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a b s t r a c t

Experimental technique for preparing of space arranged arrays of bimetallic AuAg nanoparticles in the
near-surface region of glass, exhibiting surface plasmon resonance (SPR) characteristics varying in the
wider ranges comparing to monometallic Au, Ag particles or corresponding thin films, is presented
together with the structural characterization of the obtained particles. The suggested technique is based
on the UV laser irradiation (l¼ 193 nm) of the glass surface preliminary doped with silver ions and then
sputter coated by a thin gold layer. Optical extinction spectra of the prepared AuAg/glass samples
demonstrated strong dependence of SPR upon the number of laser pulses applied. The relationship “SPR
characteristics e particles structure and composition e synthesis conditions” was studied using trans-
mission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray fluorescence
(XRF) method and X-ray absorption fine structure (XAFS) spectroscopy. The latter provided the structural
information on AueAg bonds, which directly evidenced on the formation of bimetallic AuAg nano-
particles in AuAg/glass samples. The XAFS derived values of structural parameters of AueAu and AueAg
bonds allowed to visualize the distribution of gold and silver over the volume of representative AuAg
nanoparticle and to suggest the most plausible cluster models of the architecture of such particle for the
prepared AuAg/glass samples. It was revealed that the core-shell architecture of Au@Ag particles (Au-
core, Ag-shell) is the most plausible in AuAg/glass samples prepared by the low number of laser pulses,
while the structure of disordered solid solution is suitable for AuAg particles in samples prepared by ~ 50
and more pulses. Calculations of contributions into experimental optical extinction spectra of AuAg/glass
samples from particles with the revealed composition, size and architecture were performed to prove
that the proposed structural models of nanoparticles are not in contradiction with the observed optical
properties of the samples.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Gold and silver nanoparticles find wide applications in photo-
catalysis [1,2] and electrocatalysis [3e5], as sensors in chemistry
[6,7] and biology [8,9], in medicine [10,11], and in a variety of op-
tical devices due to their linear and nonlinear optical properties,
such as the surface plasmon resonance (SPR) [12e14], which
enables to localize electromagnetic field on nano-scales. Shape and
wavelength position (lSPR) of SPR depend on the size and shape of
the nanoparticles, degree of their agglomeration [15,16], and hence
can be tuned by choosing the synthesis conditions, which is espe-
cially important for the construction of information storage and
processing devices [17], development of subwave optical devices,
plasmon nano-antennas [18,19], nano-lasers, elements of optical
circuits and photodetectors.

The properties and the efficiency of the materials based on gold
and silver nanoparticles can be improved and enhanced by using
bimetallic AuAg particles instead of the monometallic ones.
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Calculations of optical extinction spectra for different hypothetical
core-shell models of AuAg nanoparticles by generalized multipar-
ticle Mie theory [20] revealed that due to the difference in light
scattering and absorption by gold and silver atoms [16], the SPR
parameters can be changed in wide ranges depending upon the
structural parameters of core and shell so, that the shift of lSPR can
be of ~ 3e4 times larger than in the corresponding monometallic
particles or in thin films [21]. Various experimental techniques for
production of bimetallic nanoparticles in different dielectric
matrices or on different supports were suggested, including the
simultaneous or sequential deposition of metals to form particles
with a solid solution or core-shell structures [22e24]. However, to
obtain submicron line patterns of spatially arranged arrays of
plasmonic nanoparticles in the near-surface region of glass, it is
preferable to use the approach which is based on the irradiation of
the preliminary prepared glass by UV laser with energy below the
ablation threshold, using corresponding laser masks or gratings
[25,26]. By this approach, arrays of monometallic silver and gold
nanoparticles in the near-surface region of silicate glass were ob-
tained using ArF-excimer laser irradiation (193 nm) for i) the glass
containing Agþ ions, preliminary incorporated due to Agþ 4 Naþ

ion exchange to produce Ag particles [26] and ii) the glass sputter
coated with a 70 nm gold layer to produce Au particles [27].

In this work, these two techniques are combined to produce the
arrays of bimetallic AuAg nanoparticles in the near-surface glass
region via laser irradiation of silver-doped silicate glass sputter
coated with a thin gold layer. The used approach is promising since
the gold particles formed in the near-surface glass region after the
first few laser pulses [27] can be considered as the suitable sub-
strates or nuclei for precipitation of the reduced silver atoms on
them. The procedure for obtaining the bimetallic AuAg particles
and adopted characterization techniques are described in Sec. 2.
Transmission electron microscopy (TEM) images, evidencing the
particle formation, together with the optical extinction spectra of
samples obtained by different number of laser pulses are reported
in Sec. 3.1, demonstrating the appearance and transformation of
SPR with the increasing number of laser pulses. However, the
suggested experimental technique can result in the formation of
different types of particles: monometallic gold or silver and
bimetallic AuAg nanoparticles with the structure ranging from
disordered solid solutions to core-shell architectures. Under such a
variety of possible structures, the formation of bimetallic AuAg
particles is studied by energy-dispersive X-ray spectroscopy (EDX),
X-ray fluorescence (XRF) and Ag K-edge X-ray absorption spectra.
To obtain direct evidence of the formation of AuAg nanoparticles e
the presence of significant amount of Au-Ag bonds in the sample,
the structural characterization of Au-containing particles in AuAg/
glass samples prepared at different number of laser pulses is per-
formed by X-ray absorption near edge structure (XANES) and by X-
ray absorption fine structure (EXAFS) in Au L3-edge absorption
spectra (Sec. 3.2). The EXAFS derived structural parameters are
used to visualize the components (Au and Ag) distribution over the
volume of representative AuAg nanoparticle and to reveal the most
plausible cluster models of this particle's architecture for each
AuAg/glass sample (Sec. 3.3). Calculations of contributions into
experimental optical extinction spectra of AuAg/glass samples from
particles with the revealed composition, size and architecture are
performed (Sec. 3.4).

2. Experimental and theoretical methods

2.1. AuAg/glass samples preparation and experimental
measurements

The detailed description of the experimental techniques and the
study of the formation of silver and gold nanoparticles in the near-
surface region of silicate glass by UV laser radiation (193 nm) was
performed respectively in Refs. [26,27]. In this work, we have
combined these techniques for the creation of bimetallic AuAg
nanoparticles in soda-lime silicate float glass by laser irradiation.
The commercial float glass with thickness of 1mm had the
following composition (the values are given in weight %): 72.3%
SiO2, 0.5% Al2O3, <0.02% Fe2O3,13.3% Na2O, 8.8% CaO, 0.4% K2O, 4.3%
MgO. In addition, one side of the glass contains 0.02wt. % of SnO2,
this side will be further referred as tin-bath side. The opposite side
(without tin) will be referred as air-side. At the first step, silver/
sodium ion exchange procedure (Agþ 4 Naþ) was applied to dope
the glass slides by silver ions [26e29]. Then, tin-bath sides of the
both silver-doped and pure glass samples were sputter coated with
gold by means of K550 Sputter Coater system (manufactured by
Quorum Technologies) using the plasma current of 20mA and Ar
pressure of 10�1mbar. As we have demonstrated before, this pro-
cedure produces a 70 nm gold layer on the tin-bath glass surface
[27]. As a final step, a 193 nm ArF-excimer laser irradiation (LPX 315
laser, manufactured by Lambda Physik) with 20 ns pulse duration
was applied to the induce formation of silver and gold nano-
particles in the samples. For each sample, the different number of
laser pulses was applied in the range from 0 to 1000, with pulse
repetition rate of 1 Hz. In all cases, the tin-bath side of the glass was
exposed to the laser pulses. The size of the laser spot on the sample
surface was in the rage of 6� 6mm2 to 10� 10mm2. The average
laser fluence was 140mJ/cm2. As the fluence of the first laser pulse
was shown to affect significantly the nanoparticle formation pro-
cess [27], the actual fluence of each laser pulse was measured
simultaneously using a beam splitter, and the fluence of the first
laser pulse was ensured to be equal to 140mJ/cm2 for each studied
sample. As revealed by TEM and EXAFS studies (vide infra) this
procedure leads to the formation of the Ag, Au and AuAg nano-
particles in the near-surface glass region. Non-implanted particles
located on the surface were removed mechanically by cleaning
with acetone.

Analytical (scanning) transmission electron microscopy ((S)
TEM) measurements including EDX-analysis were performed using
a FEI Titan3 80e300 electron microscope operated at an accelera-
tion voltage of 200 kV. STEM images were obtained using a high-
angle annular dark field detector (HAADF, Fischione Model 3000).
EDX was performed using a Super-X EDX detector equipped with
four SDD detectors (FEI Company). The STEM sample preparation
was done by a purely mechanical wedge-polishing routine (pol-
ishing system MultiprepTM, Allied company), followed by a low-
energy (2.5 keV) Arþ broad beam final milling step (precision ion
polishing system PIPS, Gatan company) to achieve electron trans-
parency and to remove any residues from themechanical polishing.
To provide electric conductivity during the STEM investigations the
samples have been coated with a thin carbon layer.

Optical extinction spectra have been measured by Lambda 900
UV/Vis/NIR spectrometer (Perkin Elmer) in the wavelength range
from 300 nm to 800 nm. To reduce the spot size to the laser irra-
diated areas a circular aperture with a diameter of 3mm has been
used.

Au L3-edge X-ray absorption spectra were measured at the
BM23 beamline (Proposal MA 3438) and Ag K-edge X-ray ab-
sorption spectrawere measured at BM26A beamline (Proposal CH
5046) of the European Synchrotron Radiation Facility (ESRF, Gre-
noble, France). All spectra were measured at room temperature.
Due to the lowconcentration of the nanoparticles and their location
in the surface layer of the glass, the spectra were collected in
fluorescence yield mode. The photon energy scanning steps were
adjusted to dE¼ 1.0 eV and dk¼ 0.05Å�1 in the XANES and EXAFS
regions respectively, where E is the energy of the incident radiation
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and k is the corresponding photoelectron wavenumber.
XRD patterns were collected by Bruker D2 PHASER diffrac-

tometer with Cu Ka source (l¼ 1.5418 Å) in a similar way as was
described in Ref. [27].
2.2. Theoretical approaches to X-ray absorption spectra analysis.
Modeling of bimetallic nanoparticles and their optical extinction
spectra

Structural characterization of nanoparticles in AuAg/glass sam-
ples was performed using XANES and EXAFS regions of Au L3-edge
absorption spectra and Ag K-edge EXAFS spectra.

Au L3-edge XANESwere analyzed via fitting of the experimental
spectra by theoretical ones using multidimensional interpolation
approach [30] of FitIt code [31]. The theoretical spectra for pure Au
nanoparticles and single Au atom surrounded by Ag atoms were
calculated in FEFF9 code [32,33]. The spectra corresponding to the
intermediate Ag/Au stoichiometries (in the range from 0 to 1) were
obtained by linear interpolation of the calculated ones. Based on
the previous studies [26,27] and the comparative analysis of the
Fourier-transforms F(R) of EXAFS spectra of Au-foil and of the
studied AuAg/glass samples in the extended range of interatomic
distances (R) (vide infra), the fcc-like 135-atomsmetal clusters with
the lattice parameter of 4.09 Å were used for FEFF calculations. To
enhance the effect of formation of mixed AuAg NPs on the shape of
XANES spectra, the fitting was performed using difference XANES
spectra [34,35], obtained by subtracting the experimental spectrum
of pure Au nanoparticles and the calculated spectrum of pure Au
from all experimental and theoretical spectra, respectively.

The processing of EXAFS in bimetallic nanoparticles requires a
large number of structural and non-structural parameters which
usually strongly correlate. To reduce the effect of these correlations
on the obtained values of structural parameters, the experimental
spectra were processed using the technique [29,36]. For the local
structures of each type of the absorbing atoms in bimetallic
nanoparticle, the used technique provides a high accuracy of
structural parameters determination: for interatomic distances
D(R) ~ 0.01 Å and for partial coordination numbers up to d(N) ~ 7%.
In contrast to Au L3-EXAFS spectra, which give the structural pa-
rameters of AueAu and AueAg bonds, analysis of Ag K-edge EXAFS
in AuAg/glass samples is extremely complicated since most of the
silver atoms (more than 90%) in the form of ions are interacting
with oxygen of the glass matrix and such a background of AgeO
bonds makes extremely complicated the processing of Ag K-edge
EXAFS for determination of structural parameters of AgeAg and
AgeAu bonds in bimetallic nanoparticles with acceptable accuracy.
However, one can estimate the percentage of silver atoms in
nanoparticles by the fit of the dominating AgeO contribution in the
Fourier-transform (FT) function F(R) of Ag K-edge EXAFS in the laser
irradiated AuAg/glass samples using the approach suggested in
Ref. [29], which enables to reduce significantly the number of fit
variables by employing oscillatory part cExper.(N¼0)

Ag(k) of experi-
mental Ag K-edge EXAFS-spectrum of the non-irradiated (number
of laser pulses N¼ 0) glass sample as the fixed function (experi-
mental standard) in the fitting procedure based on the expression:

c
ðNÞ
Ag ðkÞ ¼ C$cExper$ðN¼0Þ

Ag ðkÞ þ ð1� CÞ$
�
NAg�Ag$c

ðNÞ
Ag�AgðkÞ

þ NAg�Au$c
ðNÞ
Ag�AuðkÞ

�
(1)

where (1� C) - is the fraction of the silver atoms in Ag and AuAg
nanoparticles. The small values of (1� C) (<0.1) and the choice of
the upper boundary of the interval of wave-numbers kmax¼ 7 Å�1

used for FT of cAg(k) according to [37] enabled to neglect the
contribution of the second term in (1) in the R-range of the first
peak of F(R), which corresponds dominantly to AgeO contribution,
and to obtain the value of C e percentage of silver interacting with
oxygens. The value of (1� C), together with the results of XRF data
analysis (which gives that the ratio of the total number of Ag atoms
to Au atoms in each sample is Ag:Au ~ 13), enabled to estimate the
upper boundary for the concentration of silver atoms (CAg) in
bimetallic AuAg nanoparticles as:

CAg; maxz1� 1=ð1þ 13$ð1� CÞÞ (2)

This value is needed for determining the components (Au and
Ag) distribution over the volume of mean AuAg nanoparticle in the
construction of its cluster models.

Cluster modeling of atomic structure of AuAg nanoparticles
was performed using the proposed technique [38,39] for visuali-
zation of the character of components distribution over the volume
of mean AuAg particle in correspondence with the values of
structural parameters derived from EXAFS. Besides of these struc-
tural parameters, generation of cluster model of mean bimetallic
AuAg nanoparticle requires the values of the mean particles size
<D> and information of composition <CAg, max>.

Simulations of SPR in optical extinction spectra of AuAg/glass
samples, containing Ag, Au and AuAg nanoparticles of different
structures, were performed using multi-spheres T-matrix approach
[40], which allows to consider particles as a number of non-
overlapping spheres, so that the core-shell particles were pre-
sented as a nested spheres. The dielectric functions of gold, silver
and their alloys, which are required for the applied continuum-
model simulations, were introduced in analytical form according
to the study of Rioux et al. [41].
3. Results and discussion

3.1. Morphology and optical properties

Formation of metal nanoparticles by laser irradiation was first
evidenced by STEM measurements. The representative TEM and
STEM images for the gold coated and silver-doped glasses after
laser irradiation with 5 and 200 pulses are presented in Fig. 1. All
images indicate the presence of three types of nanoparticles: 1)
small (4e10 nm) and 2) big (~40 nm) particles in the near-surface
region, and 3) small particles (<5 nm) and their agglomerates
located at larger distances (>50 nm) from the surface of glass. Ac-
cording to energy-dispersive X-ray spectroscopy (EDX) data, the
latter particles (particles of type 3) are attributed to pure silver
particles, which indicates that the penetration of gold atoms occurs
only in the thin (<50 nm) layer of the glass surface. It must be noted
that mixed AuAg composition was detected by EDX for both small
and big particles in the near-surface region of glass (<50 nm) and
the size distribution of these nanoparticles weakly depend upon
the number of laser pulses, though some increase of the number of
small particles was observed in TEM measurements, probably as a
result of electron beam irradiation.

The presence of Au in the composition of both small and large
nanoparticles is the consequence of the experimental technique for
creation and implantation of Au particles from corresponding thin
film using UV laser radiation [42,43]. Various experimental tech-
niques for the formation of Au nanoparticles from a gold film of
different thickness through the dewetting process have been
developed [44,45] and it was revealed that the average size of the
obtained particles depends on the thickness of the initial film: for a
film thickness of ~5 nm (which corresponds in our technique to the
film thickness after the first laser pulse with fluence 140mJ/cm2

[27]), the average particle size was determined as ~ 50 nm.



Fig. 1. Representative TEM images of the sample exposed to (a) 5 pulses and (b) 200 pulses. (c) STEM high-angle annular dark-field image of the sample exposed to 5 pulses. (d)
STEM-EDX analysis of the sample after 200 pulses, where Au and Ag signals are marked by red and green respectively. (e) Size distribution of the small particles for the samples
exposed to 5 (violet) and 200 (green) pulses. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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However, in contrast to the above mentioned techniques, in our
approach based on the use of nanosecond laser pulses, gold film
does not undergo continuous thermal exposure. Under such a
discrete-time treatment of the surface, the second laser pulse leads
to the melting and fragmentation of the gold layer of thickness
~5 nm and as the result, in addition to the big particles (~40 nm),
also a large number of small gold droplets or particles are formed as
a consequence of dewetting process [46], which are implanted then
into the glass by the few further laser pulses and are seen by TEM.
The formation of gold particles of small and large sizes under few
first laser pulses is schematically illustrated in Fig. 2 in agreement
with the results of [27].

Optical extinction spectra of the Au/glass, Ag/glass and AuAg/
glass samples, irradiated by different number of laser pulses are
shown in Fig. 3. All spectra were subtracted by the basic glass
(containing the silver ions in the case of Ag/glass and AuAg/glass
samples). Comparison of spectra of as-prepared samples (Fig. S1
aeb) with those after cleaning with acetone (parts c e d) shows
that the biggest differences after the cleaning procedure are
observed for Au/glass samples (b, d), while the differences for
AuAg/glass samples (a, c) are observed only for the cases of 1 and 2
laser pulses. This can be explained by the presence of silver ions,
which enhance the absorption of laser irradiation and as a conse-
quence, the melting of the glass surface which provides better
implantation of the gold particles into the AuAg/glass samples. In
Au/glass samples, to achieve the same degree of implantation a lot
more laser pulses required. For AuAg/glass samples prepared by 1
and 2 pulses, the differences in spectra of samples after cleaning by
acetone and without it are expectable since after the first pulse, the
disintegration of the gold layer is observed, and after the second
pulse the first nanoparticles are formed without implantation into
the surface, and therefore the acetone cleaning procedure removes
almost all gold from the surfaces of AuAg/glasses. For Ag/glass
samples no difference is observed, since the silver ions are initially
incorporated into the glass and the cleaning procedure does not
affect the samples.

Position of SPR in the spectra of AuAg/glass samples (Fig. 3c) is
shifting with the increasing of number of pulses from its position in
spectra of Au/glass samples to the position in spectra of Ag/glass.
However, these changes cannot be reproduced by simple linear
combination of corresponding spectra for Au/glass and Ag/glass
samples, indicating a possible alloying of gold and silver.



Fig. 2. Schematic illustration of the formation of a large and small gold particles from the thin gold film of ~5 nm remaining after the first pulse (a), the second (b) and few further
pulses of laser irradiation of the glass (c) according to [27]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Optical extinction spectra of samples Au/glass (a), Ag/glass (b) and AuAg/glass
(c). Samples were obtained using laser irradiation with different number of pulses: 2
pulses (olive dash-dot-doted curve), 5 pulses (red doted), 10 pulses (blue dashed
curve), 50 pulses (red dashed curve), 100 pulses (magenta dash-doted curve), 200
pulses (green doted curve), 1000 pulses (blue solid curve). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Au L3-XANES spectra (a) of the silver doped and gold coated glass irradiated by
different number of laser pulses (colored curves): from 0 (dashed black line) to 1000
(solid black line) and corresponding difference spectra (b). Part (c) shows the evolution
of AueAg contribution to XANES spectra obtained by the fitting. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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3.2. XAFS study of bimetallic AuAg nanoparticles in AuAg/glass
samples

Monotonic changes with the increasing number of the applied
laser pulses were observed in Au L3-edge XANES spectra of the
studied AuAg/glass samples (Fig. 4a). These changes can be best
appreciated in difference XANES spectra (Fig. 4b) constructed by
subtraction of the spectrum of non-irradiated gold-coated glass
from each XANES spectrum. This difference is observed only for
AuAg/glass samples, and not for Au/glass, evidencing the formation
of bimetallic nanoparticles. To evaluate the degree of AgeAu
alloying, the experimental difference spectra were fitted by the
theoretical ones. At the first step, two spectra were calculated for
the two extreme cases: a) pure gold atomic cluster and b) single
gold atom in the center of the silver cluster. Then, a spectrum for
any given fraction of AueAg/AueAu from 0 to 100% can be obtained
as a liner combination of the two calculated boundary structural
states. The parameter of this combinationwas then varied to obtain
the minimum of the root-mean-square deviation between experi-
mental and theoretical difference spectrum. The obtained results
are presented in Fig. 4c. The interatomic distance was not varied
because the difference in the length of AueAu and AueAg bonds is
negligible and does not affect the near-edge region of the spectra.

The evolution of AueAg fraction upon the number of laser



Fig. 5. FT magnitudes jF(R)j of oscillatory functions k·c(k) of experimental Ag K-edge
(a) and Au L3-edge EXAFS (b) for AuAg/glass samples: non-irradiated (solid black
curve), irradiated by 10 (dash blue curves) and 1000 (dot red curves) laser pulses. Part
(c) compares jF(R)j of theoretical functions k·c(k) calculated for atomic pairs: (Au)ab-
sorbing atom e (Au)neighboring atom (solid black curve) and (Au)absorbing atom e (Ag)neighboring
atom (dash red curve). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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pulses, plotted in a logarithmic scale, has a monotonic and almost
linear behavior. The stepwise changes are observed between the
non-irradiated sample and sample after 2 laser pulses, and between
20 and 50 pulses, which correlates with the regions where the
biggest changes of SPR position were observed in the correspond-
ing optical spectra (Fig. 3). For the big number of pulses, the fraction
of AueAg bonds is approaching 50%, which indicates the formation
of AuAg solid solution with approximately equal number of Ag and
Au atoms in the NPs. This means that after application of 2 laser
pulses, the dominating are pure gold nanoparticles, with small
fraction of AueAg contribution, and after 1000 pulses, we have the
structure of a disordered solid solution of gold and silver in all
particles. The lower fraction of AueAg bonds in AuAg/glass samples
at the lower number of pulses can originate either from small
amount of Ag in the Au-containing particles (which is the conse-
quence of the dominant existence of separate Ag and Au nano-
particles), or from the particular distribution of the Ag and Au
atoms in the volume of AuAg particle which differ from the ideal
solid solution (e.g. core-shell structures). The further study of the
components (Au and Ag) distribution in AuAg nanoparticles was
performed by EXAFS.

Fourier-transforms jF(R)j of experimental AgK-edge EXAFS in
AuAg/glass samples presented in Fig. 5a show the decreasing of the
first peak (at ~ 1.5 Å), attributed mainly to AgeO bonds, and
increasing of the second peak (at ~ 3.0 Å), attributed mainly to
AgeAg and AgeAu bonds, with the increasing number of laser
pulses used for samples creation. The decreasing of the first peak
indicates that part of Ag-ions in the glass matrix are reduced to Ag-
atoms forming Ag and AuAg nanoparticles. Analysis of jF(R)j of
experimental Au L3-edge EXAFS of Fig. 5b shows the absence of
features attributed to AueO bonds (in contrast to AgeO ones in
Fig. 5a), which can be explained by the relatively large sizes of Au
and AuAg particles (according to TEM) from the one side and by the
probable partly coating of their surface by Ag atoms, which can be
expected from EDX. As a consequence, one can neglect the AueO
contributions into jF(R)j of Au L3-EXAFS within the R-range of
AueAu or AueAg bonds of the absorbing Au-atom and consider
these functions as the direct source of information on the number
and structural parameters of AueAu and AueAg bonds. jF(R)j pre-
sented in Fig. 5b indicate the decrease of the first peak at ~ 2.3 Å and
simultaneous increase of the second peak at ~ 3.0 Å with the in-
crease of the number of pulses. Comparison of jF(R)j of theoretical
functions k·c(k) calculated for atomic pairs (Au)absorbing atom e

(Au)neighboring atom and (Au)absorbing atom e (Ag)neighboring atom pre-
sented in Fig. 5c elucidate that the observed monotonic changes in
the magnitudes and positions of the first and the second peaks of
jF(R)j in Fig. 5b reflect the increasing of the number of AueAg bonds
and decreasing of AueAu bonds with the number of laser pulses,
similarly as was observed from XANES region. Fig. 5b shows also
that in the extended R-range (beginning from ~3.5 Å), the features
of jF(R)j of AuAg/glass samples at different number of pulses repeat
the features of jF(R)j for non-irradiated AuAg/glass sample (or Au
foil) which means that the local atomic structure of the Au atoms in
nanoparticles is close to fcc.

These qualitative conclusions were confirmed by the results of
the fitting of F(R) of the experimental Au L3-edge EXAFS, which was
performed using the models of Au local atomic structures in AuAg/
glass samples. In bimetallic AuAg nanoparticles, each Au atom can
be surrounded either exclusively by Au or Ag atoms, or by both of
them, depending on atomic composition of the particles and dis-
tribution of Au and Ag atoms in the particle's volume. All possible
cases can be combined within the models for Au local structures in
which some of the first neighbors of the absorbing atoms are gold
atoms and other are silver atoms. The contributions in c(k) which
correspond to photoelectron scattering processes on a one nearest
atom of a specific type are denoted as cAu-Au and cAu-Ag where the
first label in subscript indicates the absorbing Au atom and the
second label e the scattering one. Neglecting the discussed above
effect of AueO interactions and denoting the contribution of the
scattering processes on the second and more distant shells, and the
multiple-scattering processes as ~cAu for absorbing Au atom, the
oscillatory parts cAu(k) of Au L3-EXAFS can be written as:

cAuðkÞ ¼ NAu�Au$cAu�AuðkÞ þ NAu�Ag$cAu�AgðkÞ þ ~cAu (3)

where NAueAu,NAueAge are the numbers of atoms of a specific type
in the first coordination shell of the absorbing Au atom (partial
coordination numbers) averaged over all absorbing Au atoms of all
nanoparticles.

Determination of the structural parameters for the nearest
neighbors of the absorbing Au atom in the studied nanoparticles
using FT of EXAFS enables to neglect the contribution of the last



Fig. 6. Dependencies of partial coordination numbers NAueAu (dashed black curve),
NAueAg (dotted red curve) and the total coordination number NAu¼NAueAuþ NAueAg

(solid green curve) of the absorbing Au atom in AuAg/glass samples upon the number
of laser pulses used for the samples preparing. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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term ~cAu in Eq. (3). This can be done because of the reduction of
contribution of the second andmore distant shells in relation to the
nearest neighbors one in fcc-like structurewithin the R-range of the
nearest neighbors of the absorbing Au, which was confirmed by the
model calculations [47]. The fit of F(R) of Au L3-edge EXAFS in the
studied AuAg/glass samples was performed by such a “nearest
neighbors” approximation of Eq. (3) and using the technique of
[29,36] for reducing the effect of correlation between fitting pa-
rameters on the obtained values of structural parameters. To
diminish the number of variables, the reduction factor [48] was
fixed to its value S0

2(Au)¼ 0.87 obtained for the reference Au thin
film. The independently varied parameters were: partial coordi-
nation numbers NAueAu, NAueAg, corresponding Debye-Waller
(DW) parameters (s2AueAu, s2AueAg) and interatomic distances
(RAu-Au, RAu-Ag). The obtained values of mean AueAu and AueAg
structural parameters for the samples prepared by different num-
ber of laser pulses are presented in Table 1. As can be seen, the
obtained values of the DW parameters s2 are quite reasonable for
the room temperature [49] which indicates that the fit model (3)
enabled to account for Au local structures in the AuAg/glass sam-
ples. It must be mentioned that the values of structural parameters
in the samples obtained by the small number of laser pulses are
determined with bigger error due to the low AueAg contributions.

TEM data suggest that there are two types of particles in AuAg/
glass sample containing Au atoms: small particles with a size of
about 5e10 nm and large particles of ~40 nm in size. According to
the principles of EXAFS signal formation, the values of structural
parameters presented in Table 1 correspond to the mean AuAg
nanoparticle in AuAg/glass samplewith theweighted average value
of size (D) and the average ratio of components Ag:Au. Pure Au
nanoparticles, which can be formed in addition to bimetallic ones,
can be included into this average bimetallic model and correspond
to the values CAu¼ 1.0, CAg¼ 0.0 (CAu and CAg are the fractions of
gold and silver atoms in the mean AuAg particle, respectively).
Fig. 6 shows the dependences of the values of partial coordination
numbers of Table 1 and the total coordination number
NAu¼NAueAuþ NAueAg of the absorbing Au atom in the mean AuAg
particle upon the number of laser pulses used for preparation of
AuAg/glass samples.

From the available TEM data, the ratio of the small (5e10 nm) to
large (~40 nm) particles cannot be precisely obtained. Besides, an
estimate of the mean particle size <D> in AuAg/glass samples at
different number of pulses by the processing of X-ray diffraction
(XRD) data gave the values of <D> ~ 15e20 nm for the amount of Ag
and AuAg nanoparticles and hence, there is an ambiguity in the
value of mean size of AuAg particles. However, for the sample
prepared by small number of pulses (2 pulses) the experimental Au
L3-EXAFS spectrum differ from that for the non-irradiated sample
coated with a thin gold film (0 pulses) (Fig. S2). This means that the
small particles, already existed in the sample at low number of
pulses, significantly contribute into the formation of the EXAFS
signal. In this case, the largest value of the total coordination
Table 1
Structural parameters of AueAu and AueAg bonds in AuAg/glass samples, prepared by d

Pulses number AueAu

RAueAu, Å NAueAu s2(AueA

2 2.88± 0.01 10.0± 0.7 0.009± 0
5 2.88± 0.01 9.8± 0.7 0.008± 0
10 2.88± 0.01 9.9± 0.7 0.010± 0
50 2.88± 0.01 7.8± 0.5 0.008± 0
100 2.88± 0.01 7.7± 0.5 0.008± 0
200 2.88± 0.01 6.8± 0.5 0.008± 0
1000 2.88± 0.01 5.7± 0.4 0.008± 0
number NAuz 12 of the absorbing Au atom in the sample with 10
laser pulses means that the Au atoms are dominantly located in the
volume of AuAg nanoparticle and the most plausible model of
mean particle for this sample is the core-shell model with the shell
consisted dominantly of Ag atoms (often used notation for this
core-shell architecture is Au@Ag). Further increase of the number
of laser pulses leads to the decrease of the total coordination
number NAu indicating that the core-shell architecture is destroyed
due to enhancing interdiffusion of silver atoms of the shell and gold
atoms of the core, thus forming the structure of disordered solid
solution, which is completely formed at 1000 laser pulses in
agreement with the results of the analysis of Au L3-edge XANES.

An estimate of the upper boundary for the percentage of silver
atoms, attributed to Ag and AuAg particles, performed by the pre-
scription of Sec.2.2 for the processing of Ag K-edge EXAFS and using
Eq. (2) with the ratio of the total number of Ag to Au atoms in each
sample determined by XRF, enabled to obtain the following
maximum values for the concentration of silver atoms in bimetallic
AuAg nanoparticles: (CAg)max¼ 44%, 48% and 57% for AuAg/glass
samples prepared by 50, 100 and 1000 laser pulses respectively.
3.3. Visualization of atomic structure of bimetallic AuAg
nanoparticles

The EXAFS-derived values of structural parameters reported in
Table 1 for the nearest neighbors of Au atoms in the AuAg/glass
samples enables to make only indirect conclusions on the atomic
structure of the formed nanoparticles. Meanwhile, to determine the
ifferent number of laser pulses.

AueAg

u), Å2 RAu-eAg, Å NAueAg s2(AueAg), Å2

.001 2.90± 0.03 0.7± 0.6 0.010± 0.002

.001 2.89± 0.03 1.4± 0.6 0.010± 0.002

.001 2.90± 0.01 2.1± 0.6 0.011± 0.001

.001 2.88± 0.01 3.1± 0.5 0.009± 0.001

.001 2.88± 0.01 3.2± 0.5 0.008± 0.001

.001 2.88± 0.01 3.3± 0.5 0.007± 0.001

.001 2.88± 0.01 4.2± 0.4 0.009± 0.001
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relationship between synthesis conditions e atomic structure e

optical performances of these materials, it is necessary to visualize
the character of components (Au and Ag) distribution over the
volume of mean AuAg nanoparticle in correspondence with the
values of structural parameters derived from EXAFS. In particular, it
is decisive to reveal the synthesis conditions which provide the
excess of Ag atoms in the near-surface region of particle: formation
of silver shell, its thickness, continuity, etc.

To suggest models of mean AuAg nanoparticle in each AuAg/
glass sample, the method of atomic cluster simulation [38] was
applied, in which the radial probability function with four varying
parameters was used so as tomatch the values of the EXAFS derived
structural parameters. Note, that monometallic gold particles are
effectively accounted in a model of bimetallic AuAg particles and
are not considered separately. However, this approach can lead to
an overestimation of gold content in the cluster model of mean
AuAg nanoparticle retaining qualitative conclusions on the forma-
tion of core-shell or alloy architecture. As was mentioned in Sec.
2.2, generation of cluster model of mean bimetallic AuAg nano-
particle in the sample requires also the knowledge of the mean
particles size <D> and the mean percentage CAg of Ag atoms in the
mean nanoparticle. Due to the mentioned ambiguities in the
determination of these parameters, it is impossible to suggest the
single-valued model of bimetallic particles and therefore, the
reasonable way for the cluster modeling of AuAg nanoparticles is to
generate AuAg fcc clusters of different sizes D and use one more
varied parameter CAg for each cluster of the considered size,
choosing the most plausible models by additional condition
CAg� CAg, max, where CAg, max was determined according to Sec. 2.2.
By this scheme, the most plausible cluster models of AuAg nano-
particles, which can be expected in AuAg/glass sample irradiated by
a specific number of laser pulses, were obtained. Fig. 7 show the
cross-sections of such cluster models of bimetallic AuAg NPs in
AuAg/glass samples irradiated by10, 50, 100 and 1000 laser pulses
(the obtained values of CAg for each model are also presented).

As can be seen, at low number of laser pulses (~10) there is an
excess of Ag content in the near surface region of clusters with
Fig. 7. Cross-sections of the atomic cluster models of bimetallic AuAg nanoparticles in AuAg
technique [38] using additional parameter CAg which was varied for the atomic clusters of d
interpretation of the references to color in this figure legend, the reader is referred to the
different sizes and therefore one can expect that the core-shell
architecture of AuAg nanoparticles with Au-core and Ag-shell
(Au@Ag) is probably dominant for the allowed values of CAg, and
does not depend on the considered particles sizes D. However, the
thickness of Ag-shell and its continuity strongly depend upon the
values of CAg and D. With the increasing of pulses number (50
pulses and more), the interdiffusion of Ag atoms of shell and Au
atoms of core enhances which leads to the smearing of the core-
shell architecture and the formation of the structure of disor-
dered solid solution in agreement with the above results of the
XANES analysis. The increase of CAg in the obtained cluster models
of AuAg particles with the number of pulses seems reasonable since
laser irradiation continues reducing of silver ions into neutral state,
while the number of gold atoms doesn't increase. One more
conclusion which can be made from the performed cluster
modeling is that the EXAFS signal in AuAg/glass samples at low
number (10) of pulses can be formed by AuAg nanoparticles with
mean sizes of ~7e20 nm while at the large number of pulses (50
and more) e by the particles with mean sizes of 7e10 nm. In the
last case, the effect of the presence of the few large AuAg particles
(of sizes ~ 40e50 nm) together with the main amount of the small
ones in AuAg/glass samples on the formation of the EXAFS requires
additional study.
3.4. Optical extinction spectra of AuAg/glass samples

Characteristics of SPR in optical extinction spectra of AuAg/glass
samples must be sensitive to the particles architecture [21], to size
distribution and to the spatial arrangement of particles in their
aggregates [50]. The aim of this section is to show that the revealed
architectures and percentage composition of AuAg nanoparticles
are suitable for the description of the observed optical extinction
spectra or, in other words, the observed optical properties are not in
contradiction with the proposed structure models. With this pur-
pose, the simple calculations of SPR spectra were performed using
multi-spheres T-matrix approach [40]. The obtained results have
qualitative character since only contributions from single particles
/glass samples irradiated by 10, 50, 100 and 1000 pulses. Models were obtained by the
ifferent sizes. (Au and Ag atoms are shown as yellow and black balls, respectively). (For
Web version of this article.)
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with the core-shell or disordered alloy architecture were consid-
ered, neglecting the size dispersion and particles interactions or
aggregation effects, which could be significant for optical spectra
description [50]. The dielectric functions of silver, gold and their
alloys were taken in analytical form [41] which reproduces the
observed optical properties of bulk alloy.

Fig. 8 shows the possible decomposition of experimental SPR
spectra of AuAg/glass samples obtained after irradiation by 10
(Fig. 8a) and 200 (Fig. 8b) laser pulses. In both experimental spectra
one can see the contribution of silver particles of sizes ~7 nm,which
is in agreement with TEM data. However, the features of the main
SPR peaks require consideration of the AuAg particles. Thus, for
AuAg/glass sample at 10 pulses the main peak features can be
attributed to the core-shell AuAg particles (Au-core, Ag-shell) with
CAg ~ 25% and two different sizes of ~10 nm and of ~40 nm, which
qualitatively agrees with the above reported TEM data and struc-
tural models proposed from EXAFS. It must be noted, that the same
SPR position can be obtained using pure gold particles of sizes
~30 nm instead of Au@Ag nanoparticles, which indicates on the
ambiguity in the performed decomposition of the experimental
optical spectra.

The spectrum of AuAg/glass sample at 200 pulses (Fig. 8b)
Fig. 8. Possible decompositions of SPR in experimental optical extinction spectra (red
dots) of AuAg/glass samples, obtained after irradiation by 10 (a) and 200 (b) laser
pulses, into a number of theoretical spectra of single particles, calculated for different
architectures, sizes and compositions of particles. In both panels: 7 nm Ag particle
(solid lines); part (a): 10 nm core(Au)-shell(Ag) particle with 25 at.% Ag (dashed line),
40 nm core(Au)-shell(Ag) particle with 25 at.% Ag (dash-dot line); part (b): 10 nm AuAg
alloyed particle with 30 at.% Ag (dashes), 50 nm AuAg alloyed particle with 30 at.% Ag
(dash-dot line). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
shows that SPR position is shifted by ~ 50 nm towards lower
wavelengths which can be explained according to the EXAFS results
by the presence of small (~7e10 nm) AuAg particles with the
structure of disordered alloy and higher silver content (~30%) on
the background of contributions of pure silver particles of
size ~ 10 nm and of a few (according to TEM and EXAFS) large AuAg
particles, also with alloyed structure and size ~ 50 nm. Unlike to the
AuAg/glass sample at 10 pulses, the suggested decomposition of
SPR features in the spectrum of sample at 200 pulses seems single-
valued.

Quantitative analysis of the experimental optical extinction
spectra through decomposition of SPR into several most plausible
contributions requires accounting for interparticles interactions.
For such analysis, further development of the approach, proposed
in Ref. [50] for monometallic particles, to the bimetallic AuAg ones
must be performed.

4. Conclusions

The results of the performed study can be summarized in the
following conclusions:

e laser irradiation by ArF-excimer laser (193 nm) of the glass
surface preliminary prepared via Agþ4 Naþ ion exchange and
then sputter coatedwith a thin gold layer, enabled to create both
bimetallic AuAg and monometallic Au and Ag nanoparticles in
the near-surface region of AuAg/glass sample;

e even after two laser pulses, two types of bimetallic AuAg
nanoparticles are formed in the near-surface region (<50 nm) of
glass: small particles of sizes 5e10 nm and big ones ~ 40 nm.
Meanwhile, at the deeper regions of glass (>50 nm from the
surface) only pure silver particles of sizes ~ 7 nm are formed;

e characteristics of SPR in optical extinction spectra of the ob-
tained AuAg/glass samples strongly depend upon the number of
laser pulses used for samples preparing: thus, the wavelength
position of SPR is shifted by ~ 100 nm to the lower values with
the increasing of pulses number from 5 to 1000. This shift
cannot be reproduced within simple linear combination of
corresponding SPR in Au/glass and Ag/glass samples;

e under laser irradiation, almost all gold particles were implanted
into the glass by applying only few laser pulses (5e10) due to the
increased glass absorption as a consequence of the presence of
silver in the near-surface region of samples. Therefore, the ratio
of atoms Au:Ag in each sample remains stable under applying
further laser pulses up to 1000 and the upper boundary of
concentration of silver atoms in AuAg nanoparticles was esti-
mated as a function of the number of laser pulses used for
preparing of AuAg/glass samples. Laser irradiation of samples
leads to the increasing of silver content in AuAg nanoparticles
due to decrease of the number of silver ions in glass;

e at the low number of laser pulses (~10) the created AuAg
nanoparticles have dominantly the core-shell architecture with
Au-core and Ag-shell. Cluster modeling shows that this archi-
tecture is stable for the particles with mean sizes of 7e20 nm.
However, the thickness of the silver shell and its continuity
depend upon the percentage of silver atoms in the mean AuAg
nanoparticle;

e with the increasing of the number of pulses (50 pulses and
more) the core-shell architecture of AuAg particles becomes
smeared which leads to the formation of the structure of
disordered solid solution in bimetallic AuAg nanoparticles with
mean sizes of 7e10 nm;

e simulations of optical extinction spectra of AuAg/glass samples
using two different architectures of AuAg nanoparticles pro-
vided by XAFS, show that under the considered percentage of
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silver atoms in mean particle, the structure of disordered alloy
provides even more strong dependence of SPR position (shift
by ~ 50e60 nm for samples at 10 and 200 pulses) upon the
considered particles sizes than the desired core-shell architec-
ture. However, these dependences require further study taking
into account size dispersion and interparticles interaction,
which is beyond the scope of the present work.
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