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ABSTRACT

A modified sol-gel technique was used to synthesize nanocomposites of Ni:SiO; which
resulted in Ni nanoparticles embedded in a SiO; amorphous matrix. Transmission electron
microscopy TEM analysis were performed to study the structure and morphology of the
magnetic powders. The Ni particles were found to have a good dispersion and a controlled
particle size distribution, with average particle radius of ~ 3 nm. A detailed characterization of
the magnetic properties was done through magnetization measurements M(T,H) in applied
magnetic fields up to+ 7 T and for temperatures ranging from 2 to 300 K. The
superparamagnetic (SPM) behavior of these metallic nanoparticles was inferred from the
temperature dependence of the magnetization. The blocking temperature Tp, as low as 20 K, was
found to be dependent on Ni concentration, increasing with increasing Ni content. The SPM
behavior above the blocking temperature T was confirmed by the collapse of M/Ms vs. H/T
data in universal curves. These curves were fitted to a log-normal weighted Langevin function
allowing us to determine the distribution of magnetic moments. Using the fitted magnetic
moments and the Ni saturation magnetization, the radii of spherical particles were determined to
be close to ~ 3 nm, in excellent agreement with TEM analysis. Also, magnetic hysteresis loops
were found to be symmetric along the field axis with no shift via exchange bias, suggesting that
Ni particles are free from an oxide layer. In addition, for the most diluted samples, the magnetic
behavior of these Ni nanoparticles is in excellent agreement with the predictions of randomly
oriented and noninteracting magnetic particles. This was confirmed by the temperature
dependence of the coercivity field that obeys the relation Hco(T) = Hey {1-(T/T 8)"] below Tz
with Heo ~ 780 Oe.

INTRODUCTION

Nanosized superparamagneti¢ (SPM) particles of ferromagnetic metals as Fe, Co, and Ni
have been extensively studied because of both the richness of their physical properties and a
wide range of potential applications like catalysts, high density magnetic recording media, -
ferrofluids, and medical diagnostics [1,2]. Although they are easily obtained, a major point is the i
processing method used to produce such nanomaterials. In particular, several methods have been
used to prepare Ni nanoparticles (NP) like evaporation [3], sputtering [4], high-energy ball
milling [5], ion exchange, [6] and sol-gel [7,8]. However, metallic NP exhibit two main
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problems: the control of particles size and the formation of an oxide layer surrounding the
metallic particles. The control of particles size distribution (SD) and average size strongly
depends on the parameters of the preparation method. Besides the processing technique used, an
approach to assemble and maintain a nanostructured material is to host the metallic NP in an
inorganic and non-magnetic matrix. The development of nanocomposites, in which metallic
particles are embedded in a matrix, typically silica, can provide an effective way of tailoring a
uniform SD and to control the dispersion of ultrafine particles [9).

In addition, these SPM particles have a high reactivity because of the very high surface area to
volume ratio and can be easily environmentally degraded. Thus, as result of the processing
method, an oxide surface layer can be formed leading to a shell-core morphology where an
antiferromagnetic (AFM) oxide layer surrounds the ferromagnetic (FM) metallic NP. Such a
morphology influences the magnetic properties due to the exchange interaction between the FM
and AFM phases.

In the present study we focus on the magnetic characterization of high quality specimens
of Ni nanoparticles embedded in amorphous silica prepared through a modified sol-gel
precursor. Several physical characterizations performed on diluted samples of Ni:SiO,, with Ni
concentrations of ~ 1.5 and 5 wt%, indicated that they have average radius close to 3 nm, exhibit
superparamagnetism (SPM), and are free from an oxide NiO layer.

EXPERIMENTAL

Nanocomposites of Ni:Si02 were synthesized by a modified sol-gel method using as start
materials tetraethylorthosilicate (TEOS), citric acid, and nickel nitrate (Ni(NO3)2.6H20. The
citric acid was dissolved in ethanol and the TEOS and the nickel nitrate were added together and
mixed for homogenization during 15 min at room temperature. A citric acid/metal (Si+Ni) ratio
of 3:1 (in mol) was used. Ethylene glycol was added to the citrate solutions, at a mass ratio of
40:60 in relation to the citric acid, to promote the polyesterification. The resulting polymer was
pyrolysed in N2 atmosphere at different temperatures and times: typically at 500 °C for 2 h.
During the pyrolysis, the bum out of the organic material results in a rich CO/CO; atmosphere
which promotes the reduction of the Ni-citrate, resulting in nanometric Ni particles. Here we
concentrate our discussion in two diluted samples with ~ 1.5 and 5 Ni wt% which are referred in
the text as samples S1 and S2, respectively. Further details of the preparation method employed
are described elsewhere {7). The structure and morphology of the magnetic powder were
examined by high-resolution transmission electron microscopy (TEM) and X-ray diffraction
(XRD) analysis. Magnetization measurements M(T.H) in applied magnetic fields between+ 7 T

and for temperatures ranging from 2 to 300 K, were performed in powders with a SQUID
magnetometer.

RESULTS AND DISCUSSION

Figure 1 shows a Dark-Field (DF) TEM image of the S1 sample. It is observed that the Ni
nanoparticles (bright spots in the photograph) are wel! dispersed in the amorphous matrix. DF-
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Figure 1. Dark-Field TEM image of the S1 specimen.

TEM analysis revealed that the Ni particles present an homogeneous particle SD, with a mean
particle size of Iyt ~3.3 nm. The 1y values are slightly higher but consistent with the average
crystallite sizes determined from X-ray diffraction (XRD) data (not shown) through the Scherrer
equation, as displayed in Table 1. The particle SD's shown in Fig. 2 were built from TEM
examinations by considering over than 400 particles. The log-normal SD's have distinct
characteristics for the studied samples (Table I). For the sample S1, the median particle size ror =
3.9 nm is close to the mean particle size ryr = 4.2 nm due to a small distribution width or = 0.35
nm. The Ni richest sample S2 (not shown) revealed a SD with ror = 2.3 nm, rpr = 3.3 nm, and a
larger distribution width o7 = 0.84 nm (see Table I).

Table 1. Nanoparticles size distributions parameters®.
Sample _k_)g-normal L(x) TEM analysis XRD
o To m T'm o) Tor ToT Or TXR
S1 46 28 12 38 14 39 42 0.35 2.7
S2 51 29 17 44 1.6 23 33 0.84 23
*Magnetic moment values in emux 10"’ and radii in nm.

The magnetic properties of these nanocomposites are also of interest. The temperature
dependence of the magnetization M(T), taken in zero-field-cooling (ZFC) and field-cooling (FC)
conditions, exhibits clear features of SPM systems. These features are displayed in Figure 3 for
both samples: (1) the ZFC curves are rounded at Tg, defined as the temperature of their
maximum, indicating a blocking process of the small particles; and (2) a paramagnetic-like
behavior above Tp. The value of Ty shifts from Tg = 20 K for the S1 sample to Tg = 40 K for the
more concentrated S2 sample. This shift of Tp to higher temperatures is consistent with a higher
metal content in sample S2.

Further evidence of the SPM behavior above Ty was inferred from hysteresis loops
shown in the inset of Fig. 3. The M/Ms vs. H/T data, for T > Tg, resulted in a universal curve, a
feature of the SPM response [10]. The magnetic moment distributions were fitted considering a
log-normal weighted Langevin function (log-normal L(x)) [10]. From these fittings, the radius
distributions of spherical particles were calculated using the saturation magnetization of bulk Ni
at 300 K (Ms = 521 emu/cm®). The mean radii r,, were estimated to be 3.8 and 4.4 nm for
samples S1 and S2, respectively, in excellent agreement with the ones obtained from TEM -
analyses. -
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Figure 2. Histogram of the size distribution of Ni nanoparticles and log-normal fitting (solid
line) for sample S1 determined from TEM analysis. Dashed line stands for the log-normal size
distribution calculated from the log-normal Langevin L(x) fitting for M/Ms vs. H/T curves (see
text for details).
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Figure 3. Temperature dependence of the magnetization for samples S1 and S2. Curves were
taken in ZFC and RC processes at H = 1 kOe. The inset shows a universal M/Ms vs. H/T curve of
the S1 specimen, for several temperatures.

A comparison between the log-normal SD's inferred by either TEM analysis and
magnetic-data fitting for the more diluted sample S1 is shown in Fig. 2. The excellent agreement
between the two log-normal SD's lends credence to our analysis and may be attributed to both a
narrow SD and a negligible interaction between particles [10]. The same analysis, for the more
concentrated specimen S2 (not shown) resulted in a poorer agreement, with r, being slightly
higher than ror but close to 1.7 (see Table I). Such a small discrepancy is certainly related to
either a magnetic contribution arising from larger particles and weak dipolar interactions [16].

Turning now to the low temperature regime, Fig. 4 shows the hysteresis loops measured
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at temperatures ranging from 3.5 to 200 K for sample S1. We remark that NiO/Ni composites
exhibit exchange bias due to interfacial interaction between ferromagnetic Ni and
antiferromagnetic AFM NiO [11]. This exchange interaction is evidenced through a shift of
hysteresis loops along the field axis when the system is field-cooled below the ordering
temperature of the AFM phase. Defining Hc+ and He- as the coercive fields with decreasing and
increasing fields, respectively, a measure of the symmetry of the M(H) curves is given by AHc =
(Hc+ + He-)/2., Previous works on Ni/NiO systems have reported values for the exchange bias
field AHc ranging from ~ 80 Oe in Ni/NiO nanowires [12], to ~ 700 Oe in partially oxidized Ni
NP [13]. The hysteresis loops displayed in Fig. 4 clearly show that these loops are symmetric
about zero field (AHc ~ 1 Oe) indicating the absence of particles with the shell-core NiO-Ni
morphology. The data also indicate negligible contribution of isolated NiO nanoparticles, which
would exhibit large loop shifts of up to ~ 10 kOe {14]. Thus, our magnetic data strongly suggest
that the modified sol-gel method used for the synthesis of nanosized Ni metallic particles results
in significantly less oxidized metallic particles than other techniques [12,13]. This result is in
agreement with XRD analysis which revealed absence of extra phases in these samples.

The He(T) values at different temperatures (Figure 4 (b)) reveal that coercivity develops
appreciably below Tg in these samples. The coercivity for a system of randomly oriented and
noninteracting particles is expected to follow the relation Ho(T) = Hep [1-(T/Tp)"?] with Heo =
0.64K/M; [15], where K is the anisotropy constant of bulk Ni, and Ms is the saturation
magnetization. The above expression considers that the magnetization reversal takes place
coherently, a situation that can be achieved when interparticle interactions are neglected [16].
Figure 4 (b) shows that this dependence is closely followed by both samples, supporting the
picture of noninteracting particles, as previously observed in systems comprised of metallic and
ferromagnetic NP [17]. Also, the extrapolation of He(T) to 0 yields values of Ts ~ 16 and 27 K
for samples S1 and S2, respectively, consistent with those obtained from M(T) curves.
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Figure 4. (a) Expanded view of hysteresis loops taken at 3.5, 5, 25, 50, and 200 K for the
nanocrystalline Ni particles sample S1. Hc+ and He- are defined in the text. (b) Temperature
dependence of the coercivity Hc for samples S1 and S2. The Figure shows Ho(T) to obey a T'?
dependence with Heo of ~ 780 and 650 Oe for samples S1 and S2, respectively.
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CONCLUSIONS

In summary, a modified sol-gel method to prepare high-quality Ni:SiO, nanocomposites
has been developed. The obtained Ni-NP have mean radius of ~ 3 nm, narrow particle SD's, and
exhibit SPM behavior above Tg (T < 40 K). The Ni-NP size distributions, determined from
magnetic measurements, were in excellent agreement with those obtained from TEM analysis.
Due to the absence of a shift along the field axis in M(H) curves below Ty and XRD data, we
have also infesred that these Ni-NP are free from an oxide layer. The lincar T'” dependence of
the coercivity bellow Tp supports a picture of randomly oriented and noninteracting
ferromagnetic nanoparticles in the samples studied.
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