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Abstract

Although the excitation of localized surface plasmons is associated with enhanced scattering and
absorption of incoming photons, only the latter is relevant for the efficient conversion of light into
heat. Here we show that the absorption cross section of gold nanoparticles is sensibly increased
when iron is included in the lattice as a substitutional dopant, i.e. in a gold-iron nanoalloy. Such
increase is size and shape dependent, with the best performances observed in nanoshells where a
90-190% improvement is found in a size range that is crucial for practical applications. Our findings
are unexpected according to the common believe and previous experimental observations that alloys
of Au with transition metals show depressed plasmonic response. These results are promising for
the design of efficient plasmonic converters of light into heat and pave the way to more in-depth

investigations of plasmonic properties in noble metal nanoalloys.
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Plasmon absorption can be increased up to 200 % just by doping gold nanoparticles (nanospheres,
nanoshells, nanordos etc.) with iron. The benefits of alloying Au with Fe are observed in
nanostructures larger than 70 - 100 nm and for iron contents of 10 - 20 atomic %. The increment is
located in the red and near infrared part of the spectrum, which is the region of interest for most

biological applications.
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Introduction

Multiple scientific and technological applications rely on the localized surface plasmon resonance
(LSPR), which occurs when free electrons in nanoparticles (NPs) are collectively excited by
electromagnetic radiation.' The highest values known in nature for the extinction cross section
(Oexi) are found in noble metal NPs.> Photons exciting plasmons are either absorbed or scattered,
and the probability of the two events is determined, respectively, by the NPs absorption (caps) and
scattering (Oses) cross sections, whose sum gives the opg.” * Since different properties are
associated to scattering and absorption, Gaps and Osc, are the relevant quantities for real application
of plasmonic NPs.>” Light scattering is an elastic process consisting in the modification of photon
propagation direction,’ therefore NPs with a large og., are preferentially exploited for biolabelling
and sensing up to single particle sensitivity,8 as well as for nanolensing and enhancement of

nonlinear optical properties in nearby objects,”"> such as plasmonic enhanced near-field absorption

15-17

. 14 . . . .
in solar cells, ~ surface enhanced Raman scattering or plasmonic enhanced third harmonic

generation.'®
Instead, light absorption consists in the transfer of photon energy to the plasmonic nanostructure,

where it is rapidly converted to heat.” Therefore, NPs with a large oaps are suited for photothermal

21, 22 3

processes such as photothermal therapy,” ' *° drug release, photoacoustic imaging® >

24, 25

photothermal contrast imaging, photothermal-induced resonance imaging,”® photothermal

28, 29

polymerization,”” plasmonic patterning and light induced vapour generation.’®>? Another

consequence of photon absorption is the alteration of the equilibrium electron Fermi distribution in

the metal NP,

33,36

which allows charge injection in the conduction band of nearby semiconductors

37,38 39,40

and it is exploited for plasmon-enhanced catalysis and photocurrent generation.
Since the caps and osc, of noble metal NPs grows with, respectively, the 3" and the 6™ power of
particle’s size,” ® there is a size threshold at which scattering equals absorption.™ ® This threshold

6, 41

depends on shape, structure, and composition of NPs, and for noble metal NPs it falls

approximately at 60-100 nm.* ** * Consequently, absorption for unit mass is maximized by

. : LIk
reducing particle size, ™

although in this way the absolute capacity of light-to-heat conversion in
the single NP is dramatically diminished.>®**** Alternatively, one can choose shape and structure
to maximize the absorption cross section.” ®?° For instance, at equal volume, Au nanorods (NRs)
have larger Gaps than Au nanoshells (NSs) composed by a silica core coated with a gold layer.™°

In addition to size and structure, the composition of metal NPs is another degree of freedom to
maximize plasmon absorption.9 This controls the complex permittivity, €, on which Gaps and Gge,
ultimately depends."* Indeed, composition has been seldom considered as a parameter for tuning

9, 45-49

the plasmonic response of noble metal NPs, and there is a relatively low number of noble

3
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metal plasmonic nanoparticles composed by elements different from Au or Ag, such as Pt,”° Pd,”
Ga™ or AL> This is often motivated by the general assumption that other metals cannot perform
better than pure Au and Ag nanostructures, either in terms of plasmonic response, ease of synthesis,

physical-chemical stability or biocompatibility.> **

48, 54-56 57, 58

However, the recent interest in magneto-plasmonics and plasmon enhanced catalysis
pushed to the synthesis of several other plasmonic nanoalloys, beyond the well known Au and Ag
nanostructures, such as Au-Fe,” * Au-Pt™ and Au-Pd”’ compounds. In these nanosystems,
plasmonic performance strongly depends on alloy composition and stoichiometry. In fact, alloying
induces the modification of the band structure of the original metals, e.g., by changing the optical
gap, moving the Fermi energy and introducing new interband transitions.*> Generally these alloys
exhibit oy and local field enhancement inferior to pure noble metals with identical size and

48, 54, 57, 58

shape, which explains the modest number of studies in which these systems are used for
purely plasmonic applications.

Here, we show that alloy NPs composed by a noble metal (Au) doped with 5-15 atomic% (at%) of a
transition metal (Fe) have superior absorption cross section than the pure Au counterparts. We start
from the experimentally measured optical constants of Au-Fe alloys,” in which iron is present as a
substitutional dopant in the face centered cubic lattice of gold, to calculate with analytical (Mie
theory) and numerical (Discrete Dipole Approximation) methods the dependence of plasmon cross
sections on the size and shape of nanostructures. The augmented plasmon absorption in iron-doped
Au nanoalloys is prevalently observed in the red and near infrared (NIR) frequencies, which
actually is the working window for most photothermal applications.™ *In general, these results

suggest that the scarcely investigated field of plasmonic nanoalloys, can be a source of new yet

unforeseen solutions for the improvement of plasmonic performances.

Results
Iron-doped gold nanoshells

As a benchmark material for photothermal applications, we first consider Au NSs.%’ In synthetic Au
NSs, the scattering cannot be minimized simply by reducing the size of the whole nanostructure,
due to experimental difficulties in the control of the thickness of the metal layer.” ° In fact, to
obtain a plasmon resonance peaked in the red or NIR, as required in most biological applications of
NSs,* % the gold layer must be small compared to the silica core, and ordinary synthetic approaches
usually do not allow a thickness below ca.10nm, unless porous hollow nanostructures such as Au
nanocages are preferred.’’ As a consequence, literature usually reports the use of NSs with size

19, 21, 31, 32, 62, 63

above 100nm, whose heating performances are severely limited by the large

4
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scattering contribution.™ ® * Increasing the caps by acting only on the composition of the metal
layer, while maintaining unaltered NS shape and size, would be the preferential strategy to improve
the photothermal features of these nanomaterials.” ® ® Besides, recent studies evidenced that
multiple scattering in NSs is useful to concentrate light absorption in very small volumes.*

Therefore, by means of Mie theory, we calculated the dependence of Ggxi, Gaps and Osc, on the
composition of Fe-doped Au alloys, considering a NS with a SiO, core of radius 60nm and a 16nm
thick metal shell (60,16), inspired by those often described in the literature for photothermal
applications (Figure 1).°* % In order to quantitatively compare the plasmonic performances as a
function of iron doping, in Figure la we report the integrated cross extinction, absorption and
scattering sections in the 400-1200nm spectral range (respectively Ggx[400-1200nm], Gaps[400-
1200nm] and o©5.,[400-1200nm], see also Figure S1 in S.I.), which is the interval where LSPR of
NSs are typically observed.®” The plot of og.[400-1200nm] has a maximum for 100 at% Au,
whereas extinction decreases with increasing Fe content, as expected from literature.*®>* However,
by looking at the two contributions to oy coming from absorption and scattering, we found that
Gsca and oaps have two opposite trends. The osc, steeply decreases with Fe content, reaching a
plateau at 40% of the pure Au value when iron exceeds 25 at%. Instead, the plot of caps shows a
remarkable maximum corresponding to 182% of its initial value in proximity of 15 at% of iron, and
it is always larger than in the pure Au NS. A similar trend is observed in the plot of the Ggx, Gabs
and o5, values calculated at 800nm (Figure 1b), which is a wavelength frequently exploited for in
vivo photothermal applications.g’ % In this case, the maximum of Gap(800nm) is close to 10 at% of
iron, where it is observed an increase of the 190% of the value in pure Au NS. The spectral profiles
of GExt, Oabs and o, are compared in Figure 1c-e, showing that the plasmon resonance broadens for
increasing Fe doping, in agreement with the recently observed plasmon damping in spherical Au-Fe
alloy NPs with different composition.48’ >4 Interestingly, from the caps/Gsca ratio reported in Figure
If, one can see that absorption markedly dominates over scattering in doped Au NSs when the
wavelength is longer than 600nm, whereas below this wavelength the trend is inverted and the

absorption over scattering ratio is larger in pure Au NSs.
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Figure 1. Mie theory calculations of a (60,16) NS in water versus iron doping. (a) Ogx[400-
1200nm], o©aps[400-1200nm] and ©sca[400-1200nm].  (b) Gpx(800nm), GAps(800nm) and
Gsca(800nm). (c-f) Spectral dependence of Gy (€), Gaps (d), Osca (€) and S aps/Gsea ().

In order to confirm the generality of our finding, we calculated the integrated caps[400-1200nm]

and the oaps(800nm) for a series of NSs with structural parameters extracted from literature!'® 2131

32.60.62.63.66 (Rioyre 2a-b and S2 in S.I.), focusing on four representative levels of iron doping (0, 5,
10 and 15 at% Fe). We found that the calculated plasmon absorption is systematically larger in the
doped Au nanostructures, with an improvement reaching a remarkable +190% in the (60,22) NS.
Such an increase of Gaps can prove useful to minimize damage of healthy tissues in photothermal
therapy,” as well as to increase the minimum detectable amount of NSs in photothermal imaging
techniques.” In general, such an improvement would allow the reduction of the dose of
nanomaterials administered for theragnostic purposes, which is important for the minimization of
side effect related to long term accumulation of the nanodrugs.®” ©*

Since (60,12) NSs have been applied also to vapour generation by conversion of sunlight into

30-32
heat,

the more appropriate parameter to evaluate the photothermal performances for such a
specific application is the convolution of the solar spectral irradiance at air mass 1.5 (AM1.5) with

the GAbS.30'32 In this case (see Figure 2c), a remarkable improvement of 40% in the light-to-heat

6
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conversion is predicted in the 280-1200nm wavelength range by doping the Au shell with 10 at% of
Fe.

In figs. 2d-g we further investigate the effect of Fe doping as a function of the structural parameters
of NSs, such as size and shell thickness (see also figs. S3-S4). When the shell thickness exceeds
10nm, the ops[400-1200nm] and the Gap(800nm) of doped shells surmount by more than 50% that
of pure Au NSs for increasing shell thickness and a fixed diameter of 140nm (Figure 2d-e and S3).
As stated before, this is equivalent to the smallest thickness found in literature.®® Interestingly, when
0abs[400-1200nm] is plotted versus NSs diameter (Figure 2f), while maintaining unaltered the ratio
of core-to-shell thickness at 4:1, we observe that iron-doped NSs have superior absorption only
when size exceeds the threshold value of 100nm. A different behaviour is observed for the value of
Gabs at 800nm (Figure 2e), which is larger in Fe-doped NSs in the whole range of diameters
considered, with an increase of +50% already for a size of 70nm. Indeed, the spectral profiles of
Gabs (Figure S4 in S.I.) show increasing bandwidth for increasing Fe-doping, which is the main
reason for the superior Gaps(800nm) of doped NSs with size below 100nm, but only above this
threshold the caps of alloy NSs becomes larger than pure Au NSs in the whole red-NIR spectral

range.
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Figure 2. 54,5[400-1200nm] (a) and caps(800nm) (b) for four representative levels of iron doping
(Oat%Fe-100at%Au in black squares, 5at%Fe-95at%Au in red circles, 10at%Fe-90at%Au in green
triangles, 15at%Fe-85at%Au in blue triangles) in a series of NSs with structural parameters
extracted from literature (for details see text). (¢) Convolution of Gaps With the solar spectral AM1.5
irradiance. (d-e) Variation of Gaps[400-1200nm] (d) and caps(800nm) (e) in a NS with a constant
diameter of 140nm and variable shell thickness. (f-g) Variation ©aps[400-1200nm] (f) and
Gabs(800nm) (g) in a NS with constant ratio of core to shell of 4:1 and variable diameter.

Role of shape: spheres, dimers, and nanorods

The effect of iron-doping was investigated further by considering other shapes exploited for
photothermal applications, such as compact spheres, sphere dimers and nanorods (Figure 3 and S5-
S8 in S.I.). In the case of compact spheres, the plot of Gaps[400-1200nm] versus size for the four
representative levels of iron-doping reported in Figure 3a shows that Au-Fe NPs absorb 100% more
than Au NPs when particles are bigger than 100nm. The cps(800nm) of the alloy is larger than in
Au NPs in the whole range of size considered (Figure 3b), although this is again related to the
plasmon bandwidth in doped particles with diameter below 70nm (see Figure S5 in S.I.). Instead,

the oaps of alloys becomes superior in the whole spectral range only for sizes exceeding 70nm.

Page 8 of 22
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Surprisingly, the beneficial effect of iron doping on plasmon absorption is less conspicuous in a
dimer of spheres separated by a Inm gap (Figure 3c-d). The plot of Gaps[400-1200nm] versus
sphere’s diameter shows a maximum increment of +30% for 140nm alloys, with only a slight
increment when the iron-doped nanospheres exceed 70nm (Figure 3¢ and S6a). The trend of
Gabs(800nm) reflects that of monomers (Figure 3d), with the best absorption increment (+80%)
observed in Au-Fe dimers larger than 100nm, whereas the behaviour at lower size is dominated by
the dependence of plasmon bandwidth on iron-doping (see Figure S6b-h in S.I.).

The case of NRs with hemispherical caps can help obtaining more insights about the difference
between isolated and coupled nanospheres (Figure 3e-h and S7-S8). In fact, NRs have elongated
shape and plasmon resonances in the red and NIR,® similarly to sphere’s dimers. At the same time,
isolated NRs are not subjected to the enormous local field enhancement typically observed at the
hot spots in the junction between two plasmonic nanospheres.15 For an easier comparison of NRs
with nanospheres, dimers and NSs, we considered the effective size d.s, defined as the diameter of
the equi-volume sphere.®* In case of a NR with a major to minor axis ratio (aspect ratio) of 2.5 and
incident electric field polarized along the major axis, we found that the caps[400-1200nm] of Au-Fe
alloys is up to 150% larger than in pure Au when de is larger than 70nm (Figure 3e and S7).
Similarly, oaps(800nm) of iron-doped NRs exceeds by 70-380% that of pure Au rods (Figure 3f).

To better elucidate the influence of the shape on the absorption performances of iron-doped alloys,
we also investigated the effect of rod’s aspect ratio in the range from 1.5 to 5.5, while maintaining
unchanged d.¢r at 110nm. For the whole range of aspect ratios, doped NRs have superior absorption

performances (Figure 3g-h and S8), suggesting that particle geometry is less important than size.
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Figure 3. (a-b) oAps[400-1200nm] (a) and cps(800nm) (b) in nanospheres with different size. (c-d)
Oabs[400-1200nm] (c) and Gaps(800nm) (d) in a dimer of nanospheres with different size and
interparticle gap of Inm. (e-f) oaps[400-1200nm] (e) and c4ps(800nm) (f) in NRs with aspect ratio
of 2.5 and different effective size. (g-h) oaps[400-1200nm] (g) and Gaps(800nm) (h) in NRs with
variable aspect ratio and constant effective size of 110nm.
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Discussion

Overall, our calculations show that plasmon absorption is sensibly improved in iron-doped Au
nanostructures larger than 70-100nm. Below this size threshold, the benefits of iron doping on the
Oabs are minimal and prevalently observed in the NIR as a consequence of plasmonic band
broadening in Au-Fe alloy NPs. The change of caps originates from the modification of the optical
constants of gold after doping with iron. Previous experimental studies on the optical properties of

thin AuFe alloy films™ and nanospheres™ **

showed that doping Au with Fe introduces new single
electron transitions, which are generated by electrons lying in the iron d-states below the Fermi
surface of the metal. In general, low-frequency interband transitions are observed when noble
metals and transition metals with partially occupied d-states are alloyed together.*>*® These low-
energy transitions favour the rapid decay of the plasmon excitation into electron-hole pairs,* thus
being the main cause for plasmon band broadening in Au-Fe alloys.”">* This effect increases with
the concentration of the transition metal in the alloy.*® > Moreover, Fe has a smaller atomic number
than Au, meaning that the overall electronic structure of the alloy is different compared to pure
Au.* %% % For these reasons, iron doping modifies the band structure of the metal and the resulting

optical permittivity, in particular by decreasing its real component (¢’) and increasing its imaginary

part (€”) in comparison to pure Au (see Figure 4a-b).

a) — b) 40 — c) —
01 1 35] —100at% Au ——100at% Au
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30 90at% Au 4 90at% Au
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Figure 4. Real (a) and imaginary (b) part of the optical constant for four representative levels of
iron doping (0at%Fe-100at%Au in black, Sat%Fe-95at%Au in red, 10at%Fe-90at%Au in green,
15at%Fe-85at%Au in blue). (¢) The plasmonic quality factor Q for the same four compositions.

The effect of iron-doping on the plasmonic absorption of Au nanostructures can be explained by

considering the dependence of caps for a generic NP at the photon frequency a:** 7

k
go‘E{f‘

O s (a)): &" ﬂEilP‘dVNP (D
NP
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where Ej is the electric field of the incident light, measured in the medium surrounding the NP of
volume Vyp, & is the vacuum dielectric permittivity and Enp is the electric field of the
electromagnetic radiation inside the NP. On the one hand, caps(®) is proportional to the lossy part
of the optical constant €”, which is augmented by iron doping (see Figure 4b). On the other hand,
Gabs(®) 1s proportional to the square of the electric field Enp inside the NP, which is maximized
when the quality factor Q of the plasmon resonance is maximum.”” " Following Blaber,” the
plasmonic performances of metals with different composition can be compared, independent of

2

particle geometry, assuming that Q=-¢’/¢”. In Figure 4c we report Q for the same four
representative Au-Fe compositions of Figures 2-3, and we clearly found that Q is largest in pure Au.
This is in agreement with the fact that highest ogy are systematically obtained for Au NPs rather
than Au-Fe alloys (see, e.g., Figure 1). Therefore, iron doping has the two opposite effects of

increasing €’ and decreasing Enp, and the Au-Fe alloys have superior caps only when the &”
contribution prevails over ‘E f,,,‘ in eq. 1. It is important to point out that, in addition to composition,

Enp depends also on particle shape, size and assembly,” and it is not uniform throughout the NPs
volume.* 7" In particular, the value of Exp in proximity of small gaps in assemblies of nanoparticle
is several orders of magnitude larger than in isolated nanoparticles.®”’* Indeed, the gaps between
NPs are also called hot spots because of this strong electromagnetic field enhancement,'® and this is
the region where the conversion of light into heat is maximum.* ! In order to further investigate

4,72,73

this point, we calculated, using the multipole fields expansion, the internal electric field and

mapped ‘E f,P‘ in spheres (Figure 5a), nanoshells (Figure 5b) and sphere dimers (Figure 5b) at the
wavelength where plasmon absorption is maximum. In particular, we compared the two opposite

cases of pure Au and Au(85)Fe(15) NPs and we considered two distinct sizes corresponding to

spheres with diameter of 35nm and 140nm, i.e. below and above the threshold for the amplification
of plasmon absorption in iron doped NPs. Results confirm that ‘E f,,,‘ is always larger in pure Au
NPs than in the Fe-Au alloy, although the difference is more evident for 35 nm NPs and for dimers

of nanospheres. Besides, one must observe that the maximum of absorbance red shifts for

increasing NPs’ size, moving to the region where € of the alloy is larger and can compensate the

loss in the ‘E ]f,P‘ term. These two trends explain why the superior plasmon absorption is observed in
isolated NPs with size above ~70 nm such as NSs, nanospheres and NRs, rather than in a dimer of
spheres or NPs with size below ~70 nm, where Exp is the dominant contribution.”” We expect this

trend to be general for all the shapes where the local field enhancement is remarkable, such as in all

the coupled nanostructures and particles with sharp tips, corners or edges.

12
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Figure 5. Map of the internal electric field |E2 | in nanostructures of differents shape (a:

nanosphere; b: nanoshells; c: dimer of nanospheres), composition (pure Au or Au(85)Fe(15)), and
diameter (35 nm or 140 nm). Calculations are performed for incident monocromatic radiation at the
wavelength were the maximum absorption occurs (as indicated in the figure). The incident electric
field of the electromagnetic radiation is parallel to the plane of the map. Due to the symmetry of the
dimer of nanospheres, only the left side particle is shown.

For what concern the role played by the type of dopant in the Au alloy, a quantitative comparison
with other transition elements would be possible by using the experimentally measured optical
constants of each compound, as done for the AuFe system in a range of compositions.*® ** *°
However, these data are available only for a limited number of Au alloys containing other noble
metals such as Ag, Cu, Pt or Pd,74 for which no absorption enhancement has been observed in the
past.” * In all the other cases, the synthesis of the alloy and the ellipsometric investigation of the
optical constants as a function of the composition would be necessary to foresee the plasmonic
properties. In fact, as shown in Figure S10 of the S.I., the extrapolation of alloys optical constants
from that of pure metals in the absence of an experimental checkpoint is unreliable. However, we
know from literature that electrons lying in d-states of Fe dopants below the Fermi level play a
major role in the modification of AuFe alloy band structure, by enabling low-frequency interband
45,75

transitions.”” ¢’ On the basis of similar observations on the band structure of other Au alloys,

we expect that an increased plasmon absorption may be possible also by doping Au with other
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transition metals with partially filled d-orbitals such as, for instance, Cr, Co and, to a lower extent,
Ni. In case of transition metals such as Pd or Pt, whose d-orbitals are almost (Pd) or completely (Pt)
occupied, not such a modification of the Au band structure has been observed in the red or NIR.”*"
Conversely, an increased absorbance in the UV-visible range due to single-electron transitions from
d-states in Pt and Pd, and a simultaneous damping of plasmon absorption, have been reported.* "
>8- 7679 This can be explained with the decrease of the real part (¢°) of the optical constant of the
alloy containign Pd or Pt, and a modest increase of its imaginary part (£”) at visible frequencies,
compared to pure Au.*>* In general, this suggests that elements with occupied d-states are not

suitable for the increase of plasmon absorption in Au alloys.

Conclusion

In summary, we showed that iron-doped Au nanostructures with size above 70-100nm have
superior absorption cross section than pure Au counterparts. In particular, a remarkable increase of
90-190% is predicted in NSs and nanospheres commonly exploited for photothermal applications.
The effect is explained with the modification of the band structure of gold after doping with iron,
with consequent increase of the lossy part of the optical constant. These results are general,
suggesting that the band structure of noble metals can be engineered by doping with the appropriate
combination of transition metals to obtain optimized plasmonic properties. At the moment, the
optical constants of noble metal alloys containing one or more transition metals are in large part
unknown, therefore the real potential of doping for the improvement of plasmonic performances is
unexplored, and other transition metals, amongst those miscible with Au, could perform better than
iron. Overall, this study foster the interest on the scarcely investigated field of noble metal
nanoalloys, which can be a source of new unforeseen solutions for the improvement of plasmonic

performances.

Methods
Mie theory for compact spheres.
The extinction, scattering and absorption cross-sections of spherical nanoparticles (Gpxi, Osca and

Gabs) Were calculated using the Mie model for compact spheres:l’ 3

i 2L+1)Rela, +b, | (m1)
oo :_—”i 2L+ 1\ dbs[a, T + Absp, T) (m2)
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Oups = Ok ~Osea (m3)
_ ey () (x)—y, (mx) -y, (%) (m4)

L m"//L(mx)'UL'(X)—WL'(WX)'UL(X)
b, = ‘//L(mx) V/L'(x)_ml//L'(mx) l//L(x) S
V/L(mx) 77L'(x)_m‘//L'(mx) 77L(x) (m5)
=10 (m6)

nm

=[klr. )

where R is the sphere radius, £ is the incident photon wavevector in the host matrix with refractive
index n,, ¥, and 7, are the spherical Riccati-Bessel functions, and n(R) is the complex refractive
index of the sphere. In all calculations, the highest multipolar order (L) considered was 3 and n,, =

1.334 (water matrix).

Mie theory for core-shell spheres.
The extinction, scattering and absorption cross-sections of NSs were calculated using the
generalization of the Mie model for multilayer spheres:1

27r

T ;(2L+1)Re[aL +b,] (m8)
oy =E j] (2L+1)Abs[a, I + absp, ') (m9)
Otbs =Oku ~ Osua (m10)
P T e B e s L
R R A T e e AT i3
S A ke T B
O O IR R A o
ST At S e B
e o
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m, ==L (m17)

R (m18)

where y(x) is one of the spherical Riccati — Bessel functions, ; is the wavenumber of the incident
photons calculated in the host matrix, and s is the layer number, ranging from 1 (the core) to » + 1
(the surrounding matrix with refractive index n,,), with » total number of layers (1 in the Au NSs
case). In all calculations, the highest multipolar order (L) considered was 3 and nsy; = n, = 1.334

(water matrix).

Maps of internal fields.

E f,P , in nanospheres, nanoshells, and dimers of

The maps of the internal electric field intensity,

nanospheres are obtained through the solutions of the same boundary conditions equations defining
the Mie expansion coefficients. For the case of dimers, we use the addition theorem for vector
spherical harmonics,”” that enables the solution of the scattering problem also for clusters of any
size, shape, and composition and the retrieval of the relevant amplitudes for scattered and internal

fields.*

Discrete-Dipole Approximation method.

Calculations of the extinction cross section of nanosphere dimers and NRs were performed by the
DDA method.®' In DDA, the structure of interest, usually called “target”, is composed by a cubic
array of N polarizable points (i.e. N cubic dipoles). The polarization P; induced on each dipole j of
position 7; and polarizability p; is given by:*!

E:p.ffm(;f) (m19)
where Ej,. is the electric field originated by the incident radiation, which includes the contribution

of all other dipoles:81

E Loc (?,-):Eo exp(i%';,— +ia)t)—zjﬂl_31 (m20)

I#j

where A4 is the interaction matrix. The full expression of A/z}_’z is:¥!

jjlﬁl = ﬂlﬁﬂ)x{kz;ﬂ X (I_”‘,'z x P )+w|}jjlzﬁl —37_”_,1 (I_”jl P )]} (m21)
vt v

An important part of DDA is the use of an appropriate expression for p;.*'"** The most applied

expression was developed by Draine and Goodman®® as a correction of the Clausius - Mossotti

polarizability by a series expansion of kd and &, where d is the interdipole spacing. This expression
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was used for our calculations, performed by the software DDSCAT 7.1. More than 10° dipoles were
used for each target, as required to reduce computational errors well below 10%.*" "% A matrix

with refractive index of 1.334 was used in all cases.

Optical constants.

The experimental optical constants of Au, AugsFe s and Aus;Fe,; were taken from literature (ref.74
and 59) and are reported in Figure S8. For all the other values, we used the linear averaging of the
optical constants of the two alloys with the closest composition, according to a successful protocol

previously published and validated by comparison with experiments.*' %% #

1, 41, 84 41, 48, 54, 84
We

The optical constants were corrected for size effects, as reported previously.
adopted a size corrected dielectric constant to account for the intrinsic size effect, which is
important when the mean free path of conduction electrons becomes comparable to particles size /
along the direction of polarization promoted by the electromagnetic field. In the assumption that
only the free electron behaviour is affected by the size of nanoparticles, ¢(w,/) can be expressed in

the following way: 1,41, 84

)= s, (0)+ {“’[w a1 H ; h[m T H (m22)

where &, (@) is the dielectric function of bulk metal at frequency e, T'(!) is the /-dependent free

electrons relaxation frequency and I" is the bulk metal value. F(I ) is expressed according to a size

s 1,41,84
equation:” "

r()=T, + AVTF (m23)

where vr is the electron’s Fermi velocity and A4 is an empirical parameter set equal to 1 in all cases.
Equation (m23) suggests that the damping frequency of NPs with anistropic shape depends on
particle orientation, because / is different for plasmonic oscillations along different directions." "
However, what is really important for the right determination of /" is the ratio 4// and not only the
value of /. Moreover, the charge distribution of plasmon modes in a nanoparticle does not
necessarily coincide with particles size / along the direction of polarization because, for instance,

also multipolar modes can be excited in anisotropic particles.' Hence, the simplest choice for

present calculations consists in assuming that / is equal to the effective radius of the particle d:

I=d, =3V /47)" (m24)
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where Vyp is particle volume. A similar approximation can be found also in previous works of other
authors.® ***>-% Only in case of NSs, for the size correction we considered the thickness of the

metal shell as the parameter 1.*
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