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Abstract We study by the finite-difference time-domain

method the near-field optical properties of isolated or

coupled AgxAu1−x alloy nanoparticles shallowly buried
inside dielectric matrices. The optical index of alloys are

obtained experimentally using spectroscopic ellipsome-

try measurements from multilayered thin films fabri-
cated by ion-beam sputtering. Then, we numerically

investigate the influence of the nanoparticle composi-

tion, interparticle gap and capping-layer thickness on
the amplitude and spatial extent of the electric field

in the vicinity of ellipsoidal nanoparticles. Our calcu-

lations provide evidence that pure metal nanoparticles

(Ag or Au) exhibit a greater field enhancement asso-
ciated with a larger out-of-plane extent compared to

alloy nanoparticles, an effect that is even more pro-

nounced when the optical index of surrounding matrix
is increased. Moreover, we show that the optimal gap

between nanoparticles to maximize the amplitude of

the electric field at the capping layer/air interface re-
sults from a delicate balance, which strongly depends

on the thickness of the dielectric capping layer.
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1 Introduction

The interaction of a noble metal nanoparticle with in-
cident light of specific wavelength induces a localized

surface plasmon resonance (LSPR), i.e. a collective os-

cillation of the conduction electrons at the surface of
the nanoparticle. The wavelength of LSPR depends on

the morphology (shape and size) and composition of

the nanoparticle as well as the refractive index of the
host medium [1,2]. One of the LSPR properties is to

enhance the electric field in the immediate vicinity of

the nanoparticle. This field enhancement can be in-

creased by coupling two nanoparticles, i.e. by reduc-
ing the interparticle gap to less than about one or two

nanoparticle diameters. Thus, nanoparticles arranged

as sub-wavelength arrays of chains are good candidates
to increase the electric field intensity by several orders

of magnitude in localized regions, which are called hot

spots. There are multiple applications of such arrays of
nanoparticles like light-harvesting devices [3], but also

as active surfaces for surface-enhanced fluorescence [4,

5] and surface-enhanced Raman scattering (SERS) [6,7,

8]. Therefore, the fabrication of substrates with a high
density of hot spots, i.e. with controlled narrow gaps

between metal nanoparticles, is a challenge of current

research. In recent works [9,10,11,12,13,14,15,16,17,
18,19,20,21], it has been proposed to fabricate such

substrates by engineering a dielectric surface by ion-

beam sputtering or thermal annealing followed by the
growth of metallic nanoparticles (Ag, Au, Al) by physi-

cal vapor deposition at glancing-incidence angle. Using

this method, periodic chains of elongated nanoparti-

cles with dimensions and gaps below the resolution of
lithographic techniques can be formed. Moreover, these

nanoparticle chains can be coated with a dielectric cap-

ping layer, which provides stability against ageing ef-
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fects and temperature, but also enables surface cleaning

without modification of their optical properties. How-
ever, the capping layer must be as thin as possible be-

cause the electric field is evanescent. In Refs. [9,10,

11,12,13,14,15,16], Ag nanoparticles have been inves-
tigated because Ag is known to product an important

field enhancement. However, this metal has a high mo-

bility and a poor chemical stability, which may force
to use a capping layer too thick to obtain an accept-

able field enhancement at the capping layer/air inter-

face. Compared to Ag, Au is known to present a lower

field enhancement, nevertheless it has a lower atomic
mobility and a better chemical stability against cor-

rosive environments. It would therefore be possible to

use a thinner capping layer, which could allow to pre-
serve sufficient electric field intensity at the surface of

the capping layer. Recently, it has been proposed to

use AgxAu1−x alloy nanoparticles to combine the re-
spective advantages of high field enhancement of Ag

and chemical inertness of Au [22]. Indeed, it has been

shown that AgxAu1−x alloy nanoparticles increase their

oxidation resistance with the Au fraction (1 − x) [23].
Moreover, alloy nanoparticles can reduce the Ag ion re-

lease upon immersion in water [24]. While the far-field

optical properties of AgxAu1−x nanoparticles prepared
by various chemical [25,26,27] and physical [28,29,30,

31,32,33] methods are widely documented, the near-

field properties have not been studied extensively until
now [34].

The objective of this paper is to compare numeri-

cally, by the finite-difference time-domain (FDTD) method,

the near-field optical properties of isolated and coupled
AgxAu1−x nanoparticles (0 ≤ x ≤ 1) sandwiched be-

tween dielectric layers. Particular attention is paid to

the influence of the nanoparticle composition, interpar-
ticle gap and capping-layer thickness on the amplitude

and spatial extent of the hot spots. The paper is or-

ganized as follows: in section 2, we present the pro-
duction process of AgxAu1−x alloy thin films and the

determination of their complex refractive index by spec-

troscopic ellipsometry. Then, in section 3, we study the

optical properties of isolated metallic nanoparticles em-
bedded inside dielectric matrices (SiO2, Al2O3, Si3N4).

Finally, in section 4, we investigate the case of nanopar-

ticle chains, and more particularly the role of coupling
effects on the amplitude of the electric field at the cap-

ping layer/air interface.

2 Refractive index of AgxAu1−x alloy thin films

In order to determine the optical properties of AgxAu1−x

nanoparticles by the FDTD method, the complex re-

fractive index of bulk alloys has to be known. Actu-

Table 1 Thickness of the individual metal layers and number
of bilayers m of (Au/Ag)m multilayers grown on sapphire
substrates.

Composition Thickness (nm) m

Au Ag

Au 103.5 - 1
Ag0.26Au0.74 2.7 0.9 25
Ag0.41Au0.59 2.7 1.9 20
Ag0.62Au0.38 1.9 3.1 20
Ag0.75Au0.25 1.0 3.1 25
Ag - 98.7 1

ally, a composition-weighted average of Ag and Au per-

mittivities εalloy = xεAg + (1− x) εAu, where x is the

Ag volume fraction, does not reproduce faithfully the
permittivity εalloy of a AgxAu1−x alloy (especially in

the near-infrared region), because the band structure

of AgxAu1−x alloys is different from pure Ag or Au

metals [35,36,37]. Thus, AgxAu1−x alloys cannot be
pictured as the gathering of small homogeneous Ag and

Au domains. However, there are few experimental stud-

ies which address the determination of the optical in-
dex of AgxAu1−x alloys [38,39,34]. In a recent study,

Peña-Rodŕıguez et al. [38] obtained the refractive in-

dex of AgxAu1−x alloy thin films fabricated by elec-
tron beam co-evaporation. Other studies reported re-

fractive index measurements of AgxAu1−x alloys from

films produced by co-evaporation [39] or by alternate

evaporation with individual layer thicknesses below 1
nm [34]. These works highlight the fact that the refrac-

tive index of metal alloys may be different according

to the preparation conditions [40,41]. In order to com-
pare our FDTD calculations with experimental results

on AgxAu1−x nanoparticles [42], we therefore prepared

our own samples and we determined experimentally
their optical properties using spectroscopic ellipsome-

try measurements.

(Au/Ag)m multilayers with various compositions were

first grown on sapphire substrates by alternate ion-
beam sputtering deposition in a Nordiko 3000 chamber.

Deposition rates of Ag and Au were vAg = 0.235 nm/s

and vAu = 0.207 nm/s, respectively. The number m of
Au/Ag bilayers was adjusted to obtain a total thick-

ness of about 100 nm. In order to facilitate alloy forma-

tion during annealing at 400 ◦C for 1h under vacuum
(≃ 2.10−7 mbar), the thickness of individual metal lay-

ers was less than 3 nm (Table 1). The structure of the

as-deposited multilayers was investigated by X-ray re-

flectivity (XRR). An example of specular XRR curve
is presented in Fig. 1 for the as-deposited Ag0.62Au0.38
multilayer. The Bragg peak located at θ ≃ 1.03◦ is char-

acteristic of the periodic structure of the multilayer. Af-
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Fig. 1 (a) Specular XRR curves measured for the
Ag0.62Au0.38 multilayer as-deposited and after annealing at
400 ◦C for 1h under vacuum. (b) Schematic drawing of the
corresponding film structures.

ter annealing, we can notice that the Bragg peak disap-

peared, thus proving that the multilayer structure van-

ished and suggesting the formation of a Ag0.62Au0.38
alloy thin film. It should be noted that this behaviour

was similar for all (Au/Ag)m multilayers.

Refractive index of the annealed samples were de-

termined by spectroscopic ellipsometry measurements
in the ultraviolet-visible range (210 − 800 nm) with a

SOPRA GESP5 ellipsometer (Fig. 2). Because the total

thickness of these pure metal or alloyed films is around

100 nm, we considered that the incident field is null
at the sapphire substrate interface and the measured

ellipsometric data were transformed into optical index

assuming bulk materials. For pure Ag and Au, inter-
band transitions start for a wavelength greater than

about 340 nm and 550 nm, respectively. The region of

the onset for interband transitions varies smoothly as a
function of the film composition. However, in the near-

infrared region, the real part n of the refractive index

for the alloys are higher than those of both pure metals,

as previously reported in Ref. [38].

We analyzed the refractive index of the AgxAu1−x

alloys by a Drude model [2] where the permittivity ε

can be written as

ε(ω) = ε∞ −
ω2
p

ω2 + iωΓ
, (1)

where ε∞ is the high-frequency contribution of the bound

electrons, ωp is the bulk plasma frequency, and Γ is the
damping constant due to scattering events at defects

and grain boundaries. According to Ref. [38], fits of the

refractive index were performed in the energy range be-
low interband transitions, i.e. ~ω ≃ 3.1 eV (400 nm) for

Ag and ~ω ≃ 2.1 eV (600 nm) for Au. For AgxAu1−x

alloys, we assumed that the energy of interband tran-
sitions varies linearly as a function of the composition

[28].

Results of fits for ωp and Γ for all AgxAu1−x alloys

are shown in Fig. 3. For comparison ωp and Γ values for

pure metal films (as-deposited and annealed) and those
determined from data of Johnson and Christy [43] are

also represented. For pure metals, annealing causes a

decrease of both the plasma frequency ωp and damp-

ing constant Γ . This is an indication that, in particular
with regard to the value of Γ , annealed films are more

ordered and contains fewer defects that contribute to

dampen the motion of the conduction electrons [44].
Moreover, we observe that both ωp and Γ values do not

vary linearly with Ag fraction. By an analytical model,

Rioux et al. [45] found that the plasma frequency ωp

follows a parabolic law as a function of the alloy com-

position, which is not inconsistent with our values. Re-

garding the damping constant, Γ is minimum for pure

Ag and Au metals and increases for AgxAu1−x alloys
showing that alloys can be considered as more disor-

dered materials than pure metals at the atomic scale.

As a result, the average time interval τ ∝ 1/Γ between
scattering events is lower for alloys than for pure met-

als [2]. In Refs. [38,45,46,47], Γ was found to follow

a parabolic law as a function of the alloy composition,
while in the volume fraction range 0.26-0.75 screened in

this study, Γ is quasi-constant. Finally, the contribution

of the bound electrons ε∞ (not shown here) varies lin-

early between 9.6 for Au and 4.1 for Ag. All these values
are consistent with those found by Peña-Rodŕıguez et

al. on co-evaporated AgxAu1−x alloys [38].

3 Near-field optical properties of isolated

nanoparticles

In this section, we study the near and far-field proper-

ties of isolated nanoparticles in order to compare the op-
tical response between alloy and pure metal nanoparti-

cles embedded in a dielectric matrix. We used a commercial-

grade simulator based on the FDTD method [48] to per-

form the calculations with the configuration presented
in Fig. 4. The nanoparticles were assumed to be ellip-

soidal with the dimensions a = 5 nm, b = 4 nm and

c = 2.5 nm, which correspond to average experimental
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dimensions determined in a previous work [16]. Refrac-

tive indices of AgxAu1−x alloys determined in section 2
were described by a Drude-Lorentz model. For all com-

positions, we ignored non-local effects, which are known

to increase the damping constant Γ contribution to the

z = 0a

c

Fused silica
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Fig. 4 Sketch of the configuration used to perform FDTD
calculations for AgxAu1−x nanoparticles surrounded by a di-
electric matrix deposited on a fused silica substrate in (xz)
plane (on the left) and in (xy) plane (on the right). Dimen-
sions of the ellipsoidal nanoparticle are a = 5 nm, b = 4 nm
and c = 2.5 nm. Direction of propagation and polarization of
the incident electric field are also represented. The origin of
the coordinates is taken at the center of the particle.

permittivity [49]. To ensure a good stability and accu-

rate results of calculations, we used a non-uniform mesh
with a space step equal to 0.1 nm to model the nanopar-

ticles and their vicinity. We used periodic boundary

conditions in x and y directions with a large gap in
order to ensure that particles were not coupled (the

gaps between two nanoparticles were gx = 50 nm and

gy = 52 nm in x and y directions, respectively). The
choice of periodic boundary conditions with respect to

perfectly matched layer (PML) [50] absorbing bound-

aries is motivated by the memory space reduction. In

z direction, we used PML boundary conditions. We
have tested three dielectric matrices (40 nm total thick-

ness) whose refractive indices were determined from

spectroscopic ellipsometry measurements of amorphous
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AgxAu1−x nanoparticles embedded in (a) SiO2 matrix, (b)
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SiO2, Al2O3 and Si3N4 films (sorted here by increas-

ing refractive index: nSiO2
= 1.46, nAl2O3

= 1.66 and
nSi3N4

= 2.05 at λ = 600 nm). Here, the thickness of

the dielectric film above the particles was equal to 17.5

nm (dielectric/air interface located at z = 20 nm). The

thickness of the fused silica substrate was set to 100 nm,
which is a compromise between an infinite substrate

and acceptable memory requirement. Still to limit the

memory requirement, the refractive index of the sub-
strate was assumed to be independent of the wavelength

and equal to 1.45. The nanoparticles were excited by

an incident plane wave located in the substrate region,
propagating along the z axis, and polarized along the

x axis.

The transmission spectra, recorded far from the nanopar-
ticle at z = 40 nm, for the three host matrices are pre-

sented in Fig. 5. In all cases the spectral position λr of

the LSPR is blue-shifted when increasing the Ag frac-
tion x, which is the usual result [38,45,39]. The base-

line differences come from the refractive index of the

matrix. For a high refractive index matrix, like Si3N4,

the blue-shift is however less pronounced than for a low
refractive index as SiO2. The variation of the LSPR po-

sition is not linear with the Ag fraction x contrary to

what is reported in Refs. [46,35,51,22]. As mentioned

by Verbruggen et al. [52], for a spherical nanoparticle

in water, a third-order dependence is more adapted.

Typical |E(x, z)|/|E0| maps calculated at the LSPR

wavelength for pure Ag and Au nanoparticles embed-

ded in Al2O3 are displayed in Fig. 6. It can be observed
that the maximum of field enhancement |E|max/|E0| is

located at the tip of the nanoparticles (x = ±a and

y = z = 0). Furthermore, the field enhancement is

greater for Ag than for Au, as expected. In Fig. 6,
|E|max/|E0| values obtained at the LSPR wavelength

are plotted versus the Ag fraction x. First of all, we

can notice that the field enhancement is higher for pure
metals than for alloys, with a minimum for x = 0.5,

which is mainly due to the high value of the damp-

ing constant Γ . Therefore, although the use of alloy
nanoparticles can be a good solution for varying ac-

curately the LSPR wavelength, this reduces dramati-

cally the field enhancement. We can also notice that

the field enhancement of pure metal nanoparticles is
higher inside a high index dielectric matrix. For exam-

ple, comparing SiO2 and Si3N4 for a pure Ag nanopar-

ticle, the field enhancement is increased by about 33%.
Nevertheless, for alloys, the nature of the matrix has

less influence on the field enhancement. Thus, for tun-

ing the LSPR wavelength without strongly reducing the
field enhancement, it would be preferable to change the

dielectric matrix surrounding pure metal nanoparticles

instead of using alloy nanoparticles. From |E(x, z)|/|E0|

maps it is possible to extract the decay length of the
electric field in x and z directions by a fit of the electric

field decay from the tip of the nanoparticle where the

field is maximum by assuming an exponential law (Eq.
2):

|E(i)|

|E0|
=

|E|max

|E0|
exp(−

i

Li

) + 1 where i = x, z (2)

where Li corresponds to the distance at which the elec-

tric field is reduced to 37% of its maximal value |E|max/|E0|.

The evolution of the decay lengths along x direction,

Lx, and along z direction, Lz, are represented in Fig. 7
as a function of the composition of the nanoparticles. It

appears that Lx is almost constant and does not depend

on the refractive index of the dielectric matrix. The im-
portant errors bars underline the fact that the electric

field does not really decrease by an exponential low. In

fact, if we consider that the nanoparticle behaves as a
dipole, the electric field should decay as 1/r3, where r is

the radial distance [2]. In contrast, Lz is not only more

important for pure metal than for alloy nanoparticles,

but also the influence of the dielectric matrix on Lz

seems to depend on the nanoparticle composition. For

pure metals, Lz is greater for a high refractive index

matrix, while for alloys it is not obvious to identify any
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effect. By comparing Lx and Lz, we can notice that the
decay length is more important in z direction. This is

due to the ellipsoidal shape of the nanoparticles, which

induces an anisotropic emission from the tip. In order
to have an important field enhancement above a shal-

lowly buried nanoparticle, ellipsoidal nanoparticles of

pure metals are thus a relevant choice.

4 Near-field optical properties of nanoparticle

chains

In order to study the influence of coupling effects on
the amplitude and spatial extent of the electric field

enhancement, we still applied a large and constant gap

in y direction (gy = 52 nm) but a small and variable

gap gx in x direction (Fig. 4). To limit the number of
parameters, we only considered the case of nanopar-

ticle chains embedded in Al2O3. The parameters in-

vestigated in this section are the composition of the
nanoparticles, the gap gx and the capping-layer thick-

ness.

As done in section 3 in the case of isolated nanopar-
ticles, transmission spectra were first calculated for var-

ious compositions and gaps gx between nanoparticles.

Figure 8(a) shows the evolution of the fractional plas-

mon shift ∆λ/λr as a function of gx/2a. Whatever the
Ag fractions x, when gx decreases, the LSPR of the

nanoparticle chains is red-shifted (∆λ > 0). The plas-

mon shift can be approximated by an exponential law

known as “plasmon ruler equation” [53,54,55]:

∆λ

λr

= A exp

(

−
gx/2a

τ0

)

, (3)

where λr is the LSPR wavelength of a single particle,

∆λ is the spectral shift of the LSPR for an array of
nanoparticles with respect to the single particle, τ0 is an

exponential decay constant, and A is a pre-exponential

fitting factor. τ0 is a parameter that depends on the
size and shape of the nanoparticles, with a typical value

ranging between 0.15 and 0.35 [55], and which is often

assimilated to Lx [55,53]. Figure 8(b) shows the decay

values τ0 of the best fit for different nanoparticle com-
positions. We can notice that τ0 depends on the com-

position of the nanoparticles, and increases with the Ag

fraction. This is a surprising result because, when con-
sidering isolated nanoparticles, the decay length along

x direction is constant for all compositions (Fig. 7). It is

therefore wise not to consider, for an array of nanopar-
ticles, τ0 as a decay length in units of the particle size

[55,53]. Moreover, as we have seen in Section 3, con-

sidering a single decay length is an oversimplification

for a nanoparticle which is not a sphere. So, to obtain
valuable information about the near-field properties,

|E|/|E0| maps were calculated at the LSPR wavelength

for various compositions and gaps.

As for isolated nanoparticles, we plot in Fig. 9 the

maximum field enhancement |E|max/|E0| located at the

tip of the nanoparticles in the (xy) plane at z = 0.
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When the interparticle gap decreases, the maximum

field enhancement increases, which is a known result
[56]. As for isolated nanoparticles, we find that the field

enhancement is always more important for pure metals

than for alloys. For gx/2a greater than 0.8, i.e. for a

gap greater than 8 nm, the field enhancement tends to
that of isolated nanoparticles.

For SERS-type applications with protected nanopar-
ticles, it is necessary to have an important field en-

hancement at the surface of the capping layer. The de-

cay length along z direction, Lz, is therefore particu-

larly interesting. Lz values calculated starting from the
tip of the nanoparticles are displayed in Fig. 10. We

observe that Lz drops when the gap decreases owing to

the field confinement effect. Hence, depending on the
thickness of the capping layer, we can anticipate that a

smaller gap does not necessarily yield the highest field

enhancement at the capping layer/air interface. Figure
11 shows the gx dependence of the maximum of the field

enhancement for different altitudes z from the nanopar-

ticle tip (x = a and y = 0). First, we can notice again

that the field enhancement is always greater for pure
metals than for alloys whatever the distance z from

the hot spot. Secondly, we can observe three different

regimes:
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Eq. 3.
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– For z ≤ 3 nm, the gap gx should be as small as
possible to have the maximum field enhancement.

– For z ≥ 5 nm, the field enhancement is maximum

for a large gap, i.e. for isolated nanoparticles.
– For intermediate z values, the field enhancement is

almost constant with gx and displays a small bump

for a gap between 3 and 4 nm, depending on the

composition of the nanoparticles. For pure Ag the
maximum is reached for 3 nm whereas it is around

4 nm for pure Au and alloys.

To confirm these results obtained for nanoparticles

embedded in a dielectric matrix with a capping-layer

thickness equal to 17.5 nm (Fig. 4), we performed cal-
culations for Ag and Au nanoparticles by assuming a

capping layer/air interface located at z = 3 nm and z =

5 nm, respectively. Figs. 12 and 13 show field enhance-
ment |E(x, y)|/|E0| maps above the capping layer/air

interface for gaps gx = 2 nm and gx = 14 nm, respec-

tively. For clarity, dotted lines indicates the position

and dimension of the nanoparticles below the capping
layer at z = 0 nm. Compared to Fig. 11, |E|/|E0| val-

ues obtained at x = 5 nm and y = 0 nm are slightly

larger owing to the discontinuity of the optical index
at the capping layer/air interface, which tends to in-

crease the field amplitude in the air media. Further-

more, we can note that the maximum field enhance-
ment |E|max/|E0| at an altitude z is not located just

above the tips (x = ±5 nm, y = 0 nm) of the nanopar-

ticles. Actually, increasing the interparticle gap or the

capping-layer thickness, we observe that |E|max/E0 at
the capping layer/air interface moves closer to x = 0.

For example, when considering Ag nanoparticles with

z = 3 nm, |E|max/|E0| is located at x = ±4.2 nm

for gx = 2 nm [Fig. 12(c)] whereas it is positioned at

x = ±3.7 nm for gx = 14 nm [Fig. 13(c)].

Overall, these calculations confirm firstly that for a
given gap gx, the thinner the capping layer, the higher

the field enhancement for both metals. Secondly, for

the same capping-layer thickness, the field amplifica-

tion at the capping layer/air interface is always greater
for Ag nanoparticles than for Au ones whatever the

gap gx. Nevertheless, it is worth noting that the field

amplification is greater for Au nanoparticles with a 3
nm-thick capping layer [Figs. 12(a) and 13(a)] than

for Ag nanoparticles with a 5 nm-thick capping layer

[Figs. 12(d) and 13(d)]. Moreover, comparisons between
Figs. 12(b), 12(d) and Figs. 13(b), 13(d) corroborate

the previous results drawn from Fig. 11, namely the

maximum field enhancement obtained with a 5 nm-

thick capping layer is higher for a gap gx = 14 nm
than for gx = 2 nm, i.e. for uncoupled nanoparticles. In

contrast, with a 3 nm-thick capping layer, it would be

preferable to have coupled nanoparticles. Accordingly,
for SERS-type applications, both the thickness of the

capping layer and the interparticle gap are parameters

that must be precisely controlled. For strongly coupled
nanoparticles, the thickness of the protective layer must

be minimized while allowing the chemical stability and

limiting atomic diffusion of the metal. These results are

clearly valid for the nanoparticle size considered in this
paper. Increasing the size of the nanoparticle allows to

increase the field enhancement at the dielectric/air in-

terface for a same thickness of capping layer, but it
reduces the areal density of hot spots. Therefore, it ap-

pears that a delicate and not intuitive compromise has

to be found to reach the best field-enhancement effect.

5 Conclusion

In summary, we have investigated the near-field optical

properties of isolated or coupled ellipsoidal AgxAu1−x

nanoparticles embedded inside a dielectric matrix by
the FDTD method. We have demonstrated that the

field enhancement for pure metal nanoparticles (Ag or

Au) is higher than for AgxAu1−x alloy nanoparticles.
The optical index of the dielectric matrix surrounding

the nanoparticles has an influence on the spectral posi-

tion of the LSPR, but also on the amplitude and spatial
extent of the electric field enhancement. Especially for

pure metal nanoparticles, a high matrix index results

in a greater field enhancement together with a more

important decay length is in z direction. Regarding the
near-field optical properties for coupled nanoparticles,

we have shown that reducing the interparticle gap in-

creases the amplification and the confinement of the



Near-field optical properties of AgxAu1−x nanoparticle chains embedded in a dielectric matrix 9

2

4

6

8

10

12

14

16

0.4 0.8 1.2

4 8 12

(a)

2

4

6

8

10

12

14

16

0.4 0.8 1.2

4 8 12

(b)

2

4

6

8

10

12

14

16

0.4 0.8 1.2

4 8 12

(c)

|E
| m

a
x
/
|E

0
|

gx/2a

gx (nm)

x = 0.00
x = 0.26

x = 0.41
x = 0.62

x = 0.75
x = 1.00

|E
| m

a
x
/
|E

0
|

gx/2a

gx (nm)

|E
| m

a
x
/
|E

0
|

gx/2a

gx (nm)

Fig. 11 Maximum field enhancement |E|max/|E0| at a distance (a) z = 3 nm, (b) z = 4 nm, and (c) z = 5 nm from the hop
spot as a function of gx for an array of ellipsoidal AgxAu1−x nanoparticle chains capped by a 20 nm-thick Al2O3 film.

Au, z = 3 nm Au, z = 5 nm

Ag, z = 3 nm Ag, z = 5 nm

-6

-4

-2

0

2

4

6

y
(n

m
)

(a)

0

5

10

15

20
(b)

-6 -4 -2 0 2 4 6
x (nm)

-6

-4

-2

0

2

4

6

y
(n

m
)

(c)

-6 -4 -2 0 2 4 6
x (nm)

0

5

10

15

20
(d)

Fig. 12 Field enhancement |E(x, y)|/|E0| maps for a gap
gx = 2 nm above the capping layer/air interface at (a),(c)
z = 3 nm and (b),(d) z = 5 nm for (a),(b) Au nanoparticles
and (c),(d) Ag nanoparticles. Dotted lines indicate dimen-
sions and position of the nanoparticle at z = 0 nm.

electric field. Therefore, when the nanoparticles are cov-

ered by a capping-layer thicker than 5 nm, a smaller

gap does not increase the electric field at the capping
layer/air interface compared to isolated nanoparticles.

In conclusion, our results provide evidence that, for

SERS-type applications with protected nanoparticles,
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Fig. 13 Field enhancement |E(x, y)|/|E0| maps for a gap
gx = 14 nm above the capping layer/air interface at (a),(c)
z = 3 nm and (b),(d) z = 5 nm for (a),(b) Au nanoparticles
and (c),(d) Ag nanoparticles. Dotted lines indicate dimen-
sions and position of the nanoparticle at z = 0 nm.

it would be preferable to use pure metal, Ag or Au, in-

stead of AgxAu1−x nanoparticles with a capping layer

as thin as possible while ensuring both chemical sta-
bility and limited atomic diffusion of the metal. Fi-

nally, the best field-enhancement effect at the capping

layer/air interface results from a delicate balance, which
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depends not only on the composition and morphology

(size and shape) of the nanoparticles, but also on the
interparticle gap, the capping-layer thickness, and the

refractive index of the surrounding matrix.
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Phys. Rev. B 64, 085407 (2001).

29. W. Benten, N. Nilius, N. Ernst, H.J. Freund, Phys. Rev.
B 72, 045403 (2005).

30. F. Gonella, E. Cattaruzza, G. Battaglin, F. D’Acapito,
C. Sada, P. Mazzoldi, C. Maurizio, G. Mattei, A. Mar-
torana, A. Longo, F. Zontone, J. Non-Cryst. Solids
280(13), 241 (2001).

31. R.K. Roy, S.K. Mandal, A.K. Pal, Eur. Phys. J. B 33(1),
109 (2003).

32. J. Sancho-Parramon, V. Janicki, M. Lonc̆arić, H. Zorc,
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