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Abstract In this work, we report on the magnetic
properties of nickel nanoparticles (NP) in a SiO,—C
thin film matrix, prepared by a polymeric precursor
method, with Ni content x in the 0-10 wt% range.
Microstructural analyses of the films showed that the
Ni NP are homogenously distributed in the SiO,—C
matrix and have spherical shape with average diameter
of ~ 10 nm. The magnetic properties reveal features of
superparamagnetism with blocking temperatures
Tg ~ 10 K. The average diameter of the Ni NP,
estimated from magnetization measurements, was
found to be ~4 nm for the x = 3 wt% Ni sample, in
excellent agreement with X-ray diffraction data.
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M versus H hysteresis loops indicated that the Ni NP
are free from a surrounding oxide layer. We have also
observed that coercivity (Hc) develops appreciably
below Ty, and follows the Hc o< [1 — (T/TB)O'S] rela-
tionship, a feature expected for randomly oriented and
non-interacting nanoparticles. The extrapolation of Hc
to 0 K indicates that coercivity decreases with increas-
ing x, suggesting that dipolar interactions may be
relevant in films with x > 3 wt% Ni.
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Introduction

Recently, the magnetic properties of nanoparticles
have been the focus of intense scientific activities.
These activities are directly related to large commer-
cialization perspectives of potential application of
magnetic systems in ultrahigh-density data storage
and drug delivery. Such applications involve the
miniaturization of the components and rely on
magnetic properties that are stable with time. How-
ever, the size reduction of devices is limited by the
fundamental magnetic properties of the ferromagnetic
materials. When the size of magnetic particles is
reduced to dimensions in which the magnetic anisot-
ropy energy is comparable to the thermal energy, the
magnetic moments are induced to flip randomly with
time. In this state, the magnetic particles lose their
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ordering and become superparamagnetic (Skumryev
et al. 2003).

One of the main issues concerning ferromagnetic
nanoparticles is the assembling of systems for use in
practical devices. In order to avoid the agglomeration
and to allow an easier handling of high surface area
particles, different approaches have been demon-
strated, including ferrofluids and particles embedded
in a non-magnetic matrix, either as powder or as thin
films. Thin films of ferromagnetic particles in an
amorphous SiO, matrix have been produced by
several different techniques aiming for possible
technological applications (Munford et al. 2001).
Several techniques, such as sputtering (Tomita et al.
2004; Zhu et al. 2009; Fonseca et al. 2005), laser
ablation (Dureuil et al. 2001), electrodeposition
(Osaka 2000), nanolithography (Liu et al. 2004;
Hong and Mirkin 2000), and by wet chemistry routes
(Almeida et al. 2003; Kockrick et al. 2007) have been
reported for the fabrication of superparamagnetic
nanocomposites. However, it has been found that the
magnetic properties of systems in the nanometric
scale are strongly dependent on the preparation
technique, which can result in particles with different
size distributions and morphology, and possible
interactions with the matrix.

In addition, metallic nanoparticles are highly
reactive and tend to be oxidized, usually forming a
core—shell structure comprised of a metallic core and
an oxide layer over the surface of the particles. The
core—shell structure can result in different magnetic
properties due to the coupling of the ferromagnetic
core to the antiferromagnetic oxide layer, known as
exchange bias (Sharma et al. 2010).

Within this context, this study aims at the
production of superparamagnetic films of Ni nano-
particles embedded in an amorphous SiO,—C matrix.
Thin films were prepared by the deposition of a
polymeric precursor resin by spin coating with
different concentrations of the metallic phase.
Detailed microstructural and magnetic characteriza-
tions revealed that the samples exhibit superpara-
magnetic behavior and absence of an oxide layer
surrounding the Ni NP. In addition, parameters
extracted from a model of non-interacting superpara-
magnetic particles were found to be in good agree-
ment with the microstructural properties for the most
diluted samples, in which dipolar interactions are
more likely to be absent.
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Experimental

The polymeric precursor synthesis was used for
producing Ni nanoparticles (NP) embedded into an
amorphous silica matrix (x-Ni:SiO,—C). All reagents
used were pro analysis grade with purity >99%. The
precursor resin was synthesized by the dissolution of
citric acid (Merck) in 20 mL of ethanol. After a clear
solution was obtained, tetraethylorthosilicate (TEOS,
Aldrich) was added, followed by hexahydrated nickel
nitrate (Merck), previously dissolved in 10 mL of
ethanol. The metallic citrate was kept under magnetic
stirring for ~ 120 min. Then, ethylene glycol (Aldrich)
was added to promote the polymerization of the
metallic citrate. Following this procedure, samples
with different Ni concentrations (x), in the 0-10 wt%
range, have been prepared by controlling the stoichi-
ometric ratio between Ni nitrate and TEOS.

The viscosity of precursor resins with different Ni
content was adjusted between 4.0 and 5.5 mPas
previous to the spin coat deposition (Zanetti et al.
1999). Silicon (100) substrates were used with a spin-
coater (Chemat Technology, KW-4B) with rotation
speed set to 5,000 rpm for 20 s (Rangel et al. 2002).
After the deposition of each layer, a drying step at45 °C
in a hot plate was carried out for elimination of solvent
excess. The organic matter of deposited films was then
partially removed by heat treatments in flowing N, at
250 °C for 100 min and 550 °C for 120 min. The total
reduction to Ni is assured by an additional heat treatment
at 500°C for 60 min under H, flow.

The Ni content of the films was determined by flame
absorption atomic spectroscopy (FAAS) using a Var-
ian AA-800 equipment. The produced films x-Ni:
Si0,—C, with nominal compositions x = 0, 5, and 10
wt%, were characterized by X-ray diffraction by using
a Rigaku D/Max 2500 PC diffractometer with Cu K,
radiation, in the 5 < 20 < 75° range, with step size of
0.02°, and counting time of 4 s. Microstructural
analyses of the thin films were carried out by using
an atomic force microscopy (AFM) Digital Instru-
ments Nanoscope III-A, a high-resolution scanning
electron microscopy (HR-SEM) Zeiss Supra 35, and a
transmission electron microscopy (TEM) Philips
200 kV.HR-SEM images were performed on uncoated
films surfaces. For TEM analysis, the films were
detached from the substrate and broken using a pulsed
ultrasonic probe in water and deposited on a carbon-
covered copper grid.
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The magnetic characterization of the thin films
was performed in a Quantum Design SQUID mag-
netometer under applied magnetic fields (H) ranging
between —7 and 7 T and in the temperature
(T) window 2-300 K. The temperature dependence
of magnetization M(T) was measured in both zero-
field-cooling (ZFC) and field-cooling (FC) modes at
several applied magnetic fields.

Results and discussions

The Ni content of the x-Ni:SiO,—C films has been
evaluated by atomic absorption spectroscopy (FAAS)
and the results, displayed in the Table 1, show that
the estimated values, x =3 and 6 wt% Ni, are
slightly lower than their respective nominal ones
(x =15 and 10 wt%). Such a discrepancy may be
related to: (i) some preferential evaporation during
the production of the thin films; and/or (ii) to the
presence of residual amorphous carbon after the heat
treatments.

The X-ray diffraction analysis revealed the crys-
talline phases of the thin films (Gouveia et al. 2005;
Carreflo et al. 2002; Lee and Kim 2001). Figure la
shows the XRD pattern of the x = 6 wt% Ni sample
in the 20 region of the maximum relative intensity
peak associated to Ni at 20 ~ 44.45°, which corre-
sponds to the 111 plane of the fcc structure (Fm3m)
with estimated lattice parameter of ~0.3495
(0,0018) nm. In addition to broad peaks belonging
to Ni, XRD patterns in the entire 20 range (not
shown) exhibit peaks associated with the Si substrate
(at 20 ~ 33°, 62°, and 69°), and a hallo indexed at
20 ~ 22° as belonging to the amorphous SiO,—C
matrix (Gouveia et al. 2005). By using the XRD data
and the Scherrer equation, the average crystallite size
Dxgrp of Ni in the thin films were estimated to be

Table 1 Values of the Ni content of the x-Ni:SiO,—C thin
films (in wt%), average particle sizes determined from scan-
ning electron microscopy (Dyr-sgm), crystallite size (Dxgrp),
and average size estimated from magnetization data (Dtg)

%Ni Dygr-sem (nm) Dxgp (nm) Dg (nm)
3 7 3.2 3.9
5.6 4.6

~3.2 and 5.6 nm for samples Ni:SiO,—C with 3 and
6 wt% Ni, respectively.

Figure 1b shows an AFM image of the x = 3 wt%
Ni sample, in which it is possible to observe a granular
structure of nearly spherical clusters with average size
of ~50 nm and a relatively uniform topography.
Previously reported atomic force analysis allowed for
the estimation of the surface roughness R = 24 and
8.2 nm for the films with 0 and 6 wt% Ni, respectively
(Gouveia et al. 2005). Cross section images shown in
Fig. 1c revealed that the thickness of the film with no
metal addition was ~550 nm, while films with Ni
particles were close to 1000 nm, a difference certainly
related to different viscosities of the precursor resins.

T rrrr T

(a) i X=6Wt%Ni

Intensity (Arb. Units)

Fig. 1 X-ray diffraction pattern of the sample with x = 6 wt%
Ni (a), atomic force image of sample with x = 3 wt% Ni (b),
and cross section scanning electron microscopy image of the
film without Ni (c¢)
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The microstructural properties of the films were
further investigated by both scanning (HR-SEM)
and transmission (TEM) electron microscopies, as
displayed in Fig. 2.The HR-SEM analysis (Fig. 2a)
revealed that the Ni:SiO,—C films have a uniform
surface topography and a low porosity. In addition,
both HR-SEM and TEM analyses indicated that the
films have a homogeneous distribution of spherically
shaped Ni nanoparticles in the ceramic matrix, as
inferred from the images of Fig. 2a and b. The HR-
SEM images were also used to construct the Ni
particle size log-normal distribution for both x = 3
and 6 wt% Ni samples. The obtained distributions are

Fig. 2 Scanning electron microscopy (a) and transmission
electron microscopy with electron diffraction pattern (b) of the
samples: a x =6 wt% Ni and b x =3 wt% Ni. The Ni
nanoparticles correspond to brighter spots in a and to the
darker ones in b

@ Springer

displayed in Fig. 3, and the average particle sizes are
summarized in Table 1. Increasing Ni concentration
results in a broader size distribution and an increase of
the average particle sizes (~7 and ~9 nm for x = 3
and 6 wt% Ni, respectively), indicating the coales-
cence of metallic particles. These values are greater
than the ones obtained from the Scherrer equation
using XRD data. However, it is important to consider
that size distributions derived from HR-SEM images
are actually less accurate due to the relatively low
resolution (~ 3.5 nm) of the technique, which favors
the counting of larger particles. The particle size can
be better assessed from the TEM image. A visual
inspection of Fig. 2c indicates that a considerable
fraction of Ni particles have sizes below 10 nm. In
addition to this, electron diffraction data, displayed in
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Fig. 3 Particle size distributions of samples a x = 3 wt% Ni
and b x = 6 wt% Ni
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Fig. 2b, confirmed the cubic structure of metallic fcc
Ni. In fact, the analysis of Fig.2 indicate spots
corresponding to the (400) diffraction peak, further
suggesting the formation of cubic metallic Ni, in good
agreement with the XRD results.

The magnetic properties of the thin films were
inferred from measurements of magnetization as a
function of both temperature and applied magnetic
fields M(H,T). The superparamagnetic behavior
observed in the x-Ni:SiO,—C thin films was thus
correlated to their microstructural properties. We first
consider the temperature dependence of the magne-
tization and magnetic susceptibility y(7), as displayed
in Fig. 4a and b, respectively. The Fig. 4a displays
the temperature dependence of the magnetization
M(T) under an applied magnetic field H = 500 Oe
and the inset an expand view for temperatures below
~50 K, for films with 3 and 6 wt% Ni. The
nanometric size of the Ni particles leads to a
magnetic monodomain behavior below the blocking
temperature Tg. Above Ty, both the systems exhibit
superparamagnetism, i.e., the magnetic susceptibility
decreases monotonically with increasing temperature
and assumes values well above the ones usually
observed in paramagnetic materials. The measured
curves display typical features of superparamagnetic
systems (SPM): (i) a rounded maximum on the ZFC
curve occurring at Tg ~ 10 K, which is associated
with the blocking of the nanoparticles; and (ii) for
temperatures above Ty, the M(T) increases with
decreasing 7. The estimated values of Ty are ~7 and
11 K for samples with 3 and 6 wt% Ni, respectively.
Previous M(H, T) measurements on x-Ni:SiO,—C
powder nanocomposites, prepared by similar proce-
dure, revealed superparamagnetic behavior above
Ts ~ 20 K, but the average size of the Ni NP was
bigger (Fonseca et al. 2003). In that study, the aver-
age particle size was estimated by using the M(H, T)
data to be ~7 nm, a value confirmed by both XRD
and TEM analyses (Fonseca et al. 2002, 2003). The
Ty value is associated with the particle size distribu-
tion and the higher is the particle size the higher is ig.
In this study, 7 values are considerably lower,
suggesting that the metal particle size in the x-Ni:
SiO,—C thin films is smaller than in powder
nanocomposites.

The blocking temperature of a randomly oriented
and non-interacting system of nanoparticles can be
estimated by using the relationship

(a) L) L) L L L L
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=
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O i 1 i 1 i 1 i 1 i 1 i 1
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Fig. 4 Temperature dependence of the magnetization (a) and
DC magnetic susceptibility (b) for the thin films Ni:SiO,—C
with x = 3 and 6 wt% Ni. The inset in a displays an expanded
view of the temperature dependence of the magnetization for
T <50 K. The ZFC and FC branches and the blocking
temperature 7 are also indicated

To = K(V)/25 ks (1)

where K = 8 x 10° ergs/cm3 (Bozorth 1956) is the
magnetic anisotropy constant of Ni, (V) is the
average volume of particles and kg the Boltzmann
constant (Stoner and Wohlfarth 1948). By using the
measured Ty values for the Ni thin films, the diameter
of assumed spherical particles have been estimated
and are listed in the Table 1. The calculated values
are in excellent agreement with the crystallite size
evaluated from the XRD analysis, mostly for the
more diluted sample with 3 wt% Ni. Increasing Ni
content, as in the sample with 6 wt% Ni, the observed
difference of the particle size estimated by the two
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different methods is certainly related to the dipolar
interactions between Ni nanoparticles (Fonseca et al.
2002, 2003). Such a feature is further supported by
the temperature dependence of y(7)~' shown in
Fig. 4b. The most diluted sample (x = 3 wt% Ni)
exhibits a linear behavior, characteristic of paramag-
netic materials that follows the Curie—Weiss law, for
both ZFC and FC branches, which are essentially
coincident for T > Tg. On the other hand, the sample
with x = 6 wt% Ni exhibits a much more pronounced
separation of the ZFC and FC branches and the linear
behavior is restricted to a narrower temperature range
above Tg. In fact, it has been previously suggested
that the concentration limit for a noninteracting
system is ~4 wt% (Masunaga et al. 2009).

Typical hysteresis loops M(H, T) for the sample
Ni:SiO,—-C with x =3 wt% Ni are displayed in
Fig. 5. The data in the Fig. 5 clearly indicate that
both the remanence and coercivity develop apprecia-
bly below Tp and that the coercivity field (Hc)
decreases with increasing temperature, being essen-
tially zero for 7 > Tg. The experimental results
suggest that M versus H curves are symmetric with
respect to the applied magnetic field and possible
exchange bias, due to an oxide NiO layer surrounding
the Ni NP, has not been detected in our films. As far
as this point is concerned, we mention that Ni NP
with an oxide layer usually exhibit a magnetic

- T=2K
03} o--T=5K =
4-T=10K e
*-T=100K A
e .
S A, [, -4
D oA
9 Hc- o . H
S 00 s o
§ ¥ .
g Ay S .. . .
= § o x . Ll
- AT g ° .t
b S lﬂ"” ¢ 84
s l ” : . : o R
03 fFrer - R
, , 0 100
900  -600  -300 0 300 600 900

H (Oe)

Fig. 5 Hysteresis loops measured at 2, 5, 10, and 100 K for
the Ni:SiO,—C thin film with x = 3wt% Ni. The inset shows an
expanded view at low magnetic fields. The coercivity fields
Hc_ and Hc,, extracted from the negative and positive
branches of the M versus H curves, respectively, are also
indicated
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interaction between the ferromagnetic Ni and the
antiferromagnetic NiO that is clearly observed as an
asymmetry in M versus H curves (Cullity 1972). For
the M versus H curve taken at 7 = 2 K, the
determined Ho_ and Hc, were ~—340 and 343
Oe, respectively. Thus, considering the accuracy of
the data it is possible to assume that [Hc_| ~ [Hc,l
and that the Ni NP of the thin film with 3 wt% Ni is
free from extra phases and of a NiO shell surrounding
the Ni cores. It is important to mention that similar
M versus H curves were obtained for the thin film
with x = 6 wt% Ni, further indicating that the
polymeric precursor synthesis prevents the formation
of an oxide layer in the Ni NP, a result similar to the
one observed in powder Ni nanocomposites produced
by the same method (Fonseca et al. 2002).

By computing the H-_ and Hc, values from
several M versus H curves taken at several temper-
atures 7 < Tg, the temperature dependence of the
coercivity filed was constructed and the obtained
diagram is displayed in Fig. 6. The behavior of Hc vs
T"? indicates a thermally activated process with He
increasing linearly for temperatures below ~6 K, as
inferred from the extrapolated value of T2 for
Hc = 0. Such a temperature dependence of Hc is
expected for systems comprised of randomly oriented
and noninteracting nanoparticles and is given by
(Gittleman et al. 1972):

® x=3wt.% Ni -
O x=6wt.% Ni

300

100

1.2 1.8 2.4 3.0 3.6
T1l2 (K1/2)
Fig. 6 Temperature dependence of the coercivity field (Hc)

and best linear fits for the 7 < Ty temperature range for films
Ni:SiO,—C with x = 3 and 6 wt% Ni
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He(T) = Heo 1 = (T/Ts)'"? @

with Heo = 0.64 KP /M, (Bozorth 1956), where
K™% is the anisotropy constant of bulk Ni described
above, My is the saturation magnetization, and Ty
given by Eq. 1.

Equation 2 also gives additional information
regarding Hc at low temperatures. By using the
appropriate expression Hcg = 0.64K /Mg and the Ni
bulk value Mg(T = 0) = 541 emu/cm’, we found
Hcg ~ 950 Oe. This zero-temperature coercivity
field is similar to the ones obtained by the extrapo-
lation of the H¢ versus 7' curves (Fig. 5): 944 and
822 Oe for samples x = 3 and 6 wt% Ni, respec-
tively. The good agreement between the extrpolated
Hco values further indicates that the produced
nanocomposite films exhibit features of a randomly
oriented and noninteracting system of ferromagnetic
particles, a characteristic more evident for the most
diluted sample. The larger difference observed
between the predicted and the lower experimental
coercivities for the sample with x =6 wt% Ni
extrapolated to 7 = 0 may be related to weak mag-
netic interactions, which are expected to decrease Hc.

Conclusion

The experimental results of this study demonstrate
that the polymeric precursor and spin coating tech-
niques are suitable for the fabrication thin films of
superparamagnetic nanocomposites comprised of fcc
Ni particles embedded in a SiO,—C matrix. Micro-
structural analyses revealed that that the films have
homogenously distributed Ni particles with diameter
<10 nm. The nanometric size of Ni particles was
confirmed by the superparamagnetic properties of the
thin films, inferred from magnetization curves that
clear exhibit blocking temperatures ~ 10 K. As
inferred from both microstructural analyses and
magnetic measurement, Ni nanoparticles are believed
to be free from an oxide layer, a desirable feature for
practical applications. A model of randomly oriented
and noninteracting ferromagnetic particles was found
to describe the temperature dependence of the
coercivity, indicating that magnetic interactions in
the films with low Ni content (3 wt%) are essentially
absent.
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