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The optical response of gold-silver (Au-Ag) alloy nanoparticles is strongly influenced by their localized surface
plasmon resonance (LSPR), which can be tuned by varying the particle composition. Accurate simulation of
LSPR, often performed using Mie theory, critically depends on the choice of dielectric function, yet available
datasets for gold, silver, and their alloys vary widely. In this work, we aim to demonstrate how different
dielectric functions lead to discrepancies in simulated LSPR wavelengths, even for pure metals. By using nu-
merical simulation tools, such as PyMieLab and the miepython library, we systematically evaluate commonly
used dielectric models for Au-Ag alloys by comparing their predicted LSPR wavelengths with experimental
measurements obtained from spark-ablation-generated nanoparticles with well-defined compositions and narrow
size distributions. The composition-dependent experimental LSPR data — obtained for the whole composition
range between pure silver and gold — provides a reliable benchmark for assessing the accuracy of each model.
Our results highlight the potential uncertainty introduced by different dielectric functions and help to identify a
model which describes experimental data the best. The results underline the importance of dielectric model

selection for predictive optical simulations of alloy nanoparticles.

1. Introduction

Gold and silver nanoparticles play a key role in plasmonic research
due to their favorable optical properties, manifesting in strong localized
surface plasmon resonance (LSPR) in the visible wavelength range [1,2].
Applications relying on the increased absorption and scattering near the
resonance wavelength or the associated near-field enhancement utilize
various approaches to engineer the desired particle properties [3-6].
One particularly potent way to tune the LSPR and hence the optical
response of a nanomaterial is alloying various metals, such as gold and
silver [7-11]. It is well known that by means of alloying gold and silver
the LSPR of the material can be continuously shifted within a wide
wavelength range set by the properties of the pure metals and hence the
corresponding plasmonic effects can also be tuned on demand [7,12].
The synthesis of such materials is a routine task nowadays, either via
chemical [13,14] or physical [15-18] methods. Characterization of the
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LSPR of the produced nanoparticles is also routinely performed, mostly
via measuring their extinction spectrum [12,19-21]. Such measure-
ments are often used as a first, qualitative indicator of alloy formation or
for composition estimation based on the position of the LSPR peak
[22-24]. In principle, quantitative information on the alloy properties,
such as composition, could also be deduced from the extinction spectra,
however, this would require the precise theoretical description of the
LSPR of the generated sample. This task is predominantly tackled by
using the so-called Mie theory, which gives the solution of the Maxwell
equations under certain conditions [25]. Due to the various numerical
tools available, the Mie theory-based simulation of the optical response
of nanoparticles is a relatively easy task, however the dielectric function
— or dielectric permittivity — of the nanoparticle material — as well as that
of the environment — is needed as an input [21,26]. This causes a certain
level of ambiguity in the simulation results, since many — potentially
different — experimental and theoretical datasets exist in the literature
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even for pure gold and silver [27,28]. When alloys of these metals are
synthesized, the situation gets even more complicated since precise
dielectric data is needed preferably in the whole composition range to be
able to perform reliable nanoplasmonic simulations involving such al-
loys. Even though gold-silver alloys can routinely be synthesized in
many ways, the existence of some ambiguity in their optical response is
well reflected by the fact that there are contradicting studies in the
literature reporting a linear [12,29], second order [30], or third order
[31,32] variation of the LSPR as a function of the composition of the
Au-Ag nanoparticles. It should be noted that despite the many synthesis
routes developed to obtain gold-silver alloy nanoparticles there is still
some controversy in the literature regarding what elemental distribution
of Au and Ag atoms can be expected in these particles on the nanoscale
[33]. Different studies have shown different extent of segregation of gold
and silver, based on the exact experimental conditions [34-36]. The
presence of potential inhomogeneities in the atomic distribution of the
synthesized particles could explain some of the ambiguities in the
literature and also strongly supports the need for well-characterized
alloy nanoparticles, when subtle changes in their optical response are
studied. In the present work, we exemplify the potential uncertainty of
LSPR simulation caused by different dielectric function datasets in the
example of pure gold and silver nanospheres. Moreover, we systemati-
cally compare four dielectric models for Au-Ag alloys used in the liter-
ature in terms of the LSPR wavelengths of Au-Ag nanospheres calculated
using these models. We compare the simulation results with experi-
mental data obtained on homogeneously alloyed Au-Ag nanoparticles
synthesized by spark ablation [37-40]. In order to provide the closest
possible realization of the ideal conditions used in the simulations,
highly spherical, monodisperse particles were generated in the gas phase
with highly uniform composition without any stabilizing agent and
deposited onto a glass surface. These samples — which were thoroughly
characterized in our previous study [38] — allowed a direct comparison
of the measured and the simulated LSPR wavelength and thus to decide
which theoretical dielectric model gives the most reliable predictions,
especially when size-dependent electron oscillation dampening effects
are also considered.

2. Materials and methods

Simulation of the LSPR of pure gold and silver nanoparticles has been
carried out by using the PyMieLab_v1.0 software [41]. Dielectric data
for gold and silver were selected from the built-in library of this soft-
ware, the source of which is the refractiveindex.info database [27]. For
the simulation of the LSPR of gold-silver alloys a purpose-made Python
code has been used, which is based on the miepython library [42].
Alloyed gold-silver dielectric data were taken from the works of Rioux
et al. [26] and Pena-Rodriguez et al. [43]. For deriving the dielectric
function of gold-silver alloyed nanoparticles by means of the linear
combination of the data corresponding to pure gold and silver (for the
details please see the text later) the analytical dielectric model of Rioux
et al. was used [26]. The analytical formula for predicting the LSPR of
alloyed Au-Ag nanospheres derived by Verbruggen et al. [32] was also
used. The above analytical formulas were implemented in our python
simulation script to systematically compare the different models at the
same conditions. Our python code incorporated the calculation of the
complex dielectric function at a given size and composition for the
specified wavelength range — which was 270-1000 nm for most of the
study — and to perform the calculation of the extinction cross section
base on the miepython library. The LSPR peak positions were obtained
from each calculated spectrum by the same protocol for all the models.

To compare the simulation results to experimental data, gold-silver
nanospheres have been synthesized by means of spark ablation. Spark
ablation is an atmospheric-pressure gas-phase technique, relying on the
periodic ablation of two electrodes in a controlled gaseous environment.
Due to the all-physical, aerosol nature of the process, highly pure
nanoparticles can be synthesized [37]. The experimental procedure and
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all the relevant conditions are described in detail elsewhere [38], where
the same samples have been synthesized as we used for the present
study. For the sake of clarity, we highlight here that pure gold and silver,
as well as gold-silver alloy nanospheres have been synthesized with
average gold atomic fractions (GAF) of 0.25, 0.5, and 0.75 with de-
viations from the average values not larger than 0.03 on a single-particle
level. The particles went through heat treatment in the aerosol phase,
ensuring highly spherical morphology. Monodisperse size-fractions of
the generated particle populations were selected by a so-called differ-
ential mobility analyzer (DMA) and then deposited onto glass slides by
means of electrostatic precipitation. The particle diameter for all sam-
ples was set to 20 nm, except for pure silver, where the diameter was
15 nm. In the case of silver, the relatively low overall particle yield did
not allow for an efficient size selection, however, the size distribution
after heat treatment was reasonably monodisperse. Samples were pre-
pared with 5% surface coverage to avoid plasmonic coupling between
neighboring particles. The samples were not coated or otherwise post-
processed after fabrication. A scanning electron microscope (SEM, Zeiss,
GeminiSEM 500) has been used to visualize the morphology of the
samples. Extinction spectra of the samples were acquired by using a
spectrophotometer (Shimadzu UV-2101PC). Further details on the
experimental setup and particle characterization are given in the Sup-
porting Information (SI).

3. Results and discussion

Various dielectric datasets exist for pure gold and silver, many of
them conveniently compiled in the form of wavelength-dependent
complex refractive indices in the refractiveindex.info online database
[27]. The data include measurement results on bulk samples [44-46],
thin films [26,47,48], as well as the results of theoretical models [49]. If
we compare some of these datasets for gold and silver, plotting the real
and imaginary parts of the refractive index separately, it is evident that
these data are far from being identical (cf. Fig. S5). The deviations vary
with wavelength, but if we focus only on the region where LSPR occurs
for gold and silver — around 530 nm and 400 nm in water, respectively —
the relative standard deviation (RSD) of the data — defined as the stan-
dard deviation divided by the mean — is the largest for nse and smallest
for kay, with values of 73% and 8%, respectively. These differences
evidently get reflected in the LSPR of gold and silver nanoparticles
numerically simulated using the data shown in Fig. S5. Fig. 1 shows the
LSPR simulation results for single gold and silver nanospheres, having a
diameter of 20 nm, surrounded by water. The largest difference for gold
is 10 nm, while for silver the largest difference is as large as 30 nm.

Even if we consider some of the highest cited sources of the litera-
ture, such as Johnson and Christy and McPeak et al., the 9 nm LSPR
difference obtained for gold is somewhat surprisingly large considering
how widely used and broadly studied the gold nanoparticles are. The
ambiguity of the data is further increasing with gold-silver alloy nano-
particles. Since gold and silver form a solid solution at every composi-
tion an assumption commonly found in the literature is that the
dielectric function of the Au-Ag alloy can be simply given as the linear
combination or the weighted average of that of pure Au and Ag:

Eaung = Xeaw + (1 — X)eag (@)
where x is the atomic fraction of Au within the alloy and ¢ refers to the
complex dielectric function. Even though this approach is often used
[50-53], its adequacy in describing the optical properties of the Au-Ag
alloy is highly questionable from a physical point of view and it has
been argued many times [12,32], even in the NIR region far from the
interband transitions [54]. The issues with the linear combination
approach suggest that for the reliable description of the optical prop-
erties of Au-Ag alloys, direct measurements should be performed, pref-
erably in a wide composition range. Such measurements are mostly
performed utilizing ellipsometry on bulk or thin film samples [26,54] of
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Fig. 1. LSPR wavelength of single gold (A) and silver (B) nanospheres with 20 nm diameter in water. Please note that the vertical axes do not start from zero.

a discrete set of compositions. The resulting tabulated databases are
often not practical - in terms of their integrability to finite-difference
time-domain (FDTD) simulations, for instance — so analytical models
are more desirable. Even though the calculation of optical properties of
plasmonic materials could be treated on a quantum level [55], the most
prominent approach to obtain a continuous set of data for the Au-Ag
alloy dielectric function is to use a Drude-Lorentz-type analytical for-
mula and find the parameters fitting the experimental results the best
[20,26,43,56]. In the following, the performance of such models will be
evaluated.

To systematically assess the differences and similarities of various
dielectric models describing Au-Ag alloys, the LSPR wavelength of single
Au-Ag nanospheres were compared at different sizes and compositions.
The extinction spectra of the nanoparticles were numerically simulated
by using the analytical dielectric models taken from [26] and [43]. The
weighted average dielectric function of Au-Ag — calculated by using Eq.
1 and the dielectric functions for pure Au and Ag from [26] — was also
incorporated to the comparison for reference. Furthermore, the obtained
LSPR data are compared to the predictions of the semiempirical model of
Verbruggen et al. [32], which is based on a corrected version of the
tabulated dielectric data from Ripken [57]. Therefore, LSPR prediction
of four different approaches are compared to one another and to
experimental data as well.

Simulation results are shown in Fig. 2A for single nanospheres of
50 nm diameter. Although it is often found to be a good approximation
in Au-Ag alloy NP synthesis studies to assume a linear relationship be-
tween the gold content and the LSPR wavelength [12], it is clear from
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Fig. 2 that none of the models’ predictions are best described by a linear
model. In fact, every model predicts slightly non-linear dependence of
the LSPR wavelength on the composition. The analytical models of both
Rioux et al. and Pena-Rodriguez et al. resulted in similar curves, with a
shift of ca. 3-8 nm over the whole GAF range. The semiempirical model
of Verbruggen et al. is reasonably close to that of Rioux et al. and
Pena-Rodriguez et al. in the 0.1-0.6 GAF region but considerably de-
viates near pure silver — ca. 14 nm — and in the 0.6-0.9 GAF range — ca.
10 nm. As expected, the simple linear combination — or weighted
average — model described by Eq. 1 deviates considerably from the other
models, exhibiting a ca. 30 nm difference around 0.7 GAF. As a result of
the comparison shown in Fig. 2A, there are distinct differences between
the models discussed here. However, it is not clear which will describe
the actual optical properties of Au-Ag alloy NPs best. To experimentally
verify the predictions made by different dielectric models, Au-Ag alloy
NPs were synthesized and analyzed in terms of their LSPR. For a
meaningful comparison of simulation and measurement data it is crucial
to ensure that the produced particles are highly monodisperse, have a
very good compositional uniformity, and as close to perfect spheres as
possible. Such particles can be synthesized in the gas phase via a tech-
nique called spark ablation [37]. Here we employed electrodes with
predefined compositions — pure Ag, pure Au and 25 at% Au, 50 at% Au
and 75 at% Au - in a controlled gaseous environment and used repeti-
tive spark plasmas to release the atoms of the electrodes into the gas
phase. For further details on the synthesis process please see the SI. As it
was recently shown, the electrode composition is very closely preserved
by the generated bimetallic particles, hence the compositional
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Fig. 2. Dependence of LSPR of 50 nm diameter Au-Ag nanospheres in water on the gold fraction simulated by using different dielectric models (A). Measured LSPR
wavelength of 20 nm diameter Au-Ag NPs deposited onto glass substrates together with the corresponding simulation results based on different dielectric models. An

effective dielectric constant of 1.63 is used for the surrounding medium (B).
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uniformity is ensured [38]. Details on composition measurements can be
found in the SI. It is important to note that in addition to composition, i.
e., the Au-to-Ag ratio within the nanoparticles, their elemental distri-
bution is important too. Since dielectric models assume homogeneous
alloys, the synthesized particles need to meet this assumption too. As
shown in Fig. S2 and the corresponding details in the SI, it can be
reasonably stated that the nanoparticles investigated in the present
study are indeed homogeneous alloys of Au and Ag.

To obtain a spherical shape, the produced aerosol particles are
guided through a tube furnace for achieving perfect sintering. Then
20 nm diameter particles — 15 nm in case of silver — were selected still in
the gas phase by using a static electric field. The resulting highly
monodisperse, ultrapure Au-Ag nanospheres shown in Fig. 3 were
deposited onto glass substrates for extinction measurements. A further
important aspect to address from the perspective of comparing idealized
simulations with experiments is the surface chemistry of the nano-
particle samples. By employing X-ray photoelectron spectroscopy (XPS)
on each sample corresponding to different compositions we concluded
that surface oxidation is not significant by the time of extinction mea-
surements and its potential influence on the optical response is negli-
gible. For details on the XPS analysis please see Table S1 and the related
discussion in the SIL.

The measurement results are shown together with the corresponding
simulations in Fig. 2B. It should be noted that the extinction measure-
ments of the prepared NPs were conducted in ambient air, while the
particles were supported by glass microscope slides. In such cases the
(effective) dielectric constant describing the surrounding medium of the
metal NPs will be between the dielectric constants of air and glass, with
an exact value depending on the contact surface of the particles and the
substrate [58]. As a reasonable approximation, the average of the
dielectric constants of air and glass can be used [59], which is 1.63 in the
present case. We have shown by using an FDTD model of the experi-
mental procedure — without assuming an effective dielectric constant —
that this approach causes negligible error in predicting the LSPR
wavelength of our system (for further details please see the SI). It is
evident from Fig. 2B that none of the models describe perfectly the
measured LSPR values, although the model of Rioux et al. exhibits a very
good agreement, especially in the lower GAF range — below 0.5. The
second-best fit is that of the model of Pena-Rodriguez et al., followed by
the semi-empirical model of Verbruggen et al., followed by the simple
linear combination model with the largest overall deviations. The
quantitative data on the differences between the measured and simu-
lated LSPR wavelengths are summarized in Fig. 4B.

Even though the model of Rioux et al. already provides a reasonably
good agreement with the measurements — correctly predicting the
overall non-linear composition-dependence and very closely

Fig. 3. SEM micrograph of 20 nm, 50 at% Au-Ag nanospheres deposited onto a
Si substrate.
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approximating the absolute LSPR values, there is an important factor,
which was not considered yet. This is the so-called intrinsic size-
dependence of the LSPR wavelength, which describes a particle size
range, where the Mie theory does not predict size dependence. Although
the so-called quasistatic approximation is fulfilled, the dielectric func-
tion of the metal nanoparticles starts to vary with size. This effect starts
to emerge when the mean free path of the electrons becomes comparable
to that of the particle size and hence surface effects also contribute to the
dampening of the resonance [59], resulting in a shift of the LSPR band.
For particle diameters below ca. 20 nm a red shift was experimentally
found, also depending on the particle composition [60,61]. For very
small silver clusters — below 1 nm - generally a blue shift is expected
[55], while in an intermediate size range — ca. 1-10 nm - both blue- and
red shifts were demonstrated depending on the materials system [62]. It
has been shown that such apparent contradictions can be resolved by a
mixed classical/quantum model, considering the local environment of
the metal particles too [63]. A very simple approach for adjusting the
dielectric function for — moderate, i.e. non-quantum - size effects is to
include an extra dampening factor for the Drude contribution:

AT(r) = A"_rF @

where A is a theory-dependent constant, r is the particle radius and vy is
the electrons’ Fermi velocity, considered to be around 1.4 x10®m s~ for
gold, silver and their alloys. Rioux et al. proposed to include the
correction factor described by Eq. 2 in their analytical model, with using
A=1 [26]. The corresponding simulation results are shown in Fig. 4A,
together with the measured data and the not size-corrected simulations.
It is evident that the already reasonably good agreement became even
better, which is especially remarkable considering that the simulation
does not include any parameter fitting. The quantitative deviations be-
tween the predictions made by using the different models — including the
size-corrected and not size-corrected models of Rioux et al. — and the
measured data are shown in Fig. 4B. The smallest overall deviation is
achieved in case of the size-corrected Rioux model, which is less than
2.5 nm for all the compositions except for the pure gold case, which is
ca. 7.5 nm.

In addition to comparing the simulated data with the mean values of
the measurements, we also evaluated the overall goodness of fit for
different model predictions by considering the experimental uncer-
tainty. To this end, the chi-square value was calculated for each case
both for the whole GAF range investigated and also for a limited range,
which does not include pure gold. The results are in line with the con-
clusions made based on Fig. 4B, that is the size-corrected Rioux model
fits best, with the smallest overall chi-square value. Nevertheless, the
analysis suggests that the prediction for pure gold deviates more from
the experimental value than that could be explained by simple experi-
mental uncertainty, suggesting additional factors that are not consid-
ered. Such factor can be the limitations of the simple size-correction
term described by Eq. (2). However, if the point corresponding to pure
gold is excluded, the chi-square values indicate that the calculated LSPR
wavelengths are in line with the measurements for the size-corrected
Rioux models and deviate considerably for the rest. More on the chi-
square analysis can be found in the SI.

The above results show that different dielectric models of Au-Ag
alloys found in the literature lead to different LSPR simulation results,
the significance of which highly depending on the exact composition. It
has been also shown that due to their good uniformity — both in terms of
shape, size, and composition — the measured absorbance of spark
ablation-generated Au-Ag NPs can serve as a reliable benchmark for
assessing the validity of simulated data. As a result, it was found that the
size-corrected analytical model of Rioux et al. is able to predict mea-
surement data exceptionally well, provided that the particle samples are
highly monodisperse, spherical and non-interacting.

As was shown above, the simple size-dependent correction term in
the dielectric function (c.f. Eq. (2)) causes a noticeable red-shift in the
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simulated LSPR wavelength, which is in line with the measurement re-
sults (c.f. Fig. 4). In order to visualize this size-related effect on a broader
size and composition range, we numerically simulated the LSPR of Au-
Ag nanospheres in the 0-1 GAF and 10-100 nm diameter range. The
obtained three-dimensional surface is shown in Fig. 5.

The surface shown in Fig. 5 generalizes the results suggested by
Fig. 4A that the size-correction described by Eq. (2) basically does not
affect the case of pure silver particles and has an increasingly larger
effect on the predicted LSPR wavelength with increasing gold content at
small sizes (please see the red-shift of the LSPR wavelength for high GAF
and sub-20 nm size). The experimental and simulation data shown
above suggests that the choice of the dielectric function will affect the
simulated LSPR wavelengths of Au-Ag alloy nanoparticles, especially at
or below 20 nm. However, these effects might get “blurred” by potential
experimental uncertainties in particle shape, size, or — most dominantly
- composition. This is a potential reason for the apparent contradictions
in experimental literature data on the exact function of the LSPR
wavelength dependence on gold content. Nevertheless, the prediction of

560

540

()

LSPR wavelengin

the LSPR wavelength of Au-Ag alloy nanospheres is shown in Fig. 5,
which is in good agreement with experimental data provided that the
synthesized particles are sufficiently spherical, non-interacting, and
monodisperse both in terms of size and composition. Although these
conditions are not necessarily met in every experimental setting, we
compared the experimental data taken from the highly cited paper of
Link et al. [12] with simulated data from Fig. 5 at sizes and GAF cor-
responding to that of the experiments. The results are shown in Fig. 6,
indicating a very good agreement for alloyed particles with a GAF of
larger than 0.5, with slight deviations from the measured values only at
the two ends of the composition range (i.e., at pure gold and close to
pure silver). This comparison further strengthens the above results,
showing that the size-corrected analytical dielectric model of Rioux et al.
is able to accurately describe the LSPR wavelength of alloyed Au-Ag
nanospheres, especially in the size range around 20 nm.
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Fig. 5. LSPR wavelength simulated at a broad particle composition and size range by using the size-corrected dielectric function model by Rioux et al. The sur-

rounding medium used in this simulation is water.
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4. Conclusions

In this study, we investigated the influence of the choice of dielectric
function on the simulation of localized surface plasmon resonance
(LSPR) in pure gold, silver and alloyed gold-silver nanospheres. Our
results demonstrate that even for pure gold and silver nanoparticles,
widely used dielectric datasets lead to significant variations — up to
30 nm in the LSPR peak wavelength — emphasizing the role of dielectric
function selection in nanoplasmonic simulations. For Au-Ag alloy
nanoparticles, we compared four different dielectric function models: a
simple linear combination - also called as the weighted average — of the
dielectric functions of pure Au and Ag, two analytical models, and a
semi-empirical model. All models predicted nonlinear LSPR-
composition dependence, in contrast to the often-assumed linear rela-
tionship and showed deviations from one another. We compared the
simulation results with measured LSPR data of 20 nm Au-Ag alloyed
nanospheres. By employing highly controlled experimental conditions —
ultrapure, monodisperse, spherical Au-Ag nanospheres with well-
defined compositions synthesized in the gas phase via spark ablation —
we ensured that the experimental LSPR data could serve as a reliable
benchmark. The simple linear combination model exhibited the poorest
agreement with experimental results, with deviations up to ca. 25 nm.
The analytical models of Rioux et al. and Pena-Rodriguez et al. showed
significantly better performance, with Rioux et al.'s model providing the
best agreement, especially after incorporating a correction factor for the
so-called intrinsic size-dependence of the dielectric function. The overall
difference between the measured and simulated LSPR peak wavelength
for all the compositions investigated varied in the range of 2.5 nm to
7.5 nm with this model. Our findings highlight the important role of
dielectric function choice in the simulation of the optical response of
alloyed gold-silver nanostructures.
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