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Abstract
This work reports the formation of Ni nanostructures, their growth and saturation to form
oxides by using ion implantation and thermal treatment in air at 600 ◦C. A quartz (SiO2) matrix
was implanted with 100 keV Ni+ ions to doses in the range 5 × 1015–2 × 1017 ions cm−2. The
formation of Ni nanoclusters was observed by high resolution x-ray diffraction (HRXRD),
UV–visible optical spectroscopy, dc magnetization, AFM/MFM and x-ray absorption
spectroscopy (XAS). The cluster size distribution is narrow, with an average size of
∼25 ± 0.5 nm for the sample implanted at a dose of 1 × 1016 ions cm−2, but increases with
implantation dose. Optical absorption spectra also show a clear signature of a surface plasmon
resonance (SPR) peak at around 388 nm in accordance with the theoretical Mie’s spectra.
Temperature dependent zero-field-cooled and field-cooled magnetization measurements clearly
indicate a superparamagnetic behavior, which is properly analyzed considering the size
distribution of the magnetic nanostructures. The results show that the magnetic properties of the
nanoparticles can be controlled by the implantation dose. A detailed investigation of the local
structure using Ni K-edge NEXAFS/EXAFS suggests that the size of the Ni nanostructures is
altered by implantation dose, reaching saturation in the form of oxides/silicates of Ni at a dose
of 2 × 1017 ions cm−2.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanostructured materials play an important role in future
technology as they exhibit different and often unique physical
properties relative to their macroscopic counterparts. Metal
nanoparticles in insulators with low dielectric constants have
the advantage of exhibiting single electron effects at high
temperatures, since the total capacitance of the dots decreases
in these materials [1]. Metallic nanoparticles embedded
in insulators are being extensively studied because of their
interesting electrical, magnetic, magneto-optic, catalytic and

5 Author to whom any correspondence should be addressed.

optical properties including surface plasmon resonance (SPR)
and third-order nonlinear optical susceptibility [2–5]. The
presence of nanostructures can give rise to composites with
very large values of third-order susceptibility χ(3) related to
high nonlinear refractive index term n2, defined by n =
n0 + n2 I , where n0 is the base index and I the light
intensity [6]. Moreover, magnetic nanoparticles are expected
to exhibit interesting effects [7], such as superparamagnetic
behavior [8], tunneling magnetoresistance [9] and giant Hall
Effect [10]. Such composites have drawn much attention
owing to their applicability for fast switching devices, single
electron transistors, gas sensors and nanoelectronics in one-
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dimensional molecular wires [11–13]. The possibility of
using these nanocomposites not only on fundamental studies,
but also for creating new devices, is stimulating a rather
strong research effort to control several variables, such as
the nanocluster size distribution, their shape, as well as
the inter-particle distances. Several techniques are used for
preparation of such type of nanocomposites such as sputtering
from a composite target, sequential sputtering, laser ablation,
plasma jet and ion implantation, for example [14–16]. The
ion implantation technique [16, 17] is a well-established
procedure to obtain nanocomposites of a wide range of
metals and insulators. In general, ion implantation is a non-
equilibrium process, which leads to the formation of novel
phases, metastable structures and induces strain in the host
matrix and precipitates the implanted ions as nanoclusters.
Much research is concentrated on the optical properties of
silica glasses and metallic nanoclusters synthesized by ion
implantation including Ag, Au, Ga and other transition metal
elements [18–20]. In the case of Ni and Co implanted
silica [16, 21, 22], metallic nanostructures are formed in the
host matrix, whereas the sequential implantation of Ni and Co
gives rise to Ni–Co alloy based nanoparticles. Amekura et al
[23] have investigated the formation of NiO nanoparticles in
SiO2 from the thermal oxidation of Ni/SiO2 nanocomposites
by using this technique. Ding et al [24] had also shown similar
oxidation effects in the case of a Fe implanted SiO2 matrix.
Recently, Lobotka et al [3] have shown the single electron
transport phenomenon in the case of isolated Fe nanoparticles
in a SiO2 matrix. Indeed, the technique allows one to
obtain well controlled nanostructures by choosing suitable
ion implantation conditions and successive thermal treatment.
Furthermore, the technique would be compatible with large
scale integration of the device fabrication process. However,
understanding the structural evolution during the preparation of
nanocomposite materials can be of great help in understanding
how to control the characteristics of the final products.

In this paper, we present the synthesization of Ni nanopar-
ticles embedded in a SiO2 matrix using ion implantation and
their characterization using high resolution x-ray diffraction
(HRXRD), atomic force microscopy (AFM), magnetic force
microscopy (MFM), dc magnetization and UV–visible absorp-
tion spectroscopy. The local structure and its evolution were
studied by means of x-ray absorption spectroscopy (XAS)
techniques. XAS is a useful tool to examine nanosized par-
ticles of Ni implanted into the quartz matrix and to gain infor-
mation about the presence and nature of the interactions among
metal atoms and quartz networks. Also, it allows the study
of the influence of ion implantation conditions on the struc-
tural evolution of metal (or metal oxide) nanoparticles in Ni-
SiO2 (quartz) nanocomposites. Quantitative structural infor-
mation about the metal environment in complex materials can
be obtained from extended x-ray absorption fine structure (EX-
AFS) spectra, whereas near edge x-ray absorption fine struc-
ture (NEXAFS) can provide electronic and structural informa-
tion around each atom. In the present study, we have examined
the valance state and coordination state of implanted nickel
ions in a quartz matrix using x-ray absorption fine structure
(XAFS) spectroscopy, both by EXAFS and NEXAFS tech-
niques.

2. Experimental details

The implantation of 100 keV Ni+ ions was performed in
a SiO2 matrix at room temperature for doses ranging from
5 × 1015 to 2 × 1017 ions cm−2 in a vacuum chamber of
1.3 × 10−6 Torr using an electron cyclotron resonance (ECR)
ion source (placed on a high voltage platform) based low
energy ion beam facility (LEIBF) [25] at IUAC, New Delhi. An
ion current density of 2.8 μA cm−2 was maintained during the
implantation of samples to avoid local heating. At this energy,
the projected range and straggling are 78.2 nm and 22 nm,
respectively, according to Monte Carlo simulations performed
with the SRIM code 2006. After implantation, the samples
were post-annealed at 600 ◦C in air for 4 h.

The formation of nanostructures was observed initially by
HRXRD, with λ = 1.5425 Å at the bending magnet 10C1
XRD II beamline of the Pohang Accelerator Laboratory (PAL),
operating at 2.5 GeV with a maximum storage current of
200 mA, and the surface morphology and magnetic domain
formation by AFM/MFM using Digital NanoScope-III. The
optical absorption measurements were performed using an
Hitachi UV–visible absorption spectrometer and the data were
properly analyzed according to Mie’s theory for the absorption
of light by small metallic spheres [26, 27].

The magnetic properties of nanostructures were also
characterized by means of zero-field-cooling (ZFC) and field-
cooling (FC) magnetization measurements in a Quantum
Design MPMS SQUID Magnetometer, in the temperature
range 5 K < T < 300 K with a magnetic field of 100
Oe parallel to the surface of the sample. The diamagnetic
contribution from the SiO2 was subtracted from the measured
data by performing the magnetization of the unimplanted SiO2

sample with similar dimensions at room temperature.
The O K- and Ni L3,2-edges NEXAFS spectra of

all the samples along with NiO and SiO2 were measured
at the beamline 7B1 XAS KIST of the PAL in total
electron yield (TEY) mode and the fluorescence yield (FY)
mode at room temperature in a vacuum better than 1.5 ×
10−8 Torr. The spectra in the two modes turned out to
be nearly identical indicating that the systems are so stable
that the surface contamination effects are negligible even in
the TEY mode. All the spectra were normalized to the
incident photon flux and the energy resolution was better
than 0.2 eV. For Ni K-edge experiments, the 5A HFMS
(Wiggler) beamline of the PAL was utilized. The beam
was monochromatized by a cryogenic double-crystal Si(111)
monochromator detuned from 20 to 30%, depending upon the
Ni ion concentration in the samples, to suppress higher-order
harmonic content from the beam. All the scans were made
at room temperature in fluorescence detection mode using a
Bent Crystal Laue Analyzer (BCLA) detector system. The
advantage of using BCLA is that it allows the isolation of
unwanted energies (noise) from fluorescence signals, thereby
significantly improving the data quality. The resolution of the
monochromator is about 1 eV in the studied energy range.
Spectra for reference samples namely Ni metal foil and NiO
nanopowder were also recorded in transmission mode. The
data sets were aligned and backgrounds were removed using
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Figure 1. High resolution x-ray diffraction (HRXRD) corresponding
to Ni implanted SiO2 at doses (a) 5 × 1015, (b) 1 × 1016, (c) 5 × 1016,
(d) 1 × 1017, and (e) 2 × 1017 ions cm−2.

the standard ATHENA program [28], which is based on the
AUTOBK to remove the background. The input parameter
to ATHENA that determines the maximum frequency of the
background Rbkg was set to 1.1 Å. The data range used for

Fourier transforming the k space data was 2.3–9.8 Å
−1

. A
Hanning window function was used with a dk of 1.0.

3. Results and discussion

Figure 1 shows the HRXRD patterns recorded for the various
doses of 100 keV Ni+ implanted (or annealed) samples in
the range 5 × 1015–2 × 1017 ions cm−2. From the patterns,
it is clearly seen that no Ni peak appears for the sample
implanted at a dose of 5 × 1015 ions cm−2. However, with the
increase in the implantation dose to a value 1×1016 ions cm−2,
the structure starts growing and a broad peak is observed at
2θ = 44.30◦. Diffraction line profile analysis performed on
this peak, assuming an fcc phase of Ni(111) gives a lattice
parameter, a = 0.3582 ± 0.001 nm, which is comparable with
the bulk Ni lattice parameter (Ni, JCPDS card no. 87-0712).
The corresponding average size of the nanoclusters, calculated
using the Scherrer formula was ∼25 ± 0.5 nm. With a further
increase in the implantation dose to 5 × 1016 ions cm−2, the
XRD pattern exhibits a new diffraction peak at 2θ = 47.55◦
along with Ni(111), which is near to the reflections of bulk
Ni(400) (JCPDS card no. 01-1266). However, at a dose
1 × 1017 ions cm−2, in addition to Ni(111) phase, the pattern
consists of (012) NiO phase (JCPDS card no. 47-10479)
located at 2θ = 43.24◦. Finally, at the highest implantation
dose 2 × 1017 ions cm−2, the only dominating phase is either

(a)

(b)

1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

Energy (eV)

1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Photon Energy (eV)

5 x1016 ions/cm2

N
or

m
ai

lz
ed

 A
b

so
rb

an
ce

 (
ar

b.
u

n
its

.)

5.
2 

eV

4.
2 

eV

3.
2 

eV

N
o

rm
ai

lz
ed

 A
b

so
rb

an
ce

 (
ar

b
.u

n
it

s)

5 x1016 ions/cm2

1 x1017 ions/cm2

2 x1017 ions/cm2

Ni

3.2 eV

5.2 eV
K

/N
V

 (
ar

b
.u

n
it

s)

Energy (eV)
1 765432

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Figure 2. (a) Normalized optical absorption spectra of the Ni
implanted SiO2 at three different doses 5 × 1016, 1 × 1017, and
2 × 1017 ions cm−2. (b) Calculated optical absorption spectrum for
Ni using Mie’s theory.

nickel oxide (Ni2O3) or nickel silicate (Ni2SiO4) (JCPDS card
no. 14-0481 or no. 83-1740).

To further understand the metallic behavior of these
Ni nanostructures, we have measured the optical absorption
spectra of these samples as shown in figure 2(a). In the case
of the sample implanted at a dose of 5 × 1015 ions cm−2,
no signature of Ni nanoparticle formation was observed (not
shown here), whereas for a dose of 5 × 1016 ions cm−2,
the presence of a SPR [27] absorption peak around 3.2 eV
(388 nm) in the spectra confirmed the formation of metallic
Ni nanoparticles. However, for a further increase in the
implantation dose to 2 × 1017 ions cm−2, the SPR peak
disappears completely. This is further supported by the
formation of oxides and silicates of Ni at higher implantation
doses in agreement with HRXRD results. In addition, we
have also observed a broad absorption band centered at around
5.2 eV for all the implanted samples and one at 4.2 eV
in the case of sample implanted at the highest dose (2 ×
1017 ions cm−2). To explain these bands, we have compared
the spectra to the theoretical Mie’s spectrum [26, 27] of small,
randomly distributed spherical particles of Ni (see figure 2(b)).
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Figure 3. Magnetization versus temperature curves in zero-field-cooled (ZFC) and field-cooled (FC) modes for Ni implanted samples with
different doses (a) 1 × 1016, (b) 5 × 1016, (c) 2 × 1017 ions cm−2, and (d) the mean blocking temperature 〈TB〉 calculated from the distribution
of blocking temperatures.

According to Mie’s theory, the extinction coefficient K for
small particles is approximately calculated by means of the
relationship [29],

K = (18π NV n3/2/λ)(ε2/[(ε1 + 2n2)2 + ε2
2]) · · · (1)

where N is the concentration of particles, V is the volume of
the particle, n is the refractive index of the material medium,
λ is the wavelength of the incident photon, and ε1 and ε2

are the real and imaginary parts of the complex dielectric
constants of the particles, respectively. The spectrum was
calculated by taking the refractive index of silica, the value
given by Malitson [30] and the dielectric constants of Ni, those
given by Johnson and Christy [31]. Creighton and Eadon [32]
reported the calculated optical spectrum of Ni nanoparticles
and showed a SPR absorption peak between 300 and 400 nm
(4.1–3.1 eV). Also, they showed that Ni implanted silica glass
exhibits absorption at 354 nm (3.4 eV) [21].

Based on these calculations, absorption bands were
located at 3.2 and 5.1 eV (figure 2(b)). The former is equal
to the energy 3.2 eV of the SPR; whereas latter is close to the
interband transition, L2 → L1 of Ni as reported by Ehrenreich
et al [33] and Shiga [34]. We therefore attribute the absorption

band at 3.2 eV to the SPR of Ni and that at 5.2 eV to the
interband transition of Ni. Fujimori et al [35] also reported
that optical bands of NiO/Ni2SiO4 at about 4 eV and 6–7 eV
are assigned to interatomic 3d–3d charge transfer and O 2p–Ni
3d charge transfer, respectively. Therefore, we can infer that
Ni as well as their oxides contributed to the absorption bands
at energies greater than 3.2 eV, as observed for the samples
implanted with doses higher than 5 × 1016 ions cm−2.

To further confirm our results, we have performed
magnetization versus temperature curves for these samples
in zero-field-cooled (ZFC) and field-cooled (FC) modes.
Figures 3(a)–(c) show the ZFC and FC magnetization as a
function of temperature for various doses of Ni implantation
1 × 1016, 5 × 1016 and 2 × 1017 ions cm−2, respectively.
In the ZFC mode, the sample was cooled in zero field
from 300 to 5 K and after stabilization of the temperature, a
measuring field of 100 Oe was applied. The data were then
recorded while warming the sample. In the FC mode, the
sample was cooled down from 300 to 5 K in the presence
of a field of 100 Oe and then measurements were carried
out while warming in the same field. In the ZFC curve,
a characteristic superparamagnetic (SPM) peak confirms the
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Figure 4. AFM and MFM images for (a) 1 × 1016 (top), and (b) 2 × 1017 (bottom) ions cm−2.

nanoscale nature of Ni clusters. Also, the separation of ZFC
and FC curves at a certain irreversibility TIRR temperature
is one of the characteristic features of superparamagnetism
(SPM). The maximum observed on the ZFC curve TMEAN

(related to the mean blocking temperature TB) is slightly lower
than TIRR. Such behavior indicates a particle size distribution,
whereas a fraction of the largest particles already freeze at TIRR,
the majority fraction of the nanoparticles is being blocked at
around TMEAN. It is clearly evident from figure 3(a) that there
is a sharp maximum in the ZFC magnetization curve at about
18 K for the 1 × 1016 ions cm−2 implanted sample, which
indicates the mean blocking temperature of the Ni nanoclusters
embedded deep inside the SiO2 matrix. Furthermore, the
relative sharpness of the ZFC peak and the fact that TIRR

and TMEAN are quite close to each other (TIRR ∼ 39 K)
can be taken as an indication of a narrow size distribution
in the present case. It is worth noting that the distribution
of blocking temperatures ( f (TB)) can be calculated as the
temperature derivative of the difference between the MZFC

and MFC magnetizations (d[MFC − MZFC])/dT , allowing
one to correctly estimate the average blocking temperature
〈TB〉 [36, 37]. The mean blocking temperature 〈TB〉 calculated
from the distribution of blocking temperatures was found
to be ∼6.4 K (see figure 3(d)). From the mean blocking
temperature 〈TB〉, we have calculated the average particle size
using the Néel relaxation model for the isolated particles,
i.e., D = [(6kB〈TB〉 ln(tm f0)/π Keff)]1/3, where 〈TB〉 is the
blocking temperature, Keff is the anisotropic energy of Ni, tm
the measurement time, f0 is the frequency factor and D is the
size of Ni nanocluster. Considering the value 5.7 × 103 J m−3,
100 s, and 109 s−1 for Keff for Ni, tm, and f0, respectively, a
value of 24.6 nm is obtained for the Ni nanocluster, which is

in excellent agreement with x-ray diffraction findings. With a
further increase in dose value to 5 × 1016 ions cm−2, the ZFC
magnetization curve became broader and centered at ∼134 K
(see figure 3(b)). The increase in blocking temperature clearly
indicates that there is an increase in the mean particle size of
the nanoclusters. The broadening in ZFC curve may be due
to various reasons such as (i) broad particle size distribution,
(ii) magnetic dipole–dipole interaction and (iii) some oxide
formation. However, reason (iii) can be ruled out as there is
no formation of Ni oxide at a dose of 5 × 1016 ions cm−2

in agreement with the XRD results. Indeed, as the size will
grow, the distance between the nanoclusters will decrease,
which will give rise to the enhancement in the component
of dipole–dipole interactions. One can clearly see that the
magnitude of the magnetization also did not vary linearly
with the increase of Ni ions in the system, which is less
than the calculated value and may be due to the dipole–dipole
interaction or some oxide formation (only at dose greater than
5 × 1016 ions cm−2). Figure 3(c) shows the magnetization as a
function of temperature for the 2 × 1017 ions cm−2 implanted
sample. It is found that the magnetization values are very low
and almost match with the diamagnetic background of the SiO2

substrate, which clearly indicates the formation of nickel oxide
(anti-ferromagnetically ordered).

To further validate these results, we have measured the
surface morphology and magnetic contrast using AFM/MFM
measurements. Figures 4(a) and (b) show the AFM and
MFM images taken at room temperature for 1 × 1016 and
2×1017 ions cm−2 implanted samples respectively. It is clearly
seen in the AFM image (figure 4(a)) that some structures
appear at the surface of similar diameter of 60 nm and
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height 10 nm. The MFM image taken at the lift height of
60 nm shows the clear contrast around these structures, which
indicates the structure of magnetic domains. The magnetic
domains are oriented in one direction along the plane of
the surface. These results strengthen our hypothesis that
the growth of the nanostructures is uniform with a rather
narrow size distribution. On the other hand, the AFM and
MFM images for the sample with an implantation dose of
2 × 1017 ions cm−2 indicates that the surface morphology does
not show any regular structure and the magnetic contrast is
also not visible, this being a signature of oxide formation of
Ni particles after annealing. It is worth mentioning that before
annealing no structure was formed for any implantation dose.

In order to understand the electronic and local structure
of Ni nanostructures, we have performed the NEXAFS
experiments at O K- and Ni L3,2-edges for all the implanted
samples along with SiO2 and NiO nanoparticles. Figure 5
shows the normalized O K-edge NEXAFS spectra along with
SiO2 and NiO nanoparticles. In case of NiO nanoparticles,
a pre-edge peak at ∼531.5 eV is due to the hybridization
of O 2p orbitals with Ni 3d states and higher energy broad
spectral features (∼537 eV) are attributed mainly to the O
2p hybridization with Ni 4sp orbitals [38, 39]. For the
unimplanted sample of SiO2, only broad spectral features
around ∼537 eV are observed. In the implanted samples
up to the dose value 1 × 1016 ions cm−2, the O K-edge
NEXAFS spectra are almost similar to the SiO2 sample. For
the higher dose samples, a pre-edge peak at ∼530.7 eV starts
to appear and its intensity increases with Ni implantation
dose, suggesting a strong hybridization of O 2p orbitals with
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Figure 6. Normalized spectra of Ni L3,2-edge near x-ray absorption
fine structure (NEXAFS) spectra of Ni implanted samples at different
doses.

Ni 3d states. The spectral features of samples having dose
values of 1 × 1017 and 2 × 1017 ions cm−2 are well matched
with the spectrum of NiO nanoparticles. These results are
further confirmed by measuring the Ni L3,2-edge spectra.
Figure 6 shows the normalized spectra of the Ni L3,2-edge
for all the investigated samples. The intensity of L3 and L2

peaks increases with Ni concentration. If the Ni forms some
compounds with either oxygen or Si in these materials, under
the crystal field splitting effect, the L3 peak will split into two
peaks due to the transition from t2g and eg 3d orbitals. It
is clear from figure 6 that at higher ion dosages (1 × 1017,
2 × 1017 ions cm−2), a weak shoulder-like feature appears at
the L3-edge, which is closely related to the spectral profiles of
NiO reported by Medarde et al [39]. The results of the O K-
and Ni L3,2-edge therefore suggest that at lower implantation
doses the probability of forming the NiO phase is less than
at higher ion doses, hence validating our HRXRD and optical
absorption data. However, we note that the soft energy of the
x-rays (at O K- and L-edges) is very sensitive to the surface
and the possibility that Ni ions are oxidized cannot be ruled
out completely. To avoid surface effects, we used hard x-rays
at the K-edge (1s → p) of Ni ions. Moreover, the details of
the Ni atoms interaction to form metallic clusters as well as
complexes with O and/or Si in the SiO2 matrix can also be
studied by measuring the Ni K-edge for these samples.

Figure 7 shows the normalized x-ray absorption spectra
of the Ni–K edge for the implanted samples along with Ni
metal foil and NiO nanopowder as reference compounds.
It is well known that different threshold energy inflection
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Figure 7. Normalized spectra of Ni K-edge near x-ray absorption
fine structure (NEXAFS) spectra of Ni implanted samples at different
doses.

points in the spectra provide the differences in the electronic
configurations present in the ground state and on the formal
Ni oxidation states. As evident from figure 7, the spectral
features of lower ion dose (5 × 1016 ions cm−2), show a very
close correspondence to Ni metal foil, whereas the spectra
at the highest dose (2 × 1017 ions cm−2) is almost similar
to the NiO nanopowder, which point towards the formation
of the NiO phase. It is also worth noting that the spectral
evolutions of the pre-edge features may occur corresponding
to 1s–3d transitions with considerable mixing of 3d–4p states
and signify the degree of centrosymmetry of the Ni atom
environment. The highest dose sample clearly shows a pre-
edge peak (marked by an arrow), as observed in the NiO
nanopowder, while the pre-edge features of low ion dose
samples are more or less similar to Ni metal foil. These
results are in good agreement with the results reported in the
literature [40]. The detailed features of NEXAFS regions are
shown in the inset of the figure 7. The energy of the main peak
does not show any shifts for these samples and is equivalent
to the NiO reference spectrum, indicating that Ni is in a
divalent state. The main peak and shoulders of the absorption
edge correspond to transitions to 4p continuum states and
shape resonances of the metal atom environment. For a given
environment, the main peak is broadened by disorder in the
nearest neighbor distances. The secondary peaks occurring
at a few 10 eV above the main peak correspond to multiple
scattering from neighboring atom shells. We observed that
the spectral profiles of the secondary multiple scattering peaks
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Figure 8. FT amplitudes of k2-weighted Ni K-edge EXAFS of Ni
implanted samples along with Ni metal foil and NiO nanopowder for
comparison.

become less sharp with a decrease in ions dose, thus indicating
a significantly less regular Ni environment for the lower dose
samples. The structure of Ni atoms can be more clearly
visualized by performing a Fourier transform (FT) of the k2-
weighted EXAFS of the Ni-SiO2 nanocomposite. If there
is any interaction between the nanostructure and the matrix,
some differences between the spectrum of the nanocomposite
and that of the bulk NiO nanopowder, Ni metal foil should
emerge. Figure 8 shows the FT amplitudes of k2-weighted
Ni K-edge EXAFS of the implanted samples as well as that
of a Ni metal foil and NiO nanopowder for comparison. The
FT represents a pseudo-radial distribution function around the
Ni atoms, where the r -values are shifted by small amount due
to the phase shift of the photoelectron wavefunction. The
positions of the FT peaks do not represent the real atomic
distances as the FT plotted in figure 8 is not corrected for the
backscattering phase shifts in order to present the raw data. As
can be seen in figure 8, the first several shells are clearly visible
for all the studied samples, suggesting a long range structural
order around Ni atoms. The sample of highest dose (2 ×
1017 ions cm−2) displays its first peak at around 1.5 Å in FT,
corresponding to the Ni–O interaction in the first coordination
sphere. The second peak at ∼2.5 Å is due to Ni–Ni interactions
in the second coordination sphere. The similar peaks at the
same distances are shown for NiO nanopowder, which indicate
that Ni atoms in this sample have similar local symmetry
to that of NiO. The samples having lower ion doses show
a significant variation of Ni–Ni interactions, while the Ni–O
interactions become negligible as the ion dose decreases. The
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contribution of the Ni–O interaction is almost negligible for the
dose of 5×1016 ions cm−2. Previously, using the same analysis
method the structural evolutions of NiO–SiO2 nanocomposite
have done by Corrias et al [41], confirming no interaction of
NiO nanoparticles with the silica network. However, in the
present study, Ni–Ni bond distances change with ion dose and
are different from that observed in Ni metal foil. The results
therefore suggest that Ni particles are embedded in the empty
space of the SiO2 network with a strong interaction. Hence,
one can say that Ni in these samples has a tendency to form a
structure to some extent with a coordination similar to that in
metal nickel. The different Ni–Ni interaction can be attributed
to a varying size of the domain particles of nanometric order.
The difference in the amplitude between the samples and the
thick Ni foil is probably due basically to the effect of thickness
and perhaps a slightly different Debye–Waller factor, which
could vary with ion dose. The decreased Ni–Ni interatomic
distance with decreasing ion dose increases the overlap of the
electron’s wavefunctions, leading to a greater charge transfer.
It is worth mentioning that, due to the low concentration of Ni
ions, the full structure cannot be completed. Therefore, one
cannot completely rule out the possibility of Ni atoms doping
the Si structure and starting to form nickel silicide compounds.

4. Conclusions

The formation of Ni nanoparticles embedded in a SiO2 matrix
and their growth and saturation to form NiO using ion
implantation and annealing was presented. The growth of Ni
nanostructures and their oxide formation were characterized
by means of various techniques such as HRXRD, UV–visible
absorption spectroscopy, dc magnetization, AFM/MFM and x-
ray absorption spectroscopy. The detailed investigations of the
local structures at various stages of the growth were made using
Ni K-edge NEXAFS/EXAFS. These results suggested that the
size of the Ni nanoparticles changes with the ion dose, reaching
saturation in the form of NiO nanoscopic structure at a dose of
2 × 1017 ions cm−2.
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