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ABSTRACT: Noble metals are currently the most common building blocks in plasmonics and
thus define the available range of optical properties. Their alloying provides a viable strategy
to engineer new materials with a tunable range of optical responses. Despite this attractive
prospect, the link between composition and optical properties of many noble metal alloys is still
not well understood. Here, electron energy-loss spectroscopy is employed to systematically
study AuAg and AuPd nanoparticles of varying compositions. The localized surface plasmons,
the bulk plasmons and the permittivity functions of these two sets of alloys are investigated as
functions of their composition. In the case of the more widely studied AuAg alloy system, good
agreement is found with previous experimental and theoretical studies. The results on the less
scrutinized AuPd system provide highly valuable experimental data that complements other
experimental investigations and supports the development of theoretical models.

KEYWORDS: plasmonics, alloys, nanoparticles, electron energy-loss spectroscopy, optical
properties, localized surface plasmons, permittivity function
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Alloying has long been exploited as an avenue to tailor material properties by combining
desirable traits of the constituent elements. In some cases, synergetic effects result in new
interesting characteristics and/or the enhancement of the functionality of the alloy relative to its
pure counterparts. In catalysis, for example, bimetallic alloy nanomaterials have shown superior
catalytic activity for numerous reactions1–3. Alloys are also gaining interest in plasmonics, since
tuning their composition provides an additional dial for manipulating the plasmonic response
of nanostructures4–10. There, the precise control of a wide range of optical properties achieved
by alloying has the potential to become a key ingredient for the viability of plasmonic structures
in a range of applications that span from solar cells11 to optical detectors12–14, and
metamaterials15. Furthermore, this strategy provides the prospect of gaining access to additional
functionalities and characteristics, such as tailored catalytic activity and magnetism, which are
relevant in plasmon mediated catalysis16 and magnetoplasmonics17, respectively. Additionally,
in some cases, alloying can decrease the usage of precious metals such as gold in plasmonic
devices. While the search of alternative plasmonic materials is expanding18, noble metals,
specifically gold and silver, are still the most common building blocks of plasmonic
nanostructures. Gold, in particular, is attractive for many applications, due to its long-term
chemical stability and biocompatibility. Pd is another interesting plasmonic material,
particularly in the context of active plasmonics, where its optical properties are modulated in
response to hydrogen exposure19,20. Taking advantage of alloying, recent studies on
nanoplasmonic hydrogen sensors have demonstrated promising results for alloys of Pd with
other noble metals14,21,22.
Despite the significant potential outlined above, the optical properties of noble metal alloys are
poorly understood. Among binary noble metal alloys, AuAg is studied the most8,13,23–27 and a
number of experimental and theoretical studies of the composition dependence of the complex
permittivity function ε AuAg (ω) exist in the literature6,23,26–29. One of the key findings reported is
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that ε AuAg (ω) cannot be approximated as a weighted average of ε Au (ω) and ε Ag (ω), indicating a
non-linear dependence of the permittivity function on the alloying ratio. Despite this important
insight, the optical properties of other noble metal alloys are less heavily scrutinized5–7,30–35. In
particular, experimental studies reporting or validating theoretically predicted alloy permittivity
functions in many cases are needed. To shed light on these issues, we have employed electron
energy-loss spectroscopy (EELS) to characterize the optical properties of two sets of
nanofabricated disk-shaped noble metal alloy nanoparticles: AuAg and AuPd. EELS is a
powerful technique for optical characterization of nanostructures due to its superior spatial
resolution, which has played a key role in visualizing and understanding localized surface
plasmon (LSPR) modes in nanostructures36–44. Another area where EELS has made a significant
contribution is in accessing bulk losses, which also affect the optical properties45. Our
investigation here includes probing the LSPR modes supported by the alloy nanoparticles, the
characterization of the bulk losses, and the determination of the complex permittivity function
as a function of alloy composition. The results demonstrate the role of alloying in tuning optical
properties, where compositional changes as little as 10% result in distinct modifications in the
spectral features recorded from the nanoparticles. Moreover, while the results confirm the nonlinear dependence of the permittivity function of alloys on those of the constituent elements,
very different trends are observed in the optical properties of AuAg and AuPd with varying
composition. We interpret these differences in terms of the effect of the electronic structures of
Ag and Pd on the Drude formulation of the permittivity function. Finally, the implications of
the results for the plasmonic response of AuAg and AuPd nanostructures are discussed.
RESULTS
Arrays of AuAg and AuPd nanodisks with varying Au concentrations were fabricated on SiN x
membranes for STEM–EELS examination using hole-mask colloidal lithography and
subsequent thermal annealing, following the method established by Nugroho et al.10, which
ensures the formation of homogeneous alloys10,12 (Figure 1a). Interparticle distances larger than
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3R, where R is the radius of the particles, were chosen in the samples to avoid near-field
coupling and to prevent significant interaction between the plasmon modes of neighboring
particles46. Representative annular dark-field (ADF) STEM images of the particles are shown
in Figure 1b. For each composition, particles with a variety of microstructures, from single
crystal to polycrystalline with different number of grains are observed (see Figure S2 in the
Supporting Information, (SI)). However, no clear correlation between the particles’
microstructure and the subsequent EELS measurements could be ascertained (Figure S3 in the
SI).

Figure 1. (a) Schematic depiction of the geometry of the alloy nanodisks on SiN x TEM membranes
together with the nanofabrication principle. (b) ADF STEM images of AuAg and AuPd nanoparticles
of varying compositions. The average diameter of the particles along with the statistical errors are
displayed on each images (10 different particles measured for each alloy composition).

Energy dispersive X-ray spectroscopy (EDS) analysis revealed that the particles have uniform
chemical compositions, which is on average within ~4% of the nominal values10 (Table S1).
EELS was then used to probe their optical properties. Our investigation includes measurements
in two specific configurations: (a) with the electron beam external to the particles and 5-10 nm
away from their edges (so-called aloof configuration) and (b) with the beam passing through
the center of the particles. The former probes the LSPR modes and the latter the bulk plasmon.
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The results for AuAg and AuPd alloys of systematically varied compositions are shown in
Figure 2.

Figure 2. EEL spectra acquired from AuAg and AuPd nanoparticles, in two configurations: (a) with the
electron beam positioned external to the particle and ~ 5 nm from its edge (aloof mode) and (b) with the
electron beam traversing the center of the particle. The spectra recorded for AuAg alloy nanoparticles
of systematically varying compositions in configurations (a) and (b) are plotted in (c) and (d),
respectively, and those for AuPd nanoparticles in (e) and (f), respectively.

SURFACE EXCITATIONS. The LSPRs of the particles probed in the aloof configuration
(Figure 2a) are presented in Figure 2c and e. At least two distinct peaks are observed in the
spectrum recorded from the nanoparticle composed purely of Au. In contrast, the EEL spectrum
recorded from the Ag contains at least three distinct peaks and that from Pd contains a single
broad peak. Our results on Au and Ag nanoparticles are consistent with the literature36,47,48.
Silver disks of comparable dimensions have been shown to support at least three LSPR modes,
when the electron beam is positioned in a similar configuration to Figure 2a36. These modes,
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identified as the dipole, quadruple and hexapole LSPRs, are marked in Figure 2c with SP 1 –SP 3 ,
respectively.
Increasing the Au content of the AuAg alloy nanoparticles results in shifts of the spectral
positions (location of maxima on the energy axis) of the LSPRs, as well as changes in spectral
widths (related to the damping of the plasmons44). The number of modes observed in the EEL
spectra in Figure 2c has a dependence on composition, as only the dipole and quadruple LSPRs
can be resolved for Au concentrations larger than 0.7. This is most likely due to increased
damping arising from the onset of interband transitions. In the case of AuPd, similar to Pd, only
a single broad LSPR is observed (Figure 2e). Besides the above mentioned modes, Schmidt et
al. 36 have identified dark surface plasmons with radial symmetry in Ag nanoparticles, which
couple to the electron beam when the beam passes through the nanoparticles. Such a dark mode,
known as the breathing or zero-order mode, is excited in configuration (b) at ~3 eV for our Ag
particles (marked as SP 0 in Figure 2d). Similar to the dipole, quadruple and hexapole modes,
the breathing mode redshifts with increasing Au content in the AuAg alloy. The breathing mode
in AuAg cannot be resolved for Au concentrations higher than 0.7 and is not resolved for any
of the AuPd nanoparticles.
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Figure 3. The spectral position of the dipole (SP 1 ), quadruple (SP 2 ), hexapole (SP 3 ) and breathing (SP 0 )
LSPR modes as a function of the Au fractional content in (a) AuAg and (b) AuPd nanoparticles. The
FWHM of the corresponding modes are plotted in (c) for AuAg and in (d) for AuPd. The displayed
values for each composition are averaged over measurements from 5-10 particles and the error bars
represent the standard deviation of the measurements.

The spectral positions and line-widths (full-width at half-maximum (FWHM)) of the LSPRs of
AuAg and AuPd nanoparticles as a function of their Au fractions are summarized in Figure 3.
Comparing the composition dependence of the LSPRs in the two sets of alloys, unequivocal
differences are observed: all the LSPRs detected for the AuAg particles redshift with increasing
Au composition and, in most cases, linearly with the Au content of the alloy (Figure 3a). The
same trend has been observed for AuAg truncated nanospheres24. In contrast, the spectral
position of the LSPR in AuPd particles shows a highly non-linear dependence on alloy
composition, with local minima and a local maximum (Figure 3b). This is in very good
agreement with optical measurements of the LSPRs in corresponding ensembles of AuPd alloy
nanoparticles10. Our measurements also reveal a very different trend in the linewidth of the
LSPRs in AuAg compared to AuPd. Specifically, in the AuAg system, the linewidths of SP 1
and SP 2 exhibit a maximum at 50% Au composition, whereas the linewidths of SP 3 and SP 0
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(for the compositions they are resolved) increase with increasing Au content. In the AuPd
system the largest linewidth is observed for pure Pd.
BULK EXCITATIONS. The EEL spectra acquired in the configuration of Figure 2d, were
used to determine the energy and line-width of the bulk plasmon (BP) in AuAg and AuPd alloys
(Figure 2e-f). When only bulk losses are excited, the bulk plasmon is the most intense feature
in the energy-loss spectrum49. This was used to distinguish between the BP and single electron
transitions also present in the spectra in Figure 2. In the case of AuPd alloys, it was necessary
to subtract the signal from the substrate in order to distinguish between the BP and other spectral
features (Figure S4 in the SI). For the AuAg system, the BP was distinguished from the
breathing surface mode based on the criterion that it occurs at an energy higher than the surface
plasmons. The energy of the BP measured here for pure Au, Ag and Pd are consistent with the
EELS measurements reported elsewhere50–53. The spectral positions and linewidths of the BP
in AuAg and AuPd alloys as functions of their Au content are summarized in Figure 4. Similar
to the surface excitations, the bulk plasmon energy in AuPd exhibits a highly non-linear
dependence on the alloy composition. In contrast, in AuAg the BP energy monotonically
decreases with increasing the Au content of the alloy and can be adequately described by a
second order polynomial function.

8

Figure 4. The spectral positions of the bulk plasmon in (a) AuAg and (b) AuPd alloys, as a function of

their Au fractional content. The FWHM of the bulk plasmon of the alloys are plotted in (c) for AuAg
and in (d) for AuPd.

KRAMERS-KRONIG ANALYSIS OF ALLOY PERMITTIVITY FUNCTION. To derive
the frequency-dependent real, ε 1 (ω), and imaginary, ε 2 (ω), parts of the complex permittivity
function of the alloys, we have applied the Kramers-Kronig analysis method49 to our EELS data.
The resulting complex permittivity function of AuAg alloys of different compositions are
shown in Figure 5 alongside the analytical model developed by Rioux et al.29. Small differences
between the two data sets, including an underestimation of ε 1 (ω) and ε 2 (ω) values in the EELS
data and a slight redshift of the main features can be noticed. Both of these differences can be
a consequence of the larger momentum transfer by the electrons in EELS compared to photons
in optics49. However, in general, there is good agreement between our experimental data and
the theoretical model, as the key features are consistent in the two sets of data and they follow
the same trends with changes in composition. Thus, we conclude that our approach is a valid
method for extracting the key characteristics of the complex permittivity function and
scrutinizing its evolution with changes in composition.
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Figure 5. The real, ε 1 (ω), and imaginary, ε 2 (ω), components of the complex permittivity function of

AuAg alloys as a function of systematically varied composition obtained by ((a) and (c)) applying the
Kramers-Kronig method to the experimental EEL spectra, and ((b) and (d)) based on the modified
Drude-Lorentz model developed by Rioux et al.29. The dotted lines in (b) and (d) depict the
experimentally measured ε 1 (ω) and ε 2 (ω) for pure Au and Ag, as reported by Johnson and Christy54.

Our EELS measurements of ε 1 (ω) and ε 2 (ω) in AuPd alloys are presented in Figure 6. Due to
the lack of systematic studies of the permittivity of AuPd alloys in the literature, only the
optically measured permittivity functions of pure Au and Pd are plotted for comparison, both
of which agree reasonably well with our experimental data.
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Figure 6. The real, ε 1 (ω), and imaginary, ε 2 (ω), components of the complex permittivity function of
AuPd alloys as a function of systematically varied composition obtained by ((a) and (c)) applying
Kramers-Kronig analysis to the experimental EEL spectra, and ((b) and (d)) of pure Au and Pd, as
reported by Johnson and Christie54,55.

DISCUSSION
Our results demonstrate the wide tunability of the optical properties through alloying and their
non-trivial dependence on alloy composition. Interestingly, very different behaviors are
observed for AuAg and AuPd alloys, as we further discuss and analyze below.
The Drude formulation of the permittivity function of a metal is given by56:
𝜀𝜀(𝜔𝜔) = 𝜀𝜀∞ −

with

2
𝛺𝛺𝑝𝑝

𝜔𝜔 2 +𝑖𝑖𝑖𝑖𝑖𝑖

,

(1)

𝑛𝑛𝑒𝑒 2

𝛺𝛺𝑝𝑝 = �𝜀𝜀

(2)

0 𝑚𝑚𝑒𝑒

where, ε ∞ is the bound electrons contribution, Ω p is the free-electron bulk plasmon frequency
with damping Γ, n is the free electron density, m e is the electron mass, e is the electron charge
and ε 0 is the permittivity of free space. In a strictly free-electron model, Γ is negligible and ε ∞
= 1. However, additional screening induced by bound valence electrons of the positive ion cores
results in ε ∞ > 1 and damping gives larger Γ. Applying the criterion ε 1 (ω p ) = 0 to Equation (1),
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the bulk plasmon of a material, ω p , is found to be 𝜔𝜔𝑝𝑝 =

𝛺𝛺𝑝𝑝

√𝜀𝜀∞

, which corresponds to the bulk

plasmon values measured with EELS here. Figure 7 shows ε ∞ of the alloys as a function of their
Au content calculated using our experimentally measured ω p and known Ω p values. Two sets
of Ω p values were used here: i) Ω p values taken directly from the literature and depicted with
circles in Figure 7a-b. In the case of AuPd alloys, only a reference Ω p value for Au 0.5 Pd 0.5 could
be found in the literature4 and inaccuracies may be present there, since their Ω p value for pure
Pd diverges significantly from that of Johnson and Christy55 (Figure 7b). ii) Ω p calculated
according to Equation (2), and estimating the free-electron density by 𝑛𝑛 =

𝑧𝑧𝑁𝑁𝐴𝐴 𝜌𝜌
𝐴𝐴

, where N A is

the Avogadro constant, ρ is the material density, z is the valency of the material and A is the

atomic weight (depicted with squares in Figure 7a-b). The composition dependence of the
density of AuAg and AuPd is shown in Figure S5 in the SI. Interestingly, Ω p in AuAg in both
the model developed by Rioux et al29 and calculated from Equation (2) shows a second order
dependence on the Au content of the alloy, similar to what was observed for ω p of AuAg in
Figure 4.

Figure 7. Free-electron bulk plasmon frequency, Ω p , of (a) AuAg and (b) AuPd taken from the cited
references in the literature4,29,54,55 (circles) and calculated using Equation (2) (squares). Bound electrons
𝜴𝜴

𝟐𝟐

contribution, 𝜺𝜺∞ = � 𝒑𝒑 � , of (c) AuAg and (d) AuPd alloys determined using the two sets of Ω p values
𝝎𝝎
𝒑𝒑

in (a) and (b) and the experimentally measured ω p values in Figure 4.
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We obtain ε ∞Au ≈12, ε ∞Ag ≈5 and ε ∞Pd ≈1 from the above procedure. ε ∞Pd ≈1 gives the better
2
𝛺𝛺𝑝𝑝

known Drude description, 𝜀𝜀(𝜔𝜔) = 1 − 𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖 . Our ε ∞ values for Au and Ag are in reasonable
agreement with those reported by de Abajo (ε ∞Au =9.5 and ε ∞Ag = 4)45. Such large values of ε ∞

indicates significant screening of the conduction electrons. Au and Ag atoms have very similar
electron configurations, in that both have full d orbitals followed by a singly filled s orbital in
their outer shells (Ag: [Kr] 4d10 5s1 and Au: [Xe] 4f14 5d10 6s1). It is the screening induced on
the s electrons by the bound d electrons, which manifests itself in large ε ∞ values in the Drude
description of their permittivity functions. In AuAg alloys, ε ∞ monotonically increases with
increasing Au content (Figure 7c), suggesting similar electronic structure of the alloy. In
contrast, Pd has a rather different electron configuration, with its outer shell consisting of a full
set of d orbitals (Pd: [Kr] 4d10). Although plasmon excitations in Pd are highly damped (due to
the bound electrons in its outer shell), the screening induced on these electrons is negligible.
The results in Figure 7d suggests an abrupt transition in the Drude description of ε AuPd (ω) with
increasing Au content at Au 0.7 Pd 0.3 from what resembles Pd to Au. X-ray spectroscopy studies
of AuPd alloys have suggested considerably stronger hybridization of the Au 5d and Pd 4d
states in the Pd-rich alloys compared to Au-rich alloys, which can explain this abrupt
transition57.
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Figure 8. Maps of ε 1 (ω) and ε 2 (ω) obtained from applying the Kramers-Kroning method to the EELS
data as a function of Au content of the AuAg and AuPd alloys.

Now examining the evolvement of the complex permittivity function of the alloys as a function
of their composition, plotted in Figure 8, we discuss a few practical implications of the obtained
results. In general, the resonance frequency of plasmon excitations in metals is largely
dependent on ε 1 (ω), while ε 2 (ω) is related to absorption and losses in a material56. In the case
of AuAg, ε 1 (ω) increases almost linearly with increasing Au content in the alloys in the near
infrared and the visible light range (Figure 8a). The slope of ε 1AuAg vs. Au fraction of the alloy
appears to increase at higher energies. Both of these trends are consistent with our
measurements in Figure 3a, where a close to linear relationship between the LSPR energies of
the AuAg nanoparticles and their Au content and with a larger slope for the higher energy LSPR
modes was found. A more complex behavior is seen for ε 2AuAg (Figure 8b): below ~2.2 eV,
ε 2AuAg vs. Au content reaches a maximum at Au 0.5 Ag 0.5 , while above ~2.2 eV, ε 2AuAg increases
monotonically with increasing Au content (at higher energies it also deviates from a linear to
an arched profile). Again, the same pattern is reflected in the FWHM measurement of the LSPR
modes in AuAg nanoparticles in Figure 3c. We can, therefore, conclude that below ~2.2 eV
14

alloying Au and Ag results in higher losses compared to both metals. Above ~2.2 eV, however,
AuAg alloys have lower losses compared to pure Au. Losses in AuAg are always higher relative
to pure Ag, although, improved chemical stability can be achieved through alloying with Au.
In the case of AuPd alloys, ε 1AuPd follows a similar highly non-linear dependence on alloy
composition (Figure 8c), to that observed for the dipole LSPR mode in Figure 3b. ε 2AuPd in
Figure 3d shows significantly lower values at ω < 2.5 eV for pure Au and larger values for pure
Pd, in particular at ω < 1.8 eV compared to AuPd alloys. The results indicate that alloying Pd
with Au is an effective strategy for reducing optical losses. Losses in AuPd alloys in the near
infrared and visible range remain generally higher than in pure Au. However, incorporation of
Pd can offer additional functionalities, for example in hydrogen sensing and active plasmonics.

SUMMARY AND CONCLUSIONS
In summary, we have utilized EELS to probe the LSPRs and the bulk plasmons of AuAg and
AuPd nanoparticles with varying Au content and to derive their complex permittivity functions.
Our analysis reveals very contrasting behaviors of these parameters as functions of composition
in AuAg and AuPd alloys. In the case of AuAg nanoparticles, the spectral position of the LSPRs
has approximately a linear dependence on the Au content of the alloy, while the spectral
position of LSPRs in AuPd nanoparticles shows a highly non-linear dependence on Au content.
The linewidths of the LSPRs in these two sets of alloys also follow very different profiles. The
BP energy vs. composition in AuAg follows closely a second order polynomial profile, while
that in AuPd is highly non-linear and shows a sharp decrease at ~ Au 0.7 Pd 0.3 with increasing
Au content. These differences are reflected in the permittivity functions derived for the alloys,
and are discussed in terms of the electronic structures of Ag and Pd. Overall, the results
demonstrate the wide tunability of the LSPRs with composition, highlighting that alloying can
give access to a new palette of optical properties that is yet unexplored.
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METHODS
NANOFABRICATION. AuAg and AuPd alloy nanodisks were fabricated on in-house-made
TEM windows58 following the procedures described in detail elsewhere10,12, based on layer-bylayer deposition of the metallic constituent through a pre-fabricated mask produced by holemask colloidal lithography. Due to the presence of a PMMA thin film between the support
(TEM membrane) and the polystyrene colloidal particles used to form the self-assembled mask,
the structural integrity of the TEM membrane is maintained throughout the fabrication process.
Homogeneous alloying was achieved by annealing at 500 oC for 24 h in 4% H 2 in Ar at
atmospheric pressure.
ELECTRON MICROSCOPY. The alloy nanoparticles were examined using a FEI Titan
TEM instrument fitted with a monochromator, aberration correction on the probe forming
lenses and a Gatan GIF Tridium 865 spectrometer. The microscope was operated at 120kV
accelerating voltage and with the monochromator excited, giving spatial and energy resolutions
of ~0.4 nm and ~0.15 eV, respectively. The convergence angle of the electron probe and the
collection inner angle of the ADF images were 25 mrad and 27 mrad, respectively. The EEL
spectra were recorded with the dispersion of 0.01 eV per channel, acquisition time of ~ 50 and
spectrometer collection angle of 27 mrad. The recorded spectra were analyzed after (Fourierlog) deconvolution49 of the zero-loss peak after power-law fitting of its tail (Figure S6 in the
SI). The LSPRs and BPs were fitted with Gaussian models in order to estimate their spectral
positions and widths. The Kramers-Kronig analysis was carried out using the Gatan Digital
Micrgraph software.
SUPPLEMENTARY INFORMATION
Supporting Information containing EDS chemical composition analysis of the nanoparticles,
the origin of the contrast in the ADF images, particle microstructure vs. BP and LSPR energy
correlations, BP determination in AuPd alloys, density of AuAg and AuPd alloys vs.
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composition and an example of the Fourier-log deconvolution applied to the EEL spectra
accompanies this paper.
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