 1 are in line with that

ound elsewhere for Ni NPs of 20 ⋅ 10−6 K−3∕2 [13], which are close to
ne order of magnitude higher than the value obtained for Ni bulk.
uch a discrepancy was justified by the occurrence of a thin NiO layer
overing the Ni NPs and/or due to a disordered surface layer [13].

.2. Deviation of Bloch’s law at low temperatures

Let us move now to the low 𝑇 regime of 𝑀𝑆 (𝑇 ), where the
xponential-like behavior is clearly observed. We would like to em-
hasize that this kind of 𝑀𝑆 dependence, as shown in Fig. 1 below
100 K, has been reported in a variety of magnetic systems comprised
f NPs: 𝛾 − Fe2O3 [20,32,33], NiFe2O4 [17,34], BiFeO3–CuO nanocom-
osite [35], Fe3O4 [11], CoFe2O4 [28], MnFe2O4 [27], Ni/NiO [25]
mong others. Besides, such a feature seems to be independent of the
resence (or not) of coatings and coating types, further indicating that
ize effects may play a role in the anomalous behavior of 𝑀𝑆 (𝑇 ).
n some cases, experimentally determined 𝑀𝑆 towards 𝑇 = 0 K
xhibits little deviation from the asymptotically value 𝑀0, with a
mall change in the slope of the 𝑀𝑆 (𝑇 ) curve, and sometimes such
feature is just disregarded [36–38]. Therefore, the low 𝑇 feature in
𝑆 (𝑇 ) curves seems to be more general, and fittings to the canonical

loch’s temperature dependence of saturation magnetization (Eq. (1)
r Eq. (2)) are clearly affected by it.

The abrupt increase in 𝑀𝑆 (𝑇 ) at low 𝑇 leading to a clear deviation
rom Bloch’s law in magnetic NPs has also been attributed to surface
pin freezing [27,39–41]. To account for this experimentally observed
eviation, effects arising from both finite-size and surface spins (𝑀shell)
ave been incorporated to the Bloch’s law as an additional contribution.
his surface contribution has being then modeled by considering a phe-
omenological exponential term [27,28,42], and the modified Bloch’s
quation takes the form:

𝑆 (𝑇 ) = 𝑀0
(

1 − 𝐵𝑇 3∕2 −⋯
)

+𝑀shell exp
(

− 𝑇
𝑇𝑓

)

, (4)

where 𝑀shell corresponds to the shell magnetization of the small gran-
ules, and 𝑇𝑓 , the spin-freezing temperature of the shell. The extra term
n Eq. (4) accounts for contributions to 𝑀𝑆 (𝑇 ) arising from the surface
f the NPs, as well as material characteristics and NPs size. According to
q. (4), the surface contribution to the magnetization 𝑀shell approaches
ero as the temperature increases.

The fitting of Eq. (4) to the 𝑀𝑆 vs 𝑇 data is shown in Fig. 1 (red
ashed line), and the fitting parameters are listed in Table 2. From the
xtracted parameters of the fitting, one can estimate the thickness of
he shell (𝑡shell) through the relationship [42]:

=
(

1 − 𝛾1∕3
)

𝑟, (5)
shell
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Table 2
The parameters 𝑀0, 𝐵, 𝑀shell, and 𝑇𝑓 were obtained by fitting Eq. (4) to the 𝑀𝑆 vs 𝑇
ata for samples with varying concentrations of Ni NPs. The shell thickness 𝑡shell was
stimated using Eq. (5).
Ni 𝑀0 𝐵 𝑀shell 𝑇𝑓 𝑡shell
(wt%) (emu/g) (10−6 K−3∕2) (emu/g) (K) (nm)

1.9 42 37 13 13 0.2
2.7 51 29 7.8 13 0.1
4.0 52 28 7.1 15 0.1
7.9 38 21 5,7 21 0.2
12.8 47 23 7.7 21 0.1

where 𝛾 = 𝑀core∕(𝑀core+𝑀shell), 𝑟 is the radius of NPs, and 𝑀core = 𝑀0.
The 𝑡shell values (Table 2) extracted from the fitting procedure

are quite reasonable, considering the ∼5 nm diameter size of the Ni
NPs. Still, this result does not rule out a contribution to 𝑀(𝑇 ) of the
amorphous SiO2/C matrix, as pointed out in Refs. [11] and [20]. In
addition, some authors have claimed that under specific circumstances,
silicon itself can exhibit magnetic properties [43,44]. For instance, the
authors of Ref. [43] argued that silicon can show appreciable magnetic
properties when its surfaces are etched first with HF and then with
KOH. On the other hand, Grace et al. [45] proposed that some results
could be explained based on the presence of contaminants from pyrex
beakers and impurities in solvents, such as KOH, used during the
etching process of silicon.

To deepen our understanding of the eventual influence of the
SiO2/C matrix on 𝑀(𝑇 ), chunks of high-purity, polycrystalline Ni were
mixed with the amorphous SiO2/C matrix at two weight ratios of
the matrix material, 95.0 wt% and 97.5 wt%, and characterized by
magnetic measurements. The 𝑀𝑆 (𝑇 ) curves of these two samples, taken
under an applied magnetic field of 70 kOe, are displayed in Fig. 2. Two
important features of these 𝑀𝑆 (𝑇 ) curves at low 𝑇 are of interest: (i) an
exponential-like increase in both 𝑀𝑆 (𝑇 ) curves; and (ii) higher 𝑀𝑆 (𝑇 )
values, above the expected saturation magnetization 𝑀𝑆 (0) ∼ 58.9
emu/g at 𝑇 = 0 K for bulk Ni, as indicated by arrows in Fig. 2.
We emphasize here that it was not feasible to exclusively measure
the magnetic properties of the amorphous SiO2/C matrix 𝑀matrix(𝑇 )
at low temperatures. The 𝑀matrix(𝑇 ) data exhibited inconsistencies
when different runs were compared, possibly due to limitations in the
measurement system or measurement artifacts. In any event, the data
of the two samples displayed in the inset of Fig. 2 indicate that the
𝑀𝑆 (𝑇 ) behavior at low 𝑇 undergoes minimal changes when the mass
proportion of Ni chunk is reduced by half, indicating a more consistent
outcome for the magnetization of the SiO2/C matrix.

Fitting the data of the Ni chunk mixed with the amorphous SiO2/C
matrix to the Bloch’s law (Eq. (2) in Fig. 2), in the range 100 to
350 K, resulted in 𝐵𝑇≥100𝐾 = 6.0 ⋅ 10−6 K−3∕2, a value similar to those
obtained for poly and single crystalline Ni samples already mentioned
in Section 3.1. Such a result strongly suggests that the contribution of
the amorphous SiO2/C matrix to 𝑀𝑆 (𝑇 ) at temperatures higher than
∼100 K can be disregarded in our analysis. On the other hand, fitting of
Eq. (4) to 𝑀𝑆 vs 𝑇 data for the same samples resulted in the parameters
displayed in Table 3.

To conduct this new fitting procedure, we renamed the parameters
𝑀shell to 𝑀matrix and 𝑇𝑓 to 𝑇matrix of Eq. (4). It is important to reiterate
that we generally quantify the magnetization in terms of the amount
of ferromagnetic material present in a given sample, which is Ni in our
case, assuming that other constituents exhibit negligible magnetization.
As a result, significant 𝑀shell values of 4.9 and 6.7 emu/gNi were
obtained through fitting procedure of Eq. (4), as listed in Table 3. After
properly correcting the units for 𝑀matrix, the corresponding values of
0.12 and 0.34 emu/gmatrix were estimated for an applied magnetic field
of 70 kOe, as presented in Table 3.

Upon evaluating the values of 𝑀matrix listed in Table 3 and 𝑀shell
in Table 2, it becomes clear that the approach results in a significant
4

contribution to 𝑀𝑆 (𝑇 ) at low 𝑇 of the amorphous SiO2/C matrix, when
Fig. 2. 𝑀𝑆 vs 𝑇 curve obtained for a sample consisting of a chunk of polycrystalline
Ni mixed with the SiO2/C matrix, under an applied magnetic field of 70 kOe.

he continuous and dotted lines show the fittings obtained using Eqs. (2) and (4),
espectively. The inset displays a collapse of the 𝑀𝑆 results, achieved by considering

temperature variation of ±2.5 K and a magnetization variation of ±2.2 emu/g for
he two SiO2/C matrix/Ni proportions of 97.5:2.5 and 95.0:5.0. The collapse of both
urves demonstrates a consistent low temperatures behavior in the 𝑀𝑆 vs 𝑇 results.
he arrows indicate the saturation magnetization 𝑀𝑆 (0) at 𝑇 = 0 K for bulk Ni.

Table 3
The resulting parameters from fitting Eq. (4) to the data shown in Fig. 2, where the
terms 𝑀shell and 𝑇𝑓 were renamed to 𝑀matrix and 𝑇matrix, respectively. The corresponding

matrix values in emu/gmatrix are also given in the last column.
Ni 𝑀matrix 𝑇matrix 𝑀matrix
(wt%) (emu/gNi) (K) (emu/gmatrix)

2.5 4.9 12 0.12
5.0 6.7 15 0.34

it is expressed in emu/gNi. Consequently, the magnetic contribution of
the SiO2/C matrix, independently of its origin, has to be considered to
the analysis, despite the apparently reasonable results for 𝑡shell shown
in Table 2.

A similar increase in 𝑀𝑆 at low 𝑇 for Ni ferrite samples [17],
produced by a method similar applied by us to synthesized our Ni NPs,
was attributed to the presence of paramagnetic impurities, that are
activated at low temperatures and high magnetic fields [18]. Despite
this possibility, some studies have indicated that silica SiO2 itself
may exhibit appreciable magnetism due to defects or dopants, such
as nitrogen or carbon, and consequently, magnetic hysteresis and an
exponential increase in its 𝑀𝑆 (𝑇 ) at low 𝑇 [46]. However, a simple
comparison between curves displayed in Figs. 1 and 2 indicates that
a large contribution to the upturn in the 𝑀𝑆 (𝑇 ) data comes from the
magnetic signal or contribution of the amorphous SiO2/C matrix in
the case of Ni NPs samples. Moreover, as discussed in Ref. [20], a
precise correlation between the exponential enhancement of 𝑀𝑆 (𝑇 ) at
low 𝑇 and the concentration of SiO2∕𝛾 − Fe2O3 nanocomposites has
been established. Specifically, it was shown that the magnitude of the
exponential behavior is magnified further with increasing SiO2 content
above a threshold value of ∼13 wt% SiO2. Additional investigation
on nanomaterials featuring SiO2 concentrations exceeding ∼13 wt%
SiO2 have revealed a marked enhancement of 𝑀𝑆 (𝑇 ) at low 𝑇 . For
instance, studies conducted on NiFe2O4 [17] and CoFe2O4 [47] in SiO2
have shown a clear exponential-like increase in experimental curves of
𝑀𝑆 (𝑇 ) with decreasing temperature.

3.3. Complete model at low temperatures

Comparing the values of 𝑀matrix (in emu/gNi) in Table 3 with 𝑀shell

values in Table 2, it is possible to notice that the former are smaller than
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Table 4
Parameters obtained from the fittings of 𝑀𝑆 vs 𝑇 curves (Fig. 1) using Eq. (6). The values of 𝑡shell were obtained
using Eq. (5).

Ni 𝑀0 𝐵 𝑀matrix 𝑇matrix 𝑀shell 𝑇𝑓 𝑡shell
(wt%) (emu/gNi) (10−6 K−3∕2) (emu/gmatrix) (K) (emu/gNi) (K) (nm)

1.9 41 15 0.12 8.4 5.1 51 0.08
2.7 50 18 0.16 8.5 3.2 35 0.05
4.0 51 23 0.22 11 2.8 40 0.04
7.9 38 16 0.32 14 2.6 48 0.06
12.8 47 16 0.40 11 5.6 30 0.10
o
l
v
C

the latter, indicating that only the matrix contribution is insufficient to
account for the 𝑀𝑆 (𝑇 ) results. The values of 𝑇𝑓 and 𝑇matrix displayed
in Tables 2 and 3, respectively, were found to be very similar, further
indicating that it is important to add the magnetic contribution of
the amorphous SiO2/C matrix to 𝑀𝑆 (𝑇 ) in our analysis. Therefore,
the proposition is to rewrite Eq. (4) and sum to the Bloch’s law a
phenomenological exponential term, as follows:

𝑀𝑆 (𝑇 ) = 𝑀0
(

1 − 𝐵𝑇 3∕2 − 𝑎5∕2𝑇
5∕2 − 𝑎7∕2𝑇

7∕2)

+ 𝑀shell exp
(

− 𝑇
𝑇𝑓

)

+ 𝑀matrix exp
(

− 𝑇
𝑇matrix

)

.

(6)

To increase the robustness of our analysis, we imposed certain
constraints to the fitting parameters of Eq. (6). Specifically, we limited
the range of 𝑀shell to 0.1–0.4 emu/gmatrix and set a maximum value
of 15 K for 𝑇matrix, based on the parameters listed in Table 3. By
fitting the 𝑀𝑆 vs 𝑇 data for Ni NPs samples using Eq. (6) we obtained
the parameters shown in Table 4. The 𝑀0 values agree well with the
fitting results obtained by using different equations written above, as
already mentioned and shown in Tables 1 and 2. Compared to their
bulk counterparts, the lower values of experimentally determined 𝑀0
of NPs are generally attributed to surface phenomena. This includes
the spin canting phenomenon induced by the broken symmetry or
the reduced coordination and broken exchange at the surface of tiny
magnetic NPs [16]. The 𝑀matrix and 𝑇matrix values for different samples
are also in good agreement with each other, lending credence to the
fitting procedure employed.

The results displayed in Table 4 also indicate that both 𝑀shell and
𝑀matrix contribute to the upturn of 𝑀(𝑇 ) below ∼100 K. The new
estimates for 𝑡shell using Eq. (5), which range from 0.04 to 0.10 nm,
are consistent with the value of 0.05 nm obtained for Ni1−𝑥Fe𝑥 NPs
of a similar size [42]. As anticipated for samples with similar size, the
values of 𝑀shell, varying from 2.6 to 5.6 emu/gNi, are in good agreement
across distinct samples and appear to remain little affected by weak
dipolar interaction between granules. Comparing the newly estimated
values of 𝐵 with those listed in Tables 1 and 2, a marginal decrease was
observed. In any event, the 𝐵 values displayed in Table 4 remain larger
than those expected for bulk Ni, owing to the presence of an energy gap
in the spin-wave spectrum [39].

It is noteworthy that the magnetic contribution of the amorphous
SiO2/C matrix to 𝑀𝑆 (𝑇 ) is negligible for 𝑇 ≥ 100 K, and the por-
tion range of the matrix magnetization to 𝑀𝑆 (𝑇 ) lies between ∼0.4%
and 1.8%. These small contributions to 𝑀𝑆 (𝑇 ) reinforce the initial
argument that fitting of 𝑀𝑆 vs 𝑇 data above 100 K by using the
Bloch’s law without considering the matrix and shell contribution is
reliable. Moreover, the similar values of 𝐵, as listed in Tables 1 and 4,
further indicate that the impact of the shell magnetization and matrix
contribution to 𝑀𝑆 (𝑇 ) can be disregarded in the fitting process for
𝑇 ≥ 100 K.

Another source for the deviation of 𝑀𝑆 (𝑇 ) data at low 𝑇 , not yet
discussed, could be related to the presence of an oxidized surface layer
in NPs, a phenomenon related to the metallic character of the Ni NPs.
5

F

Fig. 3. 𝑀 vs 𝑇 curves, obtained under 70 kOe, for the as-prepared 1.9 wt% Ni
nanoparticle sample (○), as well as for the same sample after heat treatment in an
O2 atmosphere (□). The magnetization of NiO NPs (𝑀NiO) is effectively fitted by an
exponential equation (indicated by the dotted line). The solid line represents the fitting
achieved through a weighted sum of Eq. (2) and 𝑀NiO.

To test this hypothesis, the 𝑀 vs 𝑇 curve was obtained under 70 kOe
for the NiO NPs-SiO2/C sample. The 𝑀 vs 𝑇 curve of this oxidized
sample exhibited a much more pronounced increase in the exponential
component of 𝑀(𝑇 ) at low temperatures, as displayed in Fig. 3. This
result can be compared with a study conducted on Ni NPs coated by
NiO, where an exponential-like increase at low temperatures was also
observed [25]. Nevertheless, if we attribute the abrupt increase in
𝑀𝑆 (𝑇 ) at low 𝑇 to the oxidize shell, it would imply that approximately
20 wt% of NiO is present in the sample (for detailed estimation, please
refer to the Supplementary Material). As an alternative analysis, in
order to account for the lower 𝑀0 values observed in our Ni NPs in
comparison to the bulk material, a wt% NiO content ranging from
30% to 40% would be required to be present in our samples. These
percentages of Ni oxide certainly would be detected, for instance, by
XRD analysis, a feature absent in our XRD diagrams (Fig. S1 in SM).

On the other hand, an alternative approach to infer about the
occurrence of an oxidized layer in our samples, comprised of anti-
ferromagnetic AFM NiO on the surface of ferromagnetic FM Ni NPs,
is through the phenomenon known as exchange bias (EB), i.e., when
two magnetic materials are coupled together by the exchange interac-
tion [48]. The occurrence of EB can be identified through magnetic
hysteresis loops obtained after the FC process. An illustration of these
loops is provided in the inset of Fig. 4 for two representative samples,
namely 4.0 and 7.9 wt% Ni NPs.

The inset of Fig. 4 displays the magnetization isotherms (𝑀 vs 𝐻)
btained after the ZFC and FC (𝐻= 50 kOe) processes. The hysteresis
oops were found to be symmetric about zero field axis with no shift
ia EB, suggesting that Ni particles are free from an oxide layer.
omparing the magnetization isotherms obtained after the ZFC and
C, under 50 kOe and at 5 K, no evidence of EB was observed for
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Fig. 4. 𝐻𝐶 vs 𝑇 1∕2 for 7.9 wt% Ni NPs sample. The inset shows the expanded view
of hysteresis loops taken at 5 K, after ZFC and FC (50 kOe) processes for 4.0 and 7.9
wt% Ni NPs samples.

samples containing 1.9, 2.7, and 4.0 wt% Ni NPs, as depicted in the
inset of Fig. 4, exemplified by the 4.0 wt% sample. For these three
samples, the 𝑀 vs 𝐻 curves after the ZFC and FC processes were
indistinguishable, further supporting that an oxidized layer must be
absent in these materials.

For 7.9 wt% and 12.8 wt% samples, exchange bias fields 𝐻𝐸𝐵 of
∼45 and ∼150 Oe, respectively, were measured from curves similar to
those in the inset of Fig. 4. These values of 𝐻𝐸𝐵 are relatively small
when compared to the estimated 𝐻𝐶𝑂 ∼ 1 kOe, for the coercive field
of Ni NPs at 0 K. 𝐻𝐶0 was extracted from the 𝐻𝐶 vs 𝑇 1∕2 dependence
in the region of the Ni NPs-SiO2/C’s blocking regime [49], as shown in
Fig. 4. Therefore, it is unlikely that the presence of an oxidized layer
on the surface of the Ni NPs would be the dominant contribution for
the exponential-like behavior of 𝑀𝑆 (𝑇 ) at low 𝑇 , provided that other
samples without exhibiting exchange bias display similar characteris-
tics. Moreover, the occurrence of the exchange bias phenomenon is not
exclusive to fine particles with a ferromagnetic (FM)-antiferromagnetic
(AF) core–shell morphology. Uncoated fine particles may also exhibit
EB due to the presence of disordered spins on the surface [50].

We also mention that deviations from the Bloch’s law at low tem-
peratures, observed in experimental 𝑀𝑆 (𝑇 ) data for nanostructured
systems, has equally been attributed to Bose–Einstein Condensation
(BEC) of magnons. The confinement of magnons in tiny NPs is re-
sponsible for inducing a gap in the energy spectrum [51], and when
confined in small NPs, magnon wave vectors are quantized, resulting
in an energy gap between allowed lowest states [16]. In this case, an
upturn in magnetization is theoretically expected to occur at the BEC
temperature (𝑇𝐵𝐸𝐶 ), resulting in a change in the Bloch’s 𝐵 coefficients.

As far as 𝑇𝐵𝐸𝐶 is concerned, it is predicted to occur at temperatures
below the blocking temperature (𝑇𝐵) and being proportional to the gap
temperature 𝑇gap, which for a given nanomaterial can be estimated by:

𝑇gap =
3𝐽𝜋2𝑎2

𝑘𝐵𝑑2
, (7)

where 𝑎 is the lattice spacing, 𝐽 the exchange constant, and 𝑘𝐵 the
Boltzmann constant [52]. We utilized, for Ni, the values 𝑎 = 0.352 nm
and 𝐽 = 0.34𝑘𝐵𝑇𝐶 ∼ 3 ⋅ 10−14 erg [53]. For Ni NPs-SiO2/C samples, the
experimentally determined 𝑇𝐵 were found to range between 7.5 and
16.0 K and the estimated values of 𝑇gap between 24 and 41 K. As the
magnetization of the Ni NPs-SiO2/C samples increases abruptly below
∼50 K, it is not possible to observe the upturn that would occur below
this temperature, being masked by the exponential signal of the surface
6

and matrix.
Therefore, from the previous discussion, it seems reasonable to con-
sider that the low temperature departure from the expected behavior
of 𝑀𝑆 (𝑇 ) should be caused by surface disorder as well as a matrix
contribution. The origin of the matrix contribution is not clear, and
could be the result of a induced SiO2 magnetism or the presence of
paramagnetic impurities, although this latter seems to be less probable.

4. Conclusions

The saturation magnetization 𝑀𝑆 (𝑇 ) of diluted Ni NPs, embedded
in an amorphous SiO2 and C matrix (SiO2/C), were studied through
magnetization measurements in an applied magnetic field of 70 kOe
and in a temperature range from 5 to 300 K. We have tested our
𝑀𝑆 (𝑇 ) data by using the Bloch’s law and have detected two temper-
ature windows in which it manifests in different ways: (i) from ∼5
to ∼100 K, where an anomalous exponential-like decrease in 𝑀𝑆 (𝑇 )
is observed, and (ii) for temperatures higher than ∼100 K, where a
progressive, smooth decrease in 𝑀𝑆 (𝑇 ) takes place. In order to evaluate
these two behaviors in the light of Bloch’s law, we have listed at
least five different mechanisms that could be responsible for the low
temperature departure of Bloch’s law: (i) surface disorder, due spin
canting and resulting in spin-freezing; (ii) a magnetic contribution from
the SiO2/C matrix; (iii) the presence of an oxide NiO surface layer in the
NPs; (iv) Bose–Einstein condensation of magnons; and (v) presence of
paramagnetic impurities within the NPs. From our experimental results,
combined with an analysis made by adding extra terms to the Bloch’s
law, we have found that the anomalous exponential-like decrease of
𝑀𝑆 (𝑇 ) is the result of two contributions arising from a disordered
surface layer and the amorphous SiO2/C matrix. We also found that
𝑀𝑆 (𝑇 ), for temperatures higher than ∼100 K, is well described by the
Bloch’s law with an increased value of 𝐵 and an exponent 𝛼 = 3∕2.
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