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Abstract. Sequential ion implantation (copper and nickel) in silica and soda-lime glasses has been per-
formed. The formation of copper-nickel alloy nanocluster in the glass host has been evidenced by syn-
chrotron radiation-based techniques, namely X-ray diffraction and absorption spectroscopy. The nanocrys-
tals’ lattice parameter value was estimated, indicating the formation of Cu55Ni45 alloy particles. Optical
absorption spectra are also discussed.

PACS. 61.46.+w Clusters, nanoparticles, and nanocrystalline materials – 61.10.-i X-ray diffraction
and scattering – 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc.

1 Introduction

Glasses containing nanometer-sized metal clusters exhibit
intensity-dependent refractive index values several orders
of magnitude larger than that of silica glass, owing to di-
electric and quantum confinement effects [1]. Transition
metals are particularly interesting since they also exhibit
peculiar magnetic properties [2]. Ion implantation has
been exploited as one of the most effective techniques for
creating metal nanoclusters in glasses [2–11]. The prepa-
ration of “mixed” colloidal structures, containing clusters
of either different metals or metallic alloys, has also re-
cently attracted attention, due to the possibility of tai-
loring the performances of these composites. For exam-
ple, the optical linear absorption was studied [12] after
sequential implantation of gold and copper in glass, ob-
taining results that suggest the formation of alloy clus-
ters. In spite of the non-equilibrium characteristics of the
ion implantation process, the important role of chemical
driving forces has been recognised in determining the fi-
nal configuration of ion-implanted materials [13–17], even
more so when the process involves different sequentially
implanted species [18–23]. Reasonably, both the ion im-
plantation as a synthesis method and the nanometric di-
mension of the formed metallic particles can influence in a
very complex way the alloy formation steps: in particular,
the relative importance of the thermodynamic mechanism
and the kinetic one is far from completely understood.
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Sequential copper + nickel implanted glass is partic-
ularly interesting because the two metals exhibit com-
plete miscibility for all compositions in the bulk phase,
forming an fcc alloy whose lattice parameter a0 follows
with good approximation the Vegard law [24]. The free
energy variation, ∆G, involved in the Cu–Ni alloy for-
mation has a minimum (−2.8 kJ mol−1) at 973 K for
≈ 40% Ni composition [25]. For copper+ nickel implanted
silica, transmission electron microscopy (TEM) measure-
ments indicate the presence of spherical metallic clusters,
with diameter up to 10 nm, increasing with the local
metal concentration [9]. A recent morphological study on
the copper + nickel implanted glass system [26], based
on TEM and grazing incidence small angle X-ray scat-
tering (GISAXS), has shown the formation of roughly
spherical metallic particles. Strobel et al. [27] used a ki-
netic 3D lattice Monte-Carlo model to study the diffu-
sion, precipitation and interaction kinetics of sequentially
implanted elements in a chemically neutral matrix. For
the Cu–Ni pair, their approach indicates that the for-
mation of both single-element nanoclusters and core-shell
structures are disfavoured, yet not indicating an ordered
compound phase formation. In this case, the model only
suggests that cluster formation and composition will be
determined mainly by the kinetics. Actually, the local tem-
perature during the second ion irradiation can alter the
level of collisional mixing between the two metallic species
by thermodynamically-driven atomic movements: the
nonlocal and nonequilibrium nature of the heat transfer
processes around nanoparticles [28] can induce very high
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Table 1. Implantation parameters (fluence and energy) of the investigated samples.

sample name substrate 1st irradiation 2nd irradiation

Ni(s) silica 6× 1016 Ni+cm−2 90 keV
Ni(g) soda-lime glass 6× 1016 Ni+cm−2 90 keV
CuNi(s) silica 6× 1016 Cu+cm−2 90 keV 6× 1016 Ni+cm−2 100 keV
CuNi(g) soda-lime glass 6× 1016 Cu+cm−2 90 keV 6× 1016 Ni+cm−2 100 keV
Cu(s) silica 6× 1016 Cu+cm−2 160 keV
Cu(g) soda-lime glass 6× 1016 Cu+cm−2 160 keV

(0.1 mm thick)
HF-Cu(s) silica 1× 1017 Cu+cm−2 160 keV
HF-Cu(g) soda-lime glass 1× 1017 Cu+cm−2 160 keV

particle temperature. Therefore, the problem of predicting
the final configuration of a double Cu + Ni ion implanta-
tion on silicate glasses becomes quite complex.

In this work we have performed synchrotron radiation-
based (X-ray diffraction and absorption spectroscopy)
characterization to directly investigate the structure of the
metallic particles in Cu+Ni implanted silicate glasses. Op-
tical absorption spectra were also discussed.

2 Experimental procedure

Silica (type II Heraeus Herasil, hereafter called “s” sub-
strate) and commercial soda-lime glass (“g” substrate)
slides 1 mm thick (except for Cu(g) sample, 0.1 mm thick)
were implanted sequentially with Cu and Ni ions. The
preparation details (implant fluence and energy) are sum-
marized in Table 1. The substrates were implanted at
room temperature (RT ) without subsequent annealing.
Simulations of the implant profiles were performed with
the TRIM code [29], yielding a projected range of 70 nm
(Cu) and 80 nm (Ni). The choice of a different projected
range comes from the experimental evidence of a deeper
penetration of implanted copper atoms inside both sil-
ica and soda-lime glass, if compared to the TRIM predic-
tion [8]. The use of low energies (keV range) allows the
attainment of high local metal concentration, leading to
cluster formation.

Samples were characterized by optical absorption spec-
troscopy in the 1.5–3.5 eV energy range (820–350 nm of
wavelength) using a Varian CARY 5E UV-VIS-NIR dual-
beam spectrophotometer.

Extended X-ray absorption fine structure (EXAFS)
measurements were performed at the European Syn-
chrotron Radiation Facility (ESRF) on the Italian beam-
line GILDA, with a bending magnet device source. All
spectra were recorded at liquid nitrogen temperature
(LNT), to reduce atomic thermal vibration. The sagittally
focusing monochromator, used in the so-called dynami-
cal focusing mode [30], was equipped with two Si(311)
crystals. Harmonic rejection was achieved by two Pd
coated mirrors working at 3 mrad with an energy cut-
off of 23 keV. The flux on the samples was of the order
of 2×1010 photons s−1. Measurements were performed at
both Cu and Ni K-edges in fluorescence mode. The sig-
nal collection was achieved by a high-purity 7-elements

Ge detector, keeping the total count rate per single ele-
ment below 2× 104 cps, to assure a linear response. The
use of this kind of detector allows to exclude both the Ni
fluorescence contributions in the case of the Cu K-edge
measurements and that of the elastic scattering.

Due to the peculiar nature of the samples, X-ray
diffraction measurements were performed in grazing in-
cidence configuration to enhance the cluster signal contri-
bution (grazing incidence X-ray diffraction, GIXRD). De-
tails on this unusual experimental technique are reported
elsewhere [31]. Measurements were performed at ESRF
on the ID9 beamline, at RT . The X-ray beam coming
from an undulator source was monochromatised by a Laue
monochromator sagittally focused in the horizontal plane.
A beam of 10 (hor)× 20 (vert) µm2 section was available
at 0.4555 Å with a flux of about 5 × 1010 photons s−1.
X-ray reflectivity curves from the double-implanted sam-
ples (CuNi(s), CuNi(g)) were measured to fix the optimal
incidence angle. The angle, chosen at the first bump in
the falling edge of the reflectivity curve, is around 0.08◦:
this corresponds to a beam footprint of 7 mm on the sam-
ple. Data were collected with an image plate (IP) detector
placed at 342.6 mm from the sample. IP exposure times
were in the few minutes range. An aluminum filter 0.5 mm
thick was placed in front of the IP to stop the fluorescence
signals (Cu, Ni and soda-lime glass impurities) from the
sample. The usual scattering curves were obtained by az-
imuthal integration of the images in a ∼ 170◦ wide angu-
lar sector; the image treatment was performed with the
Fit2D program [32]. The incident wavelength and the ex-
act sample-to-plate distance were determined by means
of a reference standard (Si crystalline powder diffraction
pattern).

3 Results

3.1 Optical absorption spectroscopy

The optical absorption spectra of the samples are shown
in Figure 1 (top: silica substrate and bottom: soda-lime
glass substrate). In the framework of Maxwell-Garnett ef-
fective medium theory [33], the absorption coefficient for a
composite consisting of small particles of complex dielec-
tric constant εm(ω) = ε1(ω) + iε2(ω) occupying a relative
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Fig. 1. Absorption spectra of the single- and double-implanted
glasses; silica substrate (top); soda-lime substrate (bottom).

volume fraction p� 1 is
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2

where εh is the surrounding medium dielectric constant
and c is the velocity of light. Surface plasmon resonance
(SPR) may appear as characteristic band(s) in the optical
absorption spectra [34], depending on the values of the di-
electric functions of both metal and glass host. For copper
nanoclusters embedded in silica or soda-lime glasses, the
SPR is centered at about 2.2 eV of photon energy ([11] and
references therein). On the other hand, nickel clusters em-
bedded in the same substrates do not originate any SPR
in the visible region [34].

The Cu(s) sample, i.e., silica irradiated with copper
ions, exhibits an SPR absorption band (Fig. 1, top) indi-
cating the presence of metallic clusters in the nanometer
size range. A similar behaviour is observed in the Cu(g)
sample (soda-lime substrate), even if only a faint SPR
originates (Fig. 1, bottom), indicating the formation of a
lower number of copper nanoclusters. It is worth stress-
ing here that Cu+ or Cu2+ ions do not exhibit absorption
band structure in this energy region. Thus, the observation
of the SPR is a reliable check for the presence of metal-
lic copper particles, even in the presence of a dominating
copper oxide phase. Finally, regardless of the substrate,
the sequentially implanted samples do not exhibit any ab-
sorption band.

3.2 EXAFS spectroscopy

X-ray absorption spectroscopy was performed to investi-
gate the local order around the implanted atoms. Data
analysis was performed by Fourier filtering and mul-
tiparameter fit on the filtered data [35]. Experimental
backscattering amplitudes and phases were extracted from
low temperature (LNT) spectra of model compounds:
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samples compared to EXAFS signal of Cu metal foil (in differ-
ent scale).
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Fig. 3. Moduli of the Fourier transforms of k3 weighted spectra
for k in the [3–13] Å−1 window.

metallic Cu and Ni foils for the metal-metal pairs and
Cu2O and NiO powders for the metal-oxygen couples.
The backscattering parameters being nearly identical for
Cu and Ni, the metal-metal shells were fitted with the
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Table 2. Results of the EXAFS analysis. N and R parame-
ters are the coordination number and the first shell distance,
respectively. ∆σ2 values are relative to the model compounds.
Parameters without error bars were kept fixed during the fit.

sample, edge N (atoms) R (Å) ∆σ2 (10−4 Å2)

Cu foila 12 Cu 2.5561
Ni foila 12 Ni 2.4918
Cu2Oa 2 O 1.849
CuOb 2 O 1.951

2 O 1.961
NiOa 6 O 2.0842
HF-Cu(s) 7± 1 Cu 2.55± 0.01 0± 5
HF-Cu(g) 2.8± 0.5 Cu 2.56± 0.03 2± 15

3± 2 O 1.89± 0.02 60± 30
Cu(s) 1.4± 0.3 Cu 2.52± 0.02 12± 5

1± 2 O 1.87± 0.04 0± 4
Cu(g) 4 O 1.87± 0.02 45± 7
Ni(s) 5± 2 Ni 2.46± 0.03 32± 36

1.0± 0.5 O 1.99± 0.02 119± 48
Ni(g) 4± 1 Ni 2.47± 0.02 48± 20

5± 2 O 2.00± 0.03 100± 45
CuNi(s) K-Cu 7± 1 Met 2.53± 0.02 32± 18
CuNi(g) K-Cu 4.2± 0.6 Met 2.52± 0.02 −13± 36

0.8± 0.5 O 1.82± 0.05 −20± 56
CuNi(s) K-Ni 5± 1 Met 2.51± 0.02 15± 32

4± 1 O 1.99± 0.05 119± 96
CuNi(g) K-Ni 3± 1 Met 2.52± 0.02 0± 28

4± 1 O 1.95± 0.02 75± 40

a From reference [36]. b From reference [51].

phase and amplitude relative to the absorbing atom (Cu–
Cu and Ni–Ni phases for Cu-metal and Ni-metal pairs,
respectively). In the quantitative study, error bars were
calculated through a statistical χ2 analysis considering a
95% confidence level. The kχ(k) curves (k = photoelec-
tron wavenumber, χ(k) = absorption coefficient interfer-
ence function) obtained from absorption spectra and the
relative Fourier transforms (FT) are shown in Figures 2
and 3, respectively. In Figure 3, peaks located at about
2.2 Å correspond to the metal-metal correlation, while the
signals centered at about 1.5 Å are due to metal-oxygen
coordination. We explain this by assuming the coexistence
of a metallic cluster phase and an oxidized phase, consist-
ing of copper (nickel) ions at the cluster/glass interface
and/or dispersed in the glass matrix.

Structures in the FT above 3 Å are particularly evi-
dent in the sequentially implanted samples and are related
to the higher coordination shells of the fcc structure, indi-
cating the presence of relatively large particles. Structural
data obtained from the quantitative analysis are collected
in Table 2. In the case of well distinct metal-metal and
metal-oxygen coordination peaks (see Fig. 3), data were
processed by filtering separately the two peaks. For the
other cases, filtered data were fitted to a two-shell model
except for the Cu(g) sample, for which a meaningful data
analysis was possible by assuming the presence of the ox-
idized copper species only.
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Fig. 4. GIXRD radial integrated spectra after silica back-
ground subtraction. In the inset the raw data are shown (nor-
malized to 1 on the first scattering maximum).

The most interesting result comes from the metal-
metal nearest-neighbour distance detected in the double-
implanted samples. Within the experimental errors, from
both the Cu and Ni K-edge spectra we calculated the
same distance value of 2.52 Å. This occurred for both the
CuNi(s) and the CuNi(g) samples. The measured metal-
metal nearest-neighbour distance corresponds in the fcc
phase to a lattice parameter a0 = 3.56 Å: this value lies be-
tween those of the two bulk metal phases [36] (see Tab. 2).

In almost all samples the presence of an oxide phase
is revealed. The coexistence of oxide and metal phases
makes difficult the determination of the valence state from
considerations of the absorption edge position. From pre-
vious investigations on Cu-implanted silica [22,37] and
soda-lime glasses [38], and on Cu+–Na+ exchanged soda-
lime glasses [39,40], it is well established that the pre-
ferred valence state of copper in these substrates is Cu+,
with the detectable presence of Cu2+ only at low metal
concentrations. The Cu0 valence state dominates only for
high local copper concentration (larger than, say, about
5% atomic fraction). In the Cu(g) sample the copper
oxide phase dominates, characterized by a coordination
distance RCu–O = 1.87 ± 0.02 Å, the same observed in
the Cu(s) sample. For both Ni(s) and Ni(g) samples,
EXAFS analyses gave the same Ni–O first shell distance
(RNi–O = 2.00±0.02 Å). It is worth noting that this spac-
ing is lower than that observed in NiO6 octahedral clus-
ters in aqueous solutions (RNi–O = 2.06 Å) [41]. For the
CuNi(s) and CuNi(g) samples, the Ni–O first shell dis-
tance is very similar to that found in the Ni-implanted
samples.

3.3 GIXRD analysis

Samples were also investigated by grazing incidence X-ray
diffraction, to obtain a more precise determination of the
lattice parameter and an estimate of the particle diame-
ters. For all the samples, the intensity of the diffraction
rings in the IP images was uniform along the azimuthal
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Table 3. Lattice parameters a0 (with the corresponding
nearest-neighbour distances RNN ) and particle diameters D
from the GIXRD analysis. Error bars are calculated at a 95%
confidence level. RNN values are in good agreement with those
from EXAFS. Pure elements bulk values are also shown for
comparison (Ref. [36]).

sample a0 (Å) RNN (Å) D (Å)

CuNi(s) 3.565 ± 0.010 2.521 ± 0.007 70± 10
CuNi(g) 3.559 ± 0.012 2.517 ± 0.008 50± 10
Ni(s) 3.490 ± 0.020 2.468 ± 0.014 20± 10
HF-Cu(s) 3.597 ± 0.005 2.543 ± 0.004 100± 10
Cu(s) 3.590 ± 0.010 2.539 ± 0.007 25± 10
Ni bulk 3.524 2.492 –
Cu bulk 3.615 2.556 –

angle, indicating the absence of preferential orientation
of the crystallites. Data analysis was performed follow-
ing a procedure described in detail elsewhere [42]. After
the angular integration on the image, the spectrum of the
unimplanted glass was subtracted from the treated one in
order to extract the pure cluster signal. The comparison
between the raw and subtracted data is shown in Figure 4.
Only Cu(s), Ni(s) CuNi(s) and CuNi(g) samples exhibit
diffraction peaks and these are in the typical positions of
the fcc lattice. The determination of the lattice parame-
ters was performed both by direct peak position analysis
and Rietveld refinement [43], finding identical values. The
peak profile was fitted with a pseudo-Voigt function, fixing
the calculated Gaussian contribution due to instrumental
broadening. The results of the investigation are reported
in Table 3: again, the lattice parameters a0 in CuNi(s) and
CuNi(g) are in between the bulk copper and nickel values,
in agreement with the EXAFS findings. The peak width
analysis reveals bigger particles in sequentially implanted
samples than in single implanted ones.

3.4 Discussion

EXAFS data taken at both copper and nickel K-edges,
and GIXRD measurements give a remarkable agreement
in the determination of the nanoparticles’ lattice param-
eters a0. In particular, the a0 value of the nanoclusters
in sequentially implanted samples is always halfway be-
tween the pure copper and nickel bulk values. Structural
determinations indicate the formation of Cux–Ni(100−x)

alloy nanoclusters, with x = 59 ± 11 for CuNi(s) and
x = 53 ± 14 for CuNi(g) samples (from GIXRD deter-
mination of a0 and Ref. [24]). We also considered different
possible origins for the detected a0 values. In the case of
single copper implantations (Tab. 2), the contraction of
the lattice parameter can be ascribed to the limited size
of clusters, as already observed in the literature [44,45],
due to the matrix hydrostatic pressure (droplet model).
This is indeed the case for Cu(s) and Ni(s) samples, where
the particles are sufficiently small to justify the observa-
tion of the contraction of the lattice parameter, in agree-
ment with molecular dynamics simulations for 309 atoms
(D ≈ 25 Å) cubo-octahedral clusters [46] (aNi

0 = 3.500 Å,

aCu
0 = 3.568 Å). However, a larger contraction is observed

for 70 Å and 50 Å diameter clusters in double implanted
samples than for the 25 Å diameter clusters in the single
implanted Cu(s) (Tab. 3). Moreover, if we suppose the
clusters are of nickel, in the CuNi(s) and CuNi(g) sam-
ples an expansion of the lattice parameter is observed. All
these observations are not explainable with the droplet
model. Finally, the high fluence (HF) copper implanted
samples exhibit larger lattice parameters, related to big-
ger clusters. From all these considerations, the most real-
istic picture is to consider the formation of copper-nickel
alloy nanoclusters in the sequentially implanted samples,
with the a0 changing due to the Vegard behaviour of the
system.

Knowing the cluster structure, we have then calculated
the expected optical absorption response and compared it
with the experimental spectra reported in Figure 1. To
calculate the optical absorption of a composite material,
one must know the bulk dielectric function ε of the clus-
ters as well as its size dependence. For copper-nickel alloy
clusters, the real and imaginary parts of ε (εbulk

1 , εbulk
2 )

and Ep (the plasma energy) can be evaluated, in a first
approximation, by a linear interpolation between the pure
metal values weighted by the respective atomic fraction.
We calculated these functions for 0 to 100% Ni content
by taking the values of ε from references [47–49]. The size
dependence of ε for metal nanoclusters of radius R can
be calculated following either classical or quantum me-
chanical [34,50] treatments. Dealing with relatively large
particles, we considered the classical formula

ε2(R,E) = εbulk
2 +

h

2π
νF

R

E2
p

E3

where h and νF are the Planck constant and the Fermi
velocity, respectively. The Fermi velocity is re-scaled cal-
culating the alloy electron density in terms of conduction
electrons per atom and of the Vegard approximation of the
alloy lattice parameter. The calculated optical absorption
spectra for 70 Å diameter alloy clusters of different nickel
content and embedded in silica are shown in Figure 5. For
soda-lime glass, spectra are quite similar. The simulation,
even in this rough approximation, clearly shows that in
both silica and soda-lime glass the SPR is expected to
disappear for copper-nickel alloy nanoclusters with grow-
ing nickel content. No SPR is expected for pure nickel
nanoclusters, as observed in the Ni(s) and Ni(g) samples.
Copper-nickel alloy clusters form in the glass upon sequen-
tial double ion implantation, and their optical response is
in agreement with theoretical calculations.

The EXAFS investigation has also evidenced the pres-
ence of oxidized ions not revealed by diffraction, indicating
that the oxides are amorphous. From the previous con-
siderations, the main copper oxidation state should be
+1, as confirmed by the bond lengths with O, nearer to
that for Cu+ oxide (1.8490 Å) [36] than to Cu2+ oxide
(1.95−1.96 Å) [51]. The presence of the oxidized phase is
responsible for the lowering of the apparent metal-metal
coordination numbers Nmm for all samples: while all the
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Fig. 5. Simulated optical absorption coefficient for copper-
nickel alloy nanoclusters (D = 70 Å) embedded in silica glass,
as a function of the alloy composition.

absorbing atoms contribute to the edge jump for the nor-
malization of the EXAFS oscillations, only a part of them
contribute to the (say) high frequency oscillations of the
metal-metal coordination. In this way, the value of the ap-
parent metal-metal coordination numberNmm is given by

Nmm = Nmm
0 x

where x is the fraction of atoms in the metallic phase,
and Nmm

0 is the expected value of Nmm (i.e., with no
oxide phases) taking into account the size effects. In fact,
the limited cluster size tends to reduce Nmm: expected
values can be calculated by the formula in reference [52].
However, for a copper or nickel fcc cluster with D = 25 Å,
the expectedNmm

0 value is 10, significantly larger than the
observed ones. Thus, the importance of the oxide phase
is evidenced. In general, implanted silica samples exhibit
higher Nmm as well as clusters of bigger dimension than
soda-lime glass samples, for the same implant conditions.

An empirical expression for the equilibrium redox ratio
of the general reaction 4Mn++2nO2− � 4M+nO2 in glass
melt (at 1400 ◦C in air) was obtained as a function of the
“optical basicity”,Λ, of the glass [53]. M is a generic metal-
lic element. The expressions found indicate that for copper
(under the described equilibrium conditions) the +1 oxi-
dation state is the favoured one; the more the melt basicity
Λ, the more favourite is the Cu+, for example passing from
silica (Λ = 0.48) to a typical soda-lime glass (Λ ≈ 0.6).
For nickel, the +2 oxidation state is the favoured one,
even if the trend is opposite to that of copper. Obviously,
we are well aware that these kind of considerations can-
not be directly applied to an out-of-equilibrium process as
the ion implantation is: however, they can give interesting
suggestions to the understanding of the compound forma-
tion in ion-implanted glasses. Actually, if exposed to ion
implantation, soda-lime glasses exhibit a higher chemical
reactivity than silica. This is also due to the high con-
tent of non-bridging oxygens in soda-lime glass. Previous

investigations on Cu-implanted soda-lime glass by means
of depth profiling X-ray photoelectron and X-ray-excited
Auger electron spectroscopies [22] showed a marked deple-
tion of both Na+ and Ca2+ ions in the implanted region:
the ion irradiation leaves many free reactive sites for the
incoming (copper) ions.

Cu(g) sample does not exhibit any trace of metal in
EXAFS (and GIXRD), whereas a faint absorption is ob-
served in the optical spectra. This is not a contradiction
but a consequence of the different sensitivities of the tech-
niques to the phases involved. While copper oxides do not
contribute at all to the optical absorption in the region
considered, the EXAFS signal is the sum of the signals
coming from the single phases weighted by the correspond-
ing atomic fraction. Similarly, the GIXRD signal due to
the crystalline phases is superimposed to a dominating
glass scattering signal (see inset in Fig. 4). In the case of a
situation with, namely, only few % of metal (in sufficiently
sized clusters, i.e., D > 30 Å) and the remaining in the
oxide phase, no metal-metal coordination will be detected
neither by EXAFS (being dominated by the low-frequency
signal coming from the oxide phase) nor by GIXRD (for
the overwhelming glass scattering), whereas a SPR signal
can be detected by optical absorption.

4 Conclusions

We have investigated the atomic structure of Cu–Ni alloy
clusters embedded in silicate glasses obtained by sequen-
tial ion implantation procedure. X-ray diffraction data,
collected with the grazing incidence technique, yield a
value of the lattice parameter of the Cu55Ni45 alloy. X-
ray absorption data confirm this finding, evidencing also
oxide phases. Simulations of the optical absorption data
predict a disappearance of the SPR band for alloy clus-
ters of more than about 50% nickel content, as experimen-
tally observed in our samples. The experimental evidence
indicates that, in the case of sequential copper + nickel
implants, alloy nanoparticle formation takes place: this
gives a suggestion for the refinement of the cluster for-
mation models, with the aim of better understanding the
physical and chemical processes governing the synthesis of
nanometer-scale particles by ion irradiation.

This work has been partially supported by Italian MURST
(Coordinated Project) and CNR.
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