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ABSTRACT: The relationship between composition and
plasmonic properties in noble metal nanoalloys is still largely
unexplored. Yet, nanoalloys of noble metals, such as gold, with
transition elements, such as iron, have unique properties and a
number of potential applications, ranging from nanomedicine
to magneto-plasmonics and plasmon-enhanced catalysis. Here,
we investigate the localized surface plasmon resonance at the
level of the single Au—Fe nanoparticle by applying a strategy
that combines experimental measurements using near field
electron energy loss spectroscopy with theoretical studies via a
full wave numerical analysis and density functional theory
calculations of electronic structure. We show that, as the iron
fraction increases, the plasmon resonance is blue-shifted and
significantly damped, as a consequence of the changes in the
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electronic band structure of the alloy. This allows the identification of three relevant phenomena to be considered in the design
and realization of any plasmonic nanoalloy, specifically: the appearance of new states around the Fermi level; the change in the
free electron density of the metal; and the blue shift of interband transitions. Overall, this study provides new opportunities for
the control of the optical response in Au—Fe and other plasmonic nanoalloys, which are useful for the realization of magneto-
plasmonic devices for molecular sensing, thermo-plasmonics, bioimaging, photocatalysis, and the amplification of spectroscopic

signals by local field enhancement.
KEYWORDS: plasmon resonance, alloy, nanoparticles, EELS

wealth of applications are based on the control of light—

matter interaction in metal nanoparticles (NPs) through
physical processes related to plasmons, namely, the collective
oscillations of conduction electrons in metallic systems.'
Indeed, the localized surface plasmon resonance (LSPR) in
metal NPs can be tailored in order to achieve strong near-field
electromagnetic enhancement effects, specific far field scatter-
ing properties, intense light extinction, efficient photothermal
transduction, or even hot-carriers generation.2_6 Exploiting
such versatility for target applications requires great efforts in
the development of advanced fabrication methods for
plasmonic NPs, in order to completely control the
nanostructures’ size, geometry, assembly, and dielectric
environment.”” Another parameter for tuning the LSPR
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response and, in particular, for obtaining new physical—
chemical properties is the alloying of traditional plasmonic
materials such as gold and silver with other elements from the
periodic table.* " The field of plasmonic nanoalloys made of
noble metals and transition metals is especially sought for the
coexistence of plasmonics with magnetism or catalytic
activity."'™"® In the best cases, the generation of mutually
influenced, physical-chemical phenomena like magneto-
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plasmonics and plasmon enhanced catalysis are also
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Figure 1. (A) Molar extinction coefficient (¢, referred to moles of metal atoms) of Au—Fe nanoalloys in water (black line) and of a reference
sample of pure Au NPs (red line). The difference in the optical extinction of the two colloids can also be appreciated by the naked eye, as shown in
the inset. (B) TEM image of the Au—Fe nanoalloys. (C) Mie model calculations of the extinction cross section (oy,,) of Au(88)Fe(12) alloy NPs
(black line) and of pure Au NPs (red line), providing as input the size distribution measured by TEM on the Au—Fe nanoalloy sample, which is
shown in the inset. (D) Elemental analysis of an Au—Fe NP containing 85 at % of Au and 15 at % of Fe, showing STEM HAADF image (top left);
2D EDXS maps of Au (L-a,f peaks) and Fe (K-, peaks) distribution (right); profile of a linescan across the NP (integrated over a 9.6 nm width)
of the net Au and Fe counts for the mapped X-ray peaks (bottom left). The maps and the linescan confirm that the two elements are

homogeneously distributed within the NP.

possible. Recent reports have highlighted the unique properties
and the multiple applications of plasmonic nanoalloys such as
Au—Fe and Ag—Fe NPs, which were proposed as multimodal
contrast agents in nanomedicine,'” as magnetically responsive
plasmonic substrates in surface enhanced Raman scatter-
ing,zo'21 as efficient converters of light into heat,”"** as well as
for use in catalysis.”

While the spectroscopic properties of plasmonic nanostruc-
tures composed of the same material have been thoroughly
studied, both in ensembles and at the single particle level,”* the
response of multifunctional plasmonic nanoalloys remains
largely unexplored.”” In order to elucidate the effect of alloying
on plasmonic response, a thorough approach is necessary,
going from the precise identification of alloy composition and
plasmonic response at the single nanoparticle level, to
electromagnetic theory and calculations of the electronic
structure of the alloy. Experimentally, the alloying between
noble metals and base metals is hindered by thermodynamic
constraints, such that several attempts to fabricate nanoalloys
resulted in heterostructures or core—shell structures.”® For
instance, a large miscibility gap exists in the Au—Fe binary
phase diagram, due to the structural dissimilarity of the body-
centered cubic (BCC) iron and face-centered cubic (FCC)
gold end members and the large difference in their lattice
parameters, with the solubility of Fe in Au being estimated to
be <2 at % at 200 °C.>” Consequently, it was shown that Au—
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Fe alloy can be obtained in a wide range of compositions only
by out of equilibrium synthetic methods.”® To overcome this
limitation, a fabrication method was developed that enables the
synthesis of iron-doped Au and Ag nanoparticles in one step,
by a simple and environmentally friendly approach based on
laser ablation in liquid.”"**~** Using laser ablation in liquid,
metastable Au—Fe nanoalloys can be obtained by fast
quenching of a high temperature solid solution of the two
metals ejected from a bulk target absorbing the laser pulses.””
In these nanoalloys, the plasmonic response of the gold moiety
and the magnetism of the iron moiety coexist, though with
strong modification compared to single element NPs, for
instance revealing a nonlinear surface plasmon resonance
dependence on the iron fraction, and a transition from
paramagnetic to a spin-glass state at low temperature.29
Although the far and near field spectroscopic properties of
the Au—Fe nanoalloys have been investigated in ensembles of
nanoparticles,’® with an appreciable agreement between
experiments and theoretical calculations, to date the plasmonic
response at the single nanoparticle level was not probed. This
is relevant because, while the average elemental composition of
laser generated Au—Fe nanoalloys is easily and clearly
identifiable,”*° at the single NP level it spans a statistical
distribution peaked on the average value, with extremes going
from iron-poor to iron-rich conditions.”® Also, in a few limited
cases, phase segregated heterostructures or core—shell
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Figure 2. (A) Size versus composition of the Au—Fe and Au NPs analyzed by EELS. (B) STEM HAADF image and representative 2D EELS map
collected at 2.5 eV on a Au(91)Fe(9) NP (43 nm in size), showing the intensity distribution of its dipolar plasmon mode. The white square
represents the type of analysis area that was used for acquiring the single EELS spectra reported below. The EELS spectra of all the Au—Fe and Au
NPs, grouped in four sets with different composition but similar sizes corresponding to 48 + 4, 36 + 2, 29 + 2, and 24 + 2 nm, are reported in,
respectively, the red (C), yellow (D), green (E), and gray (F) rectangles (same as the colors of the rectangles in (A)). (G) EELS spectra for a set of
Au—Fe NPs with similar composition of 5.8 + 1.0 at % and size ranging from 21.0 to 46.5 nm (identified by the blue rectangle in (A)). The spectra

are vertically shifted for an easier comparison.

structures are found together with a majority of homogeneous
alloy NPs.”'

In order to address these limitations, in this Letter we
investigate the LSPR at the level of the single Au—Fe nanoalloy
by near field measurements performed with electron energy
loss spectroscopy (EELS) combined with a full wave numerical
analysis based on the surface integral equations (SIE)
method*** and density functional theory (DFT) calculations.
EELS is based on the measurement of the energy lost by fast
electrons owing to their interaction with the sample; such
energy loss can be induced via the excitation of surface
plasmons when the trajectory of electrons passes close to
metallic nanostructures.”>*® EELS has been applied to study a
broad variety of plasmonic systems,””~** and it has also been
used to probe LSPR kinetics and damping in single plasmonic
nanostructures.”> EELS not only provides information on the
near field distributions and the modal nature of the observed
peaks, but also an insight into the evolution of the absorption
and scattering mechanisms.>**® Indeed, the relative weight of
these two loss channels is expected to evolve upon composi-
tional changes, for instance, when going from the well-known
case of pure Au nanoparticles to the unexplored case of Au—Fe
nanostructures of the same geometry. In addition, in the same
instrument, scanning transmission electron microscopy
(STEM) energy dispersive X-ray spectroscopy (EDXS) is
applied to determine the composition of each analyzed
nanoparticle.

Using these methods, here we provide direct insights into
the plasmonics of Au—Fe nanoalloys, identifying the influence
of the NP composition on the electromagnetic response. By
relating the plasmon resonances and plasmon—interband
interaction with the composition, this work facilitates the
development of multielement plasmonic structures with
tailored responses, beyond the possibilities offered by single-
element plasmonic ones. Due to the multiple functionalities of
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the magneto-plasmonic systems,”’ > we expect that these
results will reveal new opportunities for the control of the
nanoscale optical response, as required for efficient tuning of
directional scattering,”* molecular sensing,55’56 photocataly-
sis,”” and local field enhancement for the amplification of
spectroscopic signals.”*

Au—Fe nanoalloy solution, in the form of a colloidal
dispersion in water, was obtained by the laser ablation
approach (see Supporting Information (SI) for details). The
crystalline structure of the NPs was characterized using X-ray
diffraction (XRD). The XRD pattern (Figure S1 in SI) shows
all the peaks typical of the FCC lattice of Au, without other
contributions, but for a smaller lattice parameter of 4.031 A
compared to that of pure Au (4.079 A). This is consistent with
the formation of a metastable Au—Fe alloy, with the Fe atoms
randomly substituting Au atoms, at the Au lattice sites.””**°
Further confirmation of this alloy nature is provided by
measuring the binding energies of Fe 2p and Au 4f core levels
with X-ray photoelectron spectroscopy (XPS), where the Fe
component is confirmed as being metallic and the peak
positions are consistent with alloy formation (Figure S2 in SI).

Before analyzing the optical properties of the Au—Fe
nanoalloys on an individual particle basis, we first discuss the
optical properties of the ensemble. Their UV—vis absorption
spectrum is characterized by a weak plasmon band at 2.53 eV
(490 nm), superimposed on a wide interband absorption edge
(black line in Figure 1A). In comparison, for a colloid of pure
Au with similar average particle size of 20 = 6 nm and log-
normal size distribution, the intensity of the LSPR is much
higher than the interband transition edge and located at 2.38
eV (520 nm, red line in Figure 1A). Qualitatively, the different
optical properties of the Au—Fe nanoalloys can be appreciated
because its solution exhibits a brownish color, in contrast to
the purple-red of the pure Au NPs (inset of Figure 1A).
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Figure 3. (A) Simulated EELS spectra showing the influence of the composition on the spectral properties of the alloy NP for various diameters.
(B) Plot of LSPR maximum versus composition for the four sets of NPs considered in the calculations. (C) LSPR maxima extracted from the
experimental spectra of Figure 2. The dashed black lines in (B) and (C) represent a second order polynomial fit of all the reported data (see Table

S1 in SI for fitting parameters).

The Mie model provides a good description of the optical
properties of spherical metal nanoparticles, when an appro-
priate optical constant is available. In this case, by providing as
input data the size distribution measured from transmission
electron microscopy (TEM) analysis (Figure 1B and inset of
Figure 1C, and setting the optical constant to that of an
Au(88)Fe(12) alloy according to the composition extracted
from XRD data and from previous reports,w’zg’30 we obtain a
good agreement between the extinction spectrum calculated
with the Mie model (black line in Figure 1C) and the
experimental spectrum of the Au—Fe nanoalloys (black line in
Figure 1A). In particular, the spectrum calculated with the Mie
model reproduces both the damping and position of the LSPR
at 2.53 eV (490 nm), i.e., blue-shifted compared to that of Au
NPs. Similarly, when the optical constant is set to that of pure
Au, a sharp LSPR peak appears at 2.38 eV (520 nm, red line in
Figure 1C), as in the reference experimental spectrum of the
single element Au NPs (red line in Figure 1A). Note that these
differences are due to the alloy composition and are not an
artifact of NP size polydispersity, as proven in Figure S3 in the
SI, and in a previous study conducted with size-selected Au—
Fe alloy nanoparticles.””

To deconvolve the contribution of the single Au—Fe alloy
NP to the extinction properties of their ensemble, using EELS
we analyzed the LSPR features of isolated NPs from the same
colloid deposited on a Si—N TEM grid. As apparent from
Figure 1C, the Au—Fe sample has a wide size distribution,
which allowed the analysis of Au—Fe nanoalloy NPs with
different compositions and diameters, while keeping the other
experimental parameters unchanged. Then, in a step-by-step
experimental approach, the plasmonic responses of these NPs
were compared to those of pure Au NPs across similar size
ranges. The NP dimensions were measured using the images
acquired with the high angle annular dark-field (HAADF)-
STEM mode. For each Au—Fe NP, we also performed EDXS
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analysis in order to measure its average composition and verify
the homogeneity in the distribution of the iron within it. This
potential for correlative analytics of nanoalloys is a strong point
of EELS, when compared to other common spectroscopic
methods for identifying single particle optical properties, such
as dark field microscopy. The EDXS analysis confirms that Au
and Fe are homogeneously distributed in all of the NPs
considered, as expected for an alloy, and with no indications of
oxidation (for example, see Figure 1D and Figure S4 in the SI).
Besides, reanalysis of a colloid, dried on a Si—N TEM grid over
two years earlier, by STEM-EDXS identified exactly the same
characteristics of uniform alloy composition across individual,
separated nanoparticles, indicating that the Au—Fe nano-
particles are stable over time.

As shown in Figure 2A, the iron content of all the sampled
Au—Fe nanoalloy NPs spans between 4 and 20 at %, with a
volume weighted average over all the nanoparticles analyzed
resulting in 10 + 4 at %. This agrees with our previous
reports” " and is close to the value used for the estimation
done with Mie theory on the colloidal solution. Since the EELS
measurements give direct insight into the near field
distribution of the plasmon excitation, first we determined
the EELS intensity map of the LSPR on a single Au—Fe NP
with 9 at % of Fe, finding that the highest intensity is located
rather symmetrically along the ed§e of the nanoalloy (Figure
2B), in analogy to pure Au NPs.”* This behavior allows the
analysis of the EELS response by measuring only a small
portion of the NP along its edge, and then extracting the
associated EELS spectrum to measure the LSPR peak position
and shape. As explained in the Methods (see SI), this approach
was applied to most of the measured NPs.

At the single particle level, the dependence of the LSPR on
the composition was investigated on four groups of NPs with
average sizes of 48 + 4, 36 + 2, 29 + 2, and 24 + 2 nm,
respectively, identified by the red, yellow, green, and gray
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Figure 4. (A) DOS plot for Au and two representative Au—Fe alloy compositions, showing the appearance of Fe d-band levels around the Fermi
energy (indicated with a continuous vertical black line). In the Au—Fe alloys, the relative contributions from Au and Fe d-bands are plotted,
respectively, with red and blue lines. The black dashed line located at the onset of the Au d-band helps in highlighting the energy shift while
increasing the Fe content. Insets show the models of cubic cells used in DFT calculations (Au atoms in yellow, Fe atoms in red). See SI for more
details about Fermi energy calculation. (B) Free electron density versus Au—Fe alloy composition, from DFT calculations. (C) Plot of the
normalized cell volume versus Au—Fe alloy composition obtained from DFT (black diamonds) and experimental values extracted from ref 29 (red

circles).

rectangles in Figure 2A. Previously, it was formally proved that
EELS is related to the extinction (the sum of absorption and
scattering) cross section in the case of small nanospheres.*® In
fact, the EELS spectra collected on the Au—Fe NPs, reported
in Figures 2C—G, all show an LSPR peak centered in the
proximity of 2.5 eV energy loss, superimposed on an
absorption edge due to the single-electron interband
transitions of the metal.”” However, the plasmonic peaks of
these nanoalloys are found to vary in intensity and position
depending on the dimensions and the fraction of Fe. In
particular, there is a general trend of a blue shift and damping
of the LSPR as the fraction of Fe increases. This effect is
especially evident when the Au—Fe nanoalloys spectra are
compared to those of pure Au NPs, as in Figure 2C,E,F.

Concerning the changes in LSPR with NP dimension, this is
well described by considering the set of NPs identified by the
blue rectangle in Figure 2A, with average iron content of 5.8 +
1.0 at % and size ranging from 21.0 to 46.5 nm. From these
spectra, reported in Figure 2G, one can clearly observe that the
LSPR becomes broader and less intense when the NP size
decreases. This behavior follows that often observed in pure
Au NPs and is attributed to intrinsic size effects.”*>*® The
intrinsic size effect acts on the electron relaxation frequency
due to the confinement of conduction electrons in a volume
with size comparable to their mean free path, and it becomes
especially relevant when particle size is below 20 nm.”*>*
However, since a plasmon peak is clearly identifiable in all
spectra of Figure 2G, the damping of LSPR due to the size
effect is clearly less intense than that due to the increase of Fe
content in the alloy.

To support the interpretation of the EELS measurements, a
full wave analysis based on the SIE method was performed.
The variables considered in the simulations were the diameter
and the composition of the nanoalloys, assumed to have
spherical shapes. From the simulated EELS spectra represented
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in Figure 3A, it is possible to observe that decreasing diameter
does not significantly change the shape of the spectra but does
lead to a decrease of the LSPR intensity. For instance, the EEL
intensity decreases by a factor of ~4 going from 50 to 20 nm
diameter nanoparticles. Since the optical response of a small
metallic nanoparticle is dominated by absorption, one could
expect a change in the extinction that follows the nanoparticle
volume. However, the losses are proportional to the field inside
the nanoparticle, which is neither homogeneous nor propor-
tional to the size. For example, the ratio of the maximum of
extinction for a plane-wave excitation of gold spheres of
diameters 50 and 20 nm is only ~3. Additionally, the electron
excitation is extremely localized, thus strongly affecting the
field repartition inside the nanoparticles.

Conversely, the composition of the nanoparticles has a
strong influence on both the position and the intensity of the
plasmonic peak. A blue shift from 2.40 to 3.00 eV and a
damping of the plasmonic peak are observed as the Fe atomic
fraction increases from 0 to 25 at %. Figure 3B,C shows the
comparison of the calculated and experimental position of the
LSPR maximum, evaluated as the point where the derivative of
the EELS spectrum is 0 versus NP composition. Although this
method is not accurate when the LSPR is highly damped, as in
the case of Au—Fe nanoalloys with Fe content exceeding 10 at
%, the general trend clearly shows the damping and the blue
shift of the plasmon peak by increasing the level of iron doping.
The experimental blue shift follows a supralinear dependence
on the iron atomic content, which is also found in the
calculated EELS spectra (dashed lines in Figure 3B,C), and can
be fitted with a second order polynomial (see Table S1 in SI
for fitting parameters).

We note that a complete comparison between the
simulations and the measurements is not trivial, partially due
to the challenges of exactly removing the contributions of the
zero-loss peak of elastically scattered electrons and the Si—N
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membrane from the experimental LSPR EELS spectra (see
Methods in SI for details on the data processing). However, all
the general features of the measured spectra are reproduced by
the simulations, including the peak broadening and blue shift
as the Fe content increases.

In order to confirm further that LSPR blue shift and
damping are due to alloy formation, numerical calculations
using the discrete dipole approximation were performed for a
series of Au nanospheres doped with an increasing volume
fraction of either metal iron or iron oxide subnanometric
clusters (see Figure SSA in SI). The results, shown in Figure
SSB—E of the SI, clearly demonstrate that such doping does
not generate the observed LSPR damping and blue shift.

Notably, the LSPR dependence on alloy composition,
observed experimentally and theoretically, indicates that Fe
has a deep effect on the electronic structure of Au, producing a
blue shift and a damping of the plasmon properties, which do
not correspond to those given by the weighted average of the
optical properties of the two pure metals. This is different from
binary alloys of plasmonic metals, such as Au—Ag, which
supports plasmons across all the composition range.”” It is
known from literature that the introduction of Fe dopants in
the Au lattice is associated with the appearance of iron d states
lying below the Fermi surface in the nanoalloy, from which
new sin%le electron transitions to the conduction band are
possible.” ”***° Low-frequency interband transitions are found
in alloys of noble metals and transition metals with partially
occupied d states,*°"°* which strongly affect the LSPR width
because plasmon excitations can rapidly decay into electron—
hole pairs by Landau damping.®*** The excitation of one
electron in the conduction band and the creation of a hole in
the lower-lying d band has a remarkable contribution to the
electron—electron relaxation rate of Au—Fe nanoalloys'”®"**
and is responsible for the nonlinear dependence of the
plasmon damping versus iron concentration observed exper-
imentally.””** This mechanism is frequently found in nano-
plasmonics, being at the origin of the superior plasmon
performances of silver nanostructures in comparison with gold
ones.””*¥°® A further confirmation comes from DFT
calculation of the density of states (DOS) in iron-doped Au
crystals (Figure 4A), which shows the emergence of a new
band around the Fermi level having a dominant Fe d character.
Concurrently, the edge of the Au d-band slowly moves toward
lower energies, with respect to the Fermi level. Hence,
interband transitions are affected by the DOS changes in two
ways: electronic excitations from the Au d-bands shift toward
higher energy as the Fe concentration rises, while the
appearance of a new band close to the Fermi level makes
possible the already mentioned low frequency electronic
transitions, which greatly contribute to Landau damping.

Further to this, the experimental and computational results
we present in Figure 3 show that the LSPR is blue-shifted with
increasing iron content, following a supralinear dependence on
the composition. The blue shift introduces an additional
contribution to plasmon damping in Au—Fe nanoalloys, due to
the larger overlap with interband transitions inherent to the
gold band structure. A blue shift of the LSPR is typically
associated with an increase of the free electron density in the
plasmonic metal,” which in this case could be provoked by a
contraction of the FCC lattice parameter of the gold lattice
when alloyed with iron and by the replacement of Au with
Fe.””?° DFT calculation confirms the increase in density of
conduction electrons when passing from pure Au to the Au—
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Fe alloy (Figure 4B and Table S2 in SI). Two phenomena
concur to this effect: (i) The FCC lattice undergoes a
contraction induced by the inclusion of Fe atoms (Figure 4C
and Table S2 in SI), which is almost linear with Fe
concentration and accounts for a small increase in the free
electron density; (ii) Fe atoms push additional electron charge
in the free electron density of the bimetallic crystal (Table S2
in SI), which in our model can be quantified as ~1.3 electrons
per Fe atom in the alloy, whereas each Au atom contributes
one free electron per atom.

It is worth mentioning that this model provides an almost
linear increase of the free electron density with the amount of
Fe, whereas the parabolic variation of the LSPR maximum
suggests a supralinear growth. However, the latter can be
explained by the simultaneous energy shift of the Au d-band
levels and the appearance of new Fe d levels in proximity of the
Fermi energy, as observed from band structure and DOS
calculations of the Au—Fe alloys. Speciﬁcall7y, simple
considerations based on a Drude—Lorentz model®”** for the
alloy optical constant show that the LSPR frequency (@ pg)
generally follows a transcendental equation (see SI for details):

wF
~ p
Wrspr = 7
€y + 28}1 + _A§22 (1)

where a);k= ‘/wpz+(p2 is the adjusted bulk plasma

frequency, ¢ the coupling strength associated with the low
frequency interband transitions from Fe d-states, f the coupling
strength associated with the interband transitions from the Au
d-band, AQ* = ;> — w gp” a detuning term measuring the
distance between the squared frequency of the Au d-band
contribution and the squared LSPR frequency, &, the
contribution of higher energy electronic transitions to the
metallic dielectric function, and &, the host medium optical
constant. On the one hand, the expression for @}’ indicates
that there is an effective increase in plasma frequency, which is
bound to the DOS of Fe d-states.””°® On the other hand, from
eq 1, we see that @w;gpy remains bounded from above by w;:
AQ? cannot become too small (or negative), as then the metal
becomes absorptive and there is no plasmonic response.
Importantly, the increase of the bulk plasma frequency alone
does not guarantee a corresponding increase in the @; gpp, if the
detuning term AQ? decreases. For instance, Au and Ag have
almost identical bulk plasma frequencies of 8.6 eV,”* but
different d-band energies, around 2.7 and 4.2 eV, respec-
tively,”>* resulting in markedly different LSPR frequencies.”"
Then, assuming that all other parameters remained fixed in eq
1, an increase in @y gpp must come from the combined effect of
an increase in the adjusted bulk plasma frequency w;f and an
increase in frequency of the Au d-band contribution ).
Although the Drude—Lorentz model is not accurate enough to
reproduce the experimental results at the level of SIE and Mie
theory, both trends are observed in our experiments and
theory, therefore justifying the measured supralinear increase
of the LSPR frequency with Fe content.

Regarding plasmon broadening, we find that the electron
relaxation rate yg§ also gets augmented by the introduction of
the shallow Fe d-states (see SI for details):

wp2 @’
*
h =% 2+2+72 2+2
@ TP @ T (2)
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where y, is the free electron relaxation rate and y, is the
relaxation rate of the shallow Fe d-states. This is essentially a
manifestation of the Matthiessen rule,”® where the total plasma
relaxation rate is the weighted sum of two rates. The observed
large LSPR broadening with Fe content points to ¥, > y, and
thus to the fact that the added Fe d-electrons introduce
relaxation (i.e, new relaxation pathways and thus broadening)
into an otherwise little damped Au electron gas.

In summary, we have introduced a strategy for predicting
and interpreting the optical properties of nanoalloys combining
EELS measurements and DFT calculations, here applied to the
investigation of the LSPR in Au—Fe alloy NPs with different
compositions and sizes. We found that the LSPR is present in
Au—Fe nanoalloys, although with an intensity and spectral
position dependent on the structural parameters of the NP. In
particular, we observed that, as the fraction of Fe increases, the
plasmonic peak is damped and blue-shifted following a
supralinear dependence on the Fe atomic content. By relating
the experimental findings to EELS simulations, we verified that
we can predict the plasmonic properties of nanoalloys with
different dimensions and compositions. Changes in the
plasmonic properties of the alloy are due to the increase of
the conduction electron density, the emergence of new states
around the Fermi level, and the energy shift of the Au d band,
as deduced from DFT calculations and use of the Drude—
Lorentz model. Although the Fe doping induces a damping of
the LSPR, additional Mie theory calculations show that the
extinction, scattering, and absorption cross sections remain in
the same order of magnitude (Figure S6 in SI). Further to this,
numerical calculations show that the local field enhancement in
Au—Fe nanoalloys is still appreciable and comparable to that of
pure Au NPs of the same size (see Figure S7 in SI). Since Au—
Fe alloys have a spin-glass behavior below 16 at % Fe, re-
entrant spin-glass state from 16—24 at % Fe, and fully
ferromagnetic state above 24 at % Fe,”” these nanoalloys are
therefore very promising for the investigation of hybrid
magnetic—plasmonic effects'”'>>® and several applications
exploiting the multimodal magnetic—plasmonic features in
sensing'’ and nanomedicine."’

Overall, this study provides direct insights into the
plasmonics of nanoalloys made of noble metals and transition
metals, pointing to alloying as a powerful strategy for
modifying plasmonic performances through band structure
engineering. By relating the plasmon modes and plasmon-
interband interaction with the composition, this work also
facilitates the development of hybrid plasmonic structures with
tailored responses, beyond the possibilities offered by single-
element NPs. Due to the multiple functionalities of Au—Fe and
the other plasmonic nanoalloys, we expect that this study will
provide new opportunities for the control of the nanoscale
optical response, enabling eflicient tuning of directional
scattering, molecular sensing, thermo-plasmonics, bioimaging,
photocatalysis, and local field enhancement for the amplifica-
tion of spectroscopic signals.
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