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ABSTRACT Ni nanoparticles embedded in an amorphous SiO» matrix were produced
by a modified sol-gel method. This method resulted in nanocomposites with a con-
trolled size distribution and good dispersion of the metallic particles. The particle-size
distributions were found to have an average radius of ~ 3 nm, as inferred from trans-
mission electron microscopy, X-ray-diffraction analysis, and magnetic measurements.
Magnetic characterizations revealed that samples exhibit superparamagnetic behavior
above the blocking temperature 7g, 20 K < 7Tg <40 K, and absence of a shift along
the field axis on hysteresis loops measured at 7' < Tp, indicating that the metallic
nanoparticles are also free from an oxide layer.

PACS 75.50.Tt; 75.75.+a; 81.16.Be; 75.20.-g; 75.20.En

Nanostructured magnetic materials have
attracted great interest due to the novel
properties that originate from finite-
size effects, size distributions (SDs),
and interparticle interactions [1, 2]. Re-
cent effort has been focused on the de-
velopment of nanostructured magnetic
materials due to their potential appli-
cations [1]. Particularly, nanoparticles
(NPs) of ferromagnetic (FM) metals
such as Co [3], Fe [4], and Ni [5, 6] have
been prepared by different methods in
which the control of the processing
parameters plays a major role. Exam-
ples of reported synthetic techniques
for the fabrication of these NPs include
the decomposition of organometallic
precursors [7], the reduction of metal
salts [8], and ionic implantation [9]. In
all cases, parameters of the preparation
method must be carefully controlled to
obtain a desired particle SD without ag-
glomeration. In addition, as a result of
the processing method, an oxide surface
layer can be formed, leading to a shell—
core morphology where an antiferro-
magnetic (AFM) oxide layer surrounds

the FM metallic NP. Such a morphology
influences the magnetic properties due
to the exchange interaction between the
FM and AFM phases.

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, can
provide an effective way of tailoring
auniform SD and of controlling the dis-
persion of ultra-fine particles [10].

In this letter, we describe a modi-
fied sol—gel method for preparing high-
quality specimens of Ni nanoparticles
(Ni-NP) embedded in amorphous SiO;.
Several physical characterizations per-
formed on diluted samples of Ni:SiO,,
with Ni concentrations of ~ 1.5 and
5 wt %, indicated that they have an aver-
age radius close to 3 nm, exhibit su-
perparamagnetism (SPM), and are free
from an oxide (NiO) layer.

In the modified sol-gel method
developed for preparing high-quality
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Ni:SiO; nanocomposites, silicon oxi-
anions and the metal cations (Ni) are
immobilized within a polymeric matrix
based on polyester. Initially, citric acid
was dissolved in ethanol, then tetraethy-
lorthosilicate (TEOS) and nickel nitrate
were mixed together. This process as-
sures a good control of both the concen-
tration and the dispersion of the metal
through the homogenization of the sil-
ica precursor and the metal salt in an
ethanolic solution. The polyesterifica-
tion reaction was promoted by the add-
ition of ethylene glycol to the citrate al-
coholic solution. The resulting polymer
was pyrolyzed in N, atmosphere at dif-
ferent temperatures and times: typically
at 500°C for 2 h. During the pyroly-
sis, the burn-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 [11]. The microstructural char-
acterization was performed on two se-
lected samples S1 (1.5 wt % Ni) and S2
(5 wt % Ni) by means of X-ray diffrac-
tion (XRD) and transmission electron
microscopy (TEM). The magnetic prop-
erties were studied by magnetization
measurements M(7, H) in applied mag-
netic fields —7 T < H <7 T and at tem-
peratures 2 K < 7' < 300 K.

The Ni citrate reduction and the
metallic phase formation were ana-
lyzed by XRD, as shown in Fig. 1. The
diffraction patterns of sample S1, sub-
jected to different pyrolysis tempera-
tures, show the thermal evolution of the
most prominent Ni Bragg peaks occur-
ringat260 ~44.5° (111) and 51.8° (200).
The XRD diagrams also revealed no
evidence of probable additional phases
as NiO. A narrowing of the diffraction
peaks with increasing pyrolysis tem-
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perature is also observed and related
to the enhanced particle growth. The
crystallite sizes of samples pyrolyzed
at 500°C were calculated from the
XRD data by using the Scherrer equa-
tion, yielding values of crystallite radii
rxr ~ 2.7 and 2.3 nm for samples S1
and S2, respectively.

The dark-field TEM analysis is also
shown in Fig. 1 and revealed two im-
portant features of the nanocomposites:
(i) homogeneous and randomly dis-
persed Ni-NP (bright spots in the photo-
graph) throughout the SiO, matrix and
(ii) a narrow particle SD, with a mean
particle size in the range of ryy7 ~ 3 nm,
as shown in Fig. 2. The ry7 values are
slightly higher but consistent with the
average crystallite sizes determined by
the Scherrer equation, as displayed in
Table 1.

The particle SDs shown in Fig.2
were built from TEM examinations
by considering more than 400 par-
ticles. The log-normal SDs have dis-
tinct characteristics for the studied sam-
ples (Table 1). For the sample S1, the
median particle size ror = 3.9nm is
close to the mean particle size rp7r =
4.2 nm due to a small distribution width
or = 0.35 nm. The Ni-richest sample S2
(not shown) revealed a SD with ro;y =

2.3 nm, rpr = 3.3 nm, and a larger dis-
tribution width oy = 0.84 (see Table 1).

The magnetic properties of these
samples are also of interest. The zero-
field cooling (ZFC) branches of the
M(T) curves displayed in Fig. 3 exhibit
a rounded maximum at Ty, defined as
the blocking temperature, which sepa-
rates the blocking process of small par-

ticles (T < Tg) from the SPM behavior
(T > Tg). These M(T) curves also re-
veal that T increases with increasing
Ni content, being ~ 20K and 40 K for
samples S1 and S2, respectively. This
shift of Tp to higher values is consistent
with a larger Ni content of sample S2
and a weak dipolar interaction between
particles [12].

Further evidence of the SPM be-
havior 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 [13].
The magnetic moment distributions
were fitted by considering a log-normal
weighted Langevin function (log-normal
L(x)) [13]. From these fittings, the
radius distributions of spherical par-
ticles were calculated using the satura-
tion magnetization of bulk Ni at 300 K
(Ms = 521 emu/cm?). The mean radii
rm were estimated to be 3.8 nm and
4.4 nm for samples S1 and S2, respec-
tively, in excellent agreement with the
ones obtained from XRD and TEM ana-
lyses. A comparison between the log-
normal SDs inferred by either TEM
analysis and magnetic-data fitting for
the more diluted sample S1 is shown
in Fig. 2. The excellent agreement be-
tween the two log-normal SDs lends
credence to our analysis and may be
attributed to both a narrow SD and
a negligible interaction between par-
ticles [13]. The same analysis, for the
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TABLE 1 Nanoparticle size dis-
s1 46 28 12 38 14 39 42035 27  ibution parameters. Magnetic mo-
s2 51 29 17 44 16 23 33 084 23  mentvaluesinemux 10" and radii

in nm
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FIGURE 4 Magnetic hys-
teresis loops measured at
2, 10, and 25K for the
sample S2. The figure also
indicates the coercive fields
H-+ and Hi-. The data

0
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more-concentrated specimen S2 (not
shown) resulted in a poorer agreement,
with r being slightly higher than ror but
close to i (see Table 1). Such a small
discrepancy is certainly related to either
a magnetic contribution arising from
larger particles or weak dipolar interac-
tions [13].

Hysteresis loops taken at several
temperatures below 7p are displayed
in Fig. 4. The M(H) data exhibit fea-
tures of SPM particles, such as sym-
metrical hysteresis loops along the field
axis and a decreasing Hc with in-
creasing 7. It is important to notice
that Ni-NP with NiO coatings are ob-
served to exhibit an asymmetry along
the field axis (exchange bias) due to
the exchange interactions between FM-
Ni and AFM-NiO [14]. An estimate of

were collected after ZFC
for each measuring tem-
perature

800

the loop symmetry is done by defining
AHc = (He+ + He-)/2, where Hc+
and H¢- are the coercive fields with de-
creasing and increasing H, respectively.
Previous work on partially oxidized
Ni-NP reported AHc ~ 7000e [15],
a value much larger than AHc ~ 1 Oe
found in our samples. The M(H) data
also indicate negligible contributions
arising from isolated NiO-NP, which
would produce an appreciable shift in
the M(H) data [14]. Thus, our results
for M(H) strongly suggest that the sol—
gel technique used here also prevents the
formation of an oxide layer in Ni-NP
dispersed in SiO;.

In summary, a modified sol-gel
method to prepare high-quality Ni:SiO;
nanocomposites has been developed.
The obtained Ni-NP have a mean ra-

dius of ~ 3 nm, narrow particle SDs,
and exhibit SPM behavior above Ty
(Tg < 40K). The Ni-NP size distribu-
tions, determined from magnetic meas-
urements, were in excellent agreement
with those obtained from TEM analysis.
Due to the absence of a shift along the
field axis in the M(H) curves below Ty
and the XRD data, we have also inferred
that these Ni-NP are free from an oxide
layer.
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