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Abstract: Gold and silver are, for all their chemical similarities, optically very different. Small
Ag clusters show a localized surface-plasmon resonance (LSPR), whereas in Au clusters smaller
than about 300 atoms, the resonance is absent due to the coupling with the interband transitions
from the d electrons. This opens the possibility of tuning the cluster properties depending on their
composition and chemical configuration. Earlier work on AgAu alloy clusters has shown that the
outermost shell of atoms is crucial to their overall optical properties. In the present contribution,
we consider the optical spectroscopic properties associated with the structural rearrangement in
55-atom AgAu alloy clusters in which the core transforms from pure silver to pure gold. Calculations
using time-dependent density-functional theory are complemented by an in-depth study of the
subtle effects that the chemical configuration has on the details of the materials’ d bands. Although
the cluster surface remains alloyed, the geometrical changes translate into strong variations in the
optical properties.

Keywords: nanoalloys; optical properties; surface-plasmon resonance; structural rearrangements

1. Introduction

Noble-metal nanoparticles (NPs) and clusters are employed in a large number of appli-
cations, often making use of the localized surface-plasmon resonance (LSPR) that dominates
the optical response in the VIS and the UV ranges. Applications include surface-enhanced
Raman spectroscopy (SERS) [1], biomolecular sensing [2] and labeling [3], cancer therapy
by rapid local heating [4], and the plasmonic enhancement of light absorption in solar
cells [5]. AuAg nanoalloys have been proposed for applications owing to their antibacterial
activity [6]. A wide variety of methods have been developed for their production [7–9],
with green synthesis procedures having been developed recently [10,11].

The LSPR is influenced by the composition [12], the size [13,14], the shape, as well as
the environment of the nanoparticles [14,15]. In nanoalloys—nanometric pieces of alloy
materials such as bi- or multimetallic clusters—the LSPR is also strongly affected by the
chemical ordering, i.e., by the arrangement of the various chemical elements within the
nanostructure. This adds yet another parameter through which the desired properties
for applications can be further engineered [16–21]. Unfortunately, this parameter is also
more difficult to control because of the great variety of possible chemical orderings within
nanoparticles, ranging from fully alloyed clusters (either randomly or as intermetallics)
to fully phase-segregated structures (either as core-shell or as so-called Janus-like with
a planar interface). Moreover, experimentally accessing the three-dimensional structure
of nanoalloys has remained very difficult, although progress in element-resolved imag-
ing techniques has been reported in recent years. In Refs. [22,23], detailed information
regarding gold–silver nanoparticles was thus experimentally obtained.

Gold and silver are electronically relatively similar; they have very similar lattice
constants and they are miscible at all compositions in the bulk alloy. However, their optical
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properties at the nanoscale differ strongly. This makes them particularly suitable for the
study of alloying effects on the LSPR.

The main reason for the different optical behaviors of gold and silver lies in the
different energetic positions of the filled d band in the two metals: interband transitions
from the d electrons into empty states above the Fermi energy start at about 4 eV in bulk
silver, and at about 2 eV in bulk gold [24]. Consequently, the energy of the d band edge,
which is directly connected to the threshold of interband transitions in the spectra, is of
particular importance. The LSPR in silver lies below the onset of the interband transitions,
whereas in gold it lies on top of a broad, dense set of interband transitions, the coupling to
which broadens and damps the LSPR. This explains why silver clusters exhibit a strong
LSPR down to very small sizes [14,25,26]. In contrast, small gold clusters do not normally
exhibit an LSPR [27,28], which emerges only for sizes of about 300 atoms for spherical
clusters [29,30].

The effects of alloying between Ag and Au on the optical response of the bimetallic clus-
ters that these elements form together has been investigated by many authors [12,31–37].
An approximately linear red-shift in LSPR peak energies is observed with the increase
in the gold composition of alloy nanoparticles, along with an increased damping of the
LSPR [12,31,38–40]. Earlier calculations using time-dependent density-functional theory
(TDDFT) based on a structureless jellium model obtained results in satisfactory agreement
with the experimental trends. However, in these cases, the dielectric function of the corre-
sponding bulk alloy AuxAg1−x was a needed ingredient [12] to account phenomenologi-
cally for the screening due to the d electrons. Similarly, the dielectric functions calculated
for bulk materials have been used to calculate the optical response of large nanoparticles
using classical electrodynamics (Mie theory, in the case of spherical particles) [41].

In the aforementioned examples, the AgAu bimetallic clusters obtained through phys-
ical synthesis methods were found to be mostly alloyed, as in the respective bulk materials.
However, AgAu clusters can also be produced as core-shell structures, conventionally
through stepwise chemical methods [15,22,42]. In this case, the optical response is complex,
and a particular importance was found for the outer shell [15,33,43]. Similar complexity
was reported in a computational study of AuxAg13−x clusters, showing a non-trivial depen-
dence of their chemical structure on their composition [44]. In general, for small clusters or
nanoparticles below 2–3 nm in diameter, very far from the bulk limit, the atomic structure
and the precise chemical ordering become very important but are also intertwined. Previous
TDDFT calculations on core-shell clusters have notably shown the paramount importance
of the outermost atomic shell, leading to a plasmonic silver-like or a non-plasmonic gold-
like optical response depending on the detailed atomic structure [33]. These results can be
rationalized by considering the induced electron densities of the delocalized electrons at
the LSPR, which are largest at the surfaces [45–47], whereas the localized d electrons are
polarized so as to oppose the field created by the collective electron oscillation. However,
in these earlier calculations, the changing core-shell character (gold or silver at the surface
layer) went along with a strong change in the composition because, in the largest clusters
treated there (147 atoms), there are about twice as many surface atoms as there are interior
atoms [33]. Therefore, the different perfect core-shell structures did not permit the study of
different configurations at a constant composition.

The preference for alloyed or phase-segregated structures depends on their size and
shape, but also on external parameters such as the temperature, the environment, and
time itself since the preparation method can produce nanoparticles that are far from their
thermodynamically most stable structure. The competition between these many factors
makes it generally difficult to evaluate the kinetic stability of nanoalloy particles. However,
in simplified models, this issue could be directly addressed at the atomistic level [48].
The rearrangement between small AgAu nanoparticles of the core-shell type with either
metal as the core (and a remaining mixed surface) was found to be a multi-step process,
mostly involving local deformations and the progressive motion of atoms via successive
vacancy formation processes [48].
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In the present study, we specifically address the optical signature of the rearrange-
ment pathway identified in Ref. [48] for the Ag27Au28 cluster, in which both size and
composition are kept fixed but both the core and the surface undergo major changes in
terms of their chemical ordering. We find strong changes in the optical spectra, which are
discussed in connection with the configuration-induced changes in the d-band edge and
the contributions of the surface atoms to the electronic density of states (DOS).

The article is organized as follows. In the next section, we briefly describe how the
pathway was obtained using a semi-empirical force field and how this information could be
exploited using electronic structure methods, before the optical spectra themselves could be
determined. The results are presented and discussed in Section 3, before some concluding
remarks are provided in Section 4.

2. Methods

At the size of 55 atoms, AgAu nanoclusters tend to form icosahedral structures at
all compositions, but for this highly miscible alloy, there are numerous non-equivalent
ways to distribute gold and silver atoms among the so-called homotops (different chemical
configurations). Here, we consider the specific composition Ag27Au28 and the two subsets
of homotops with the 13 core atoms of the same metal element, which, for brevity, we denote
as Agcore and Aucore clusters, respectively. As discussed in an earlier publication [48],
the rearrangement pathways that connect these two families were determined using the
discrete path sampling (DPS) method [49]. The DPS approach explores the pathways
connecting minima to each other through a series of transition states ending in prescribed
regions of the energy landscape by successive random perturbations, new pathways being
accepted through a Monte Carlo acceptance probability. The doubly-nudged elastic band
method [50] was used to generate the initial pathway.

As statistically converged DPS simulations are rather computer-intensive, an efficient
semiempirical potential was needed to treat systems with as many degrees of freedom
as a 55-atom cluster, and in the present work, the many-body potential based on second-
moment approximation (SMA) to tight-binding theory, parametrized for silver and gold
by Rossi and coworkers [51], was employed to mimic the structural dependence of the
electronic structure of Ag-Au nanoalloys. This approach is not expected to be quantitative
against methods that explicitly account for electronic structure, such as DFT, or even
density-functional-based tight-binding, although the difficulty of correctly describing noble
metal clusters with DFT is also documented [52–54].

Among the numerous pathways that were thus obtained, the one contributing the most
to the kinetic rate constant of the (favorable) Agcore−→Aucore transformation is depicted
in Figure 1.

This pathway contains 117 local minima and 116 intermediate state-to-state transition
states, or a total of 233 stationary states for the SMA potential. With the energy model
used at present, the gold-core clusters are the lowest in energy; they correspond to the
reference configuration in Figure 1 above which all energies are measured. At the other
extremity of the path, the configuration with all silver atoms in the core is higher in energy
by about 3 eV and distant by more than 800 Å in accumulated atomic displacement from
the reference Aucore configuration. Structures along the pathway usually deviate from the
icosahedral shape owing to the need to displace atoms to form vacancies and to fill atoms
of the other element instead. The local minimum chosen as the intermediate structure in
Figure 1 displays an example of a clearly deformed (here prolate) nanoalloy approximately
midway along the rearrangement trajectory.

We next discuss the influence of such a geometrical transformation along the path-
way on the optical properties of the Ag27Au28 alloy nanocluster, independently of the
synthesis method that would produce either of the endpoints as the starting configura-
tion. The ground state and the optical absorption spectra of all selected structures were
calculated using density-functional theory with the PBE functional to approximate the
exchange-correlation functional [55]. The interactions between the electrons and the ions
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were described using norm-conserving Troullier–Martins pseudopotentials [56] treating
11 valence electrons corresponding to 10 4d (5d) electrons and one s electron per Ag (Au)
atom explicitly. A grid spacing of 0.18 Å and a simulation radius of 5 Å were employed
(radium of spheres around each atom, the superposition of which defines the computa-
tion domain).

Figure 1. Rearrangement pathway connecting the two lowest-energy core-shell Ag-Au nanoalloys
with either metal at the core, as obtained from a discrete path-sampling simulation employing a
semiempirical many-body potential. Among the 233 stationary points it contains, only a subset
of states, roughly equidistant along this pathway, was selected for further investigation of their
electronic and optical properties.

Absorption spectra were obtained using time-dependent DFT with the Yabana–Bertsch
time-evolution formalism [57], which involves the real-time propagation of the wavefunc-
tions after a delta kick at t = 0. We used the approximated enforced time-reversal symmetry
(AETRS) propagator. All DFT and TDDFT calculations were performed using the real-space
code Octopus [58]. The so-called superatom analysis of the electronic structure was per-
formed following Ref. [59]. In this approach, the Kohn–Sham wave-functions are projected
onto spherical harmonics, which allows for a determination of their angular-momentum
character and, in particular, identification of the jellium-like delocalized states that follow
the super-atom or super-atom-complex (SAC) model. The same homemade code was
used for the atomistic projected density of states (PDOS) so that the two quantities can be
directly compared. Since the atomistic projection onto spherical harmonics is carried out
inside the spheres around each atom, an appropriate summation yields an approximate
angular-momentum-resolved local density of states, which also provides the possibility of
producing sums over the surface or the interior atoms.

3. Results and Discussion

The optical response of the Aucore, Agcore, and intermediate configurations along the
pathway of Figure 1 are shown in Figure 2. A more complete set of spectra for the remaining
configurations, in which the progressive changes are better visualized, is provided as an
animation in the Supplementary Material.

The Aucore configuration with all silver atoms at the surface is energetically the more
stable endpoint. It has an optical spectrum exhibiting a strong peak at about 3.3 eV, which
corresponds to the LSPR. The strong contributions at higher energies of about 4.2 eV
presumably originate from the complex interplay of the plasmon with the respective d
states of the gold and silver atoms. The main effect of the reordering of the cluster towards
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the AgcoreAushell configuration is the clear decrease in the peak at 3.3 eV, indicating the
increase in the damping of the LSPR. This is reminiscent of the disappearance of the LSPR
in ideal gold-silver core-shell structures with a pure gold surface layer [33], although, in
the aforementioned work, the effect could not be identified as clearly because the relative
number of atoms necessarily changed between the Aucore and Agcore clusters. In the
Supplementary Information, we reproduce the spectra of the pure and of the perfect
core-shell 55-atom structures [33].

Figure 2. Calculated optical spectra of relevant configurations along the path connecting the
Agcore and the Aucore nanoalloys: the two endpoints and one configuration midway between them
(c.f. Figure 1).

In order to separate the different effects that influence the changes seen in Figure 2, it
is instructive to consider the limiting cases of pure gold and silver clusters. Figure 3 shows
the densities of states of the 55-atom and 309-atom icosahedral clusters, with the latter size
being chosen as it has a similar number of atoms in the core (147) and in the outer shell
(162). In the 55-atom nanoalloys, the number of surface atoms is much larger than that of
interior atoms (42 vs. 13). When comparing the contribution of the two on the overall DOS,
this fact can lead to a partially misleading impression because the differences are due to
two effects: the different nature of the states and the different numbers of atoms. For this
reason, in Figure 3b, we present the same DOS but divided by the respective numbers of
surface (42) or interior (13) atoms.

Although the DOS is rough and peaked due to the relatively low number of electrons,
the d band is clearly seen for both metals, with the edge of the Ag d band lower in energy
than for Au and the overall d band narrower in the silver cluster. The interior contributions
to the d band are spread over a larger energy range than those of the surface atoms.
This reflects the lower coordination number of the surface atoms and corresponds to the
well-known result of the local density of states. In addition, the edge of both d-band
contributions lies at roughly the same energy [60,61].

The DOSs of the larger nanoparticles of 309 atoms, shown in Figure 3c, are smoother
due to the much larger number of states, but the overall findings are the same as in the
55-atom clusters. It is instructive to see these effects for the pure clusters, as they will appear
in a less clear form in the results for the alloy clusters. What remains to be determined is
the respective importance of the overall differences in the DOS and of the different natures
of the surface and interior contributions.
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(a)

(b)

(c)

Figure 3. Total densities of states of the pure icosahedral clusters Ag55 and Au55, with broadenings
of 0.100 eV (thick solid lines) and 0.025 eV (thin solid lines, to obtain a better view of fine details).
The picture is complicated by the fact that the number of surface atoms and of interior atoms are
very different (42 vs. 13) for the 55-atom clusters, which partially hides the relevant differences in
panel (a). Therefore, in panel (b), we show the same densities of states, each divided by the respective
numbers of atoms. This shows more clearly the respective nature of the bands: the d band in the local
DOS of the interior part is broader than that of the surface atoms. In addition, the upper edges of
the d-band contributions coincide. For comparison, in panel (c), we show the result for the larger
309-atom Ag and Au clusters, which have comparable numbers of surface (162) and interior (147)
atoms. In this case, the higher number of states (electrons) produces naturally a smoother, clearer
picture. It is interesting to see that, nonetheless, the general behavior of the two contributions remains
unchanged between the small 55-atom clusters and the 309-atom nanoparticle.
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We turn to an analysis of the electronic structure of the 55-atom alloy clusters. A mere
consideration of the (total) densities of these states does not show significant changes in
the d-band edge, unlike in the above comparison between pure silver and gold clusters.
The total DOSs are included as an animation in the Supplementary Material to show
the continuous changes, which are rather small. Consequently, in Figure 4, we present
the projected densities of states (PDOS) for the same three configurations, the spectra of
which are shown in Figure 2. In each case, we show the superatom projection where the
wavefunctions are projected onto spherical harmonics over the full clusters with the center
of mass at the origin. This projection, which corresponds to the SAC model [59], provides
the angular momentum character of the delocalized (“jellium”) states.

In the cases where one angular-momentum character is dominant, the corresponding
peak in the PDOS carries one color and represents one (sub-)shell of superatom states.
In contrast, when a wild mixture of contributions is indicated by the different colors, no
clear SAC character is found. This is the case for the d band, for which the general position
of the electrons is dictated by the position of the atoms rather than the arrangement of
the delocalized electronic states. The two cases can clearly be distinguished from one
another, e.g., in the SAC panel for the Aucore configuration: in the region between −6.5 and
−2.0 eV, the d band does not show any particular SAC state. Conversely, below −6.5 eV
and above −2.0 eV, the SAC character is clearly identified. Interestingly, the lowest S state
with L = 0 lies slightly above the P and the D states, unlike in the other two configurations
shown here, where the normal S-P-D order is found. Further insight can be obtained
from the SAC states around the HOMO-LUMO gaps. The states around the HOMO are
L = 4 (G) states; their splitting and exact energies change somewhat along the trajectory
but their nature does not. The same applies to the P and F states above the d band. While
these characters are determined by the overall count of delocalized electrons, they are not
qualitatively changed by the alloying and reordering effects.

For each configuration, Figure 4 also shows the d components of the atomistic PDOS.
This information is complementary to the SAC PDOS and helps to identify the different
characters of the wavefunctions. In the case of the clear SAC states, the atomistic d character
is vanishingly small, as can be seen, e.g., in the lowest states of each configuration.

Along the rearrangement trajectory, there is a small increase in the total DOS around
and slightly above −2 eV. This change is much smaller than the difference between the
pure gold and silver clusters, c.f. Figure 3. Looking at the projected densities of states, we
see that while in the Aucore configuration, any states above −2 eV are rather clear SAC F
states (L = 3), there is an increase in (atomistic) d contributions at this energy along the
trajectory and especially in the Agcore configuration. Separating the contributions from
interior and surface atoms, we see in Figure 4 that the upper edge of the d band in the
Aucore configuration is comprised of contributions from both the surface and the inner Au
atoms. Both contributions are of similar importance. Along the trajectory, the contribution
of surface gold atoms increases until it largely dominates the edge states for the Agcore
configuration. This increase, together with the aforementioned particular influence of the
surface atoms, causes the strong effect on the optical properties in general and, in particular,
the LSPR.

For comparison, we show the equivalent of Figure 4 for the pure clusters and perfect
core-shell structures in the Supplementary Material. In this case, the changes in the d band
are much stronger than the ones shown in Figure 4. This strong effect is due to the changing
composition between the systems and would render any of the subtle changes discussed
for the rearrangement trajectory indiscernible.
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(a)

(b)

(c)

Figure 4. Projected densities of states of the three configurations depicted in Figure 1. (a) Aucore,
(b) intermediate, and (c) Agcore. In each case, the SAC projection (upper panels) along with the d
contributions of the atomistic PDOS (lower panels) are shown. The latter are resolved into groups
corresponding to the interior and surface atoms of each element.
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To represent the relevant changes along the trajectory more clearly, an enlarged view
of the d band edges is shown in Figure 5. The increase in the surface Au contributions is
clearly seen. In addition, the difference in the total d contributions between the first and
the last configurations is almost always positive, as is shown in the middle panel. This
concerns particularly the energy range between roughly −1.5 and −2.5 eV. However, this
increase remains relatively subtle, even though its effect on the optical spectra, via the
change in the interband transitions, is strong, as seen in Figure 2.

Figure 5. Projected density of states (d contributions) of the Aucore (upper panel) and Agcore (lower
panel) configurations. While the increase in the contributions of the surface gold atoms appears
clearly, the overall change is more easily discerned in the middle panel, which shows that the subtle
difference between the two PDOSs is almost always positive.

4. Conclusions

The optical signature associated with the complex structural rearrangement in AgAu
nanoalloys over a rearrangement trajectory connecting the Aucore to the Agcore clusters was
theoretically investigated. Our approach paves the way for studies on the influence of the
chemical configuration on the optical properties based on non-ideal structures, under the
constraint that both the overall composition and the size are kept fixed.

The calculated spectra exhibit strong variations along the trajectory, with the clear
LSPR in the Aucore configuration with all silver atoms at the surface becoming increasingly
damped as the gold atoms gradually replace them at the surface. This finding agrees with
earlier studies that showed a strong influence of the outermost atomic layer [33]. These
changes are clearly related to the interband transitions from the filled d shells. A detailed
analysis of the overall density of states shows that it does not change strongly. The DOS at
the d-band edges increases as more gold atoms fill the surface, but this increase is subtle
and does not appear to induce alone the strong observed changes in the optical spectra.

An analysis of the projected densities of states, differentiating between contributions
from the surface atoms and the interior atoms, indicates that it is the contribution of the sur-
face gold atoms to the d band edge which induces the strong changes in the optical spectra,
viz., the strong damping and decrease in the LSPR. The precise chemical configuration thus
has a strong influence on the optical properties, even though the changes in the d band edge
that mediate this influence on the optical properties via the interband transitions remain
relatively small. Our results further confirm the possibility of engineering the optical
properties of plasmonic nanoalloys by designing the appropriate chemical configurations.

In straightforward extensions of the present work, other compositions could be con-
sidered, with the cases of 25%:75% and 75%:25% being particularly interesting at the size of
55 atoms as they approximately correspond to the perfect core-shell nanostructures. Larger
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clusters, however, would definitely pose a challenge to both the statistical exploration
of connecting pathways and to the subsequent electronic structure calculation. In this
respect, it would be particularly relevant to employ alternative methodologies, e.g., based
on machine learning [62–64], to address both aspects.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/alloys3010003/s1, In the electronic supplementary material we show a
series of optical spectra including many of the intermediate configurations (animation); the changes
of the total DOS for the same configurations; spectra of the pure and perfect core-shell 55-atom AgAu
clusters; the PDOS of these clusters.
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