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A B S T R A C T   

Gold-silver and silver-gold core-shell nanoparticle dimers were studied based on their extinction cross-section 
spectrum and bulk refractive index sensitivity. The simulations were performed by using the boundary 
element method (BEM) and the polarization direction of the used plane-wave excitation was parallel with the 
symmetry axis. The running parameters were the particles’ outer and inner radii and their (interparticle gap/full 
diameter). For different particle sizes and distances, the shape of the spectra and the refractive index sensitivities 
are presented. In the extinction spectra, the observable peaks originate from either the gold or silver components 
and the most intense peak position can be distinctly assigned to one of them. A sharp boundary separates these 
two regions in the plane of the core radius and shell thickness parameters. It was found that by decreasing the 
interparticle gap, the boundary line between these two regions shifts towards the thinner shells for Ag@Au 
dimers, while it shifts towards the smaller cores for Au@Ag dimers. Since the sensitivity of peaks corresponding 
to the Au and Ag components are significantly different, the presented data can help optimize interparticle gaps 
concerning the core/shell thicknesses to maximize the sensitivity of nanoparticle dimers.   

1. Introduction 

Due to their wide applicability, there is a growing demand for 
developing nanomaterials in which the phenomenon of localized surface 
plasmon resonance (LSPR) can be created. LSPR is the collective oscil
lation of conduction electrons in metallic nanoparticles when excited by 
light at the resonant frequency. One of the most important applications 
of LSPR is to create sensors that detect changes in the refractive index of 
the medium around the particles [1,2]. The most common way to 
quantify the performance of such sensors is to measure or simulate the 
bulk refractive index sensitivity (RIS) of the nanosystem [3–6]. The bulk 
RI sensitivity of a wide variety of nanosystems can be found in the 
literature [7]. 

Hybrid nanostructures made from a combination of conventional 
metals (e.g., Au, Ag) are good candidates for improving the properties of 
simple metallic nanoparticles. These nanostructures are also core-shell 
particles created from a combination of gold and silver components 
that are often used in SERS applications [8–12], as well as for solar cells 
[13]. However, due to their simple fabrication, well-tuned resonance 
peak, and in many cases better sensitivity, they may also be 

advantageous for use as RIS sensors. 
Previously the relationships between the core and shell size of 

monomer core-shell structures and their optical properties and sensi
tivity were already investigated [14]. The distance between the nano
structures is an important parameter that severely affects their sensing 
performance [15]. The phenomena that occur in single-metal dimer 
particles have already been described: the exponential shift of the peak 
position towards longer wavelengths with decreasing interparticle gap 
(plasmon ruler) [16–19], with a simultaneous increase in sensitivity [20, 
21]. 

In the case of core-shell dimers, the characteristic behavior of both 
core-shell particles and simple dimers is expected to appear in some 
modified form. Based on the plasmon hybridization theory, the basic 
properties of core-shell dimers can be deduced, e.g., splitting of energy 
levels are expected due to the core-shell structure of an individual par
ticle [22] and also due to the presence of the second particle [23]. 
However, the exact optical properties of all particle systems cannot be 
obtained from hybridization theory because it is based on a 
quasi-electrostatic approximation of Maxwell’s equations [24]. A more 
accurate description of the phenomena also requires a simulation based 
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on a time-dependent (complete) solution of Maxwell’s equations. 
This work aims to study the effect of the interparticle distance on the 

extinction spectrum and sensitivity of Au/Ag core-shell dimer nano
structures. The simplest case was selected, which means pairs made of 
particles with the same geometry and composition. Only Ag@Au dimers 
have been studied previously with a different methodology [25] and on 
another size and distance range. The current paper also includes the 
description of Au@Ag, which was not previously investigated. 

2. Methods 

The simulations were performed by using the boundary element 
method (BEM) [26]. An implementation of BEM named MNPBEM 
toolbox, written in MATLAB was used, which is well suited for plas
monic simulations [27]. Of the options available within the toolbox, the 
‘ret’ solver was selected. This solver is based on the full solution of 
Maxwell’s equations and provides accurate results. 

The sensitivity and extinction cross-section spectra were studied with 
plane-wave excitation when the polarization direction is parallel to the 
symmetry axis of the two-particle system to incite the coupled plasmon 
modes. It has been experimentally demonstrated that better sensitivity 
can be achieved using the polarization scheme described in [28]. The 
empirical complex refractive index tables required to perform the sim
ulations for both gold and silver were extracted from the experimental 
results of Johnson and Christy [29]. 

No corrections for size-limiting effects were taken into account in the 
performed simulations. The corrections may become significant for thin 
shells, and cores with small radii, e.g., the electron mean free path (MFP) 
correction [30–32]. However, in the appendix, the effect of MFP 
correction was evaluated by using the MATLAB code called STRATIFY 
[33]. The effect of the correction was found to be negligible on the re
sults. Please see the Appendix A for a detailed comparison of MFP cor
rected and uncorrected results for selected cases. 

As a result of the simulations, the extinction cross-section spectrum 
of the given particle system was obtained (between 350 nm and 1000 
nm, with 1 nm wavelength resolution). The spectra were recorded for 
two different media to calculate the bulk refractive index sensitivity. 

Refractive indices n1 = 1.33 and n2 = 1.35 were used for the simula
tions. The modeled sensor operates in an aqueous medium, so n1 is the 
refractive index of water. Δn = (n2 - n1) was chosen small enough to 
allow an unambiguous pairing of the peaks observed in different media 
(which could have been a problem for multi-peak spectra), but large 
enough that the error in determining the peak positions would not 
significantly affect the sensitivity. The sensitivity was calculated from 
the shift of a peak, divided by the difference of the refractive indices 
(Δn = 0.02 RIU). The study of other optical properties, such as the 
classification of the peaks, was performed based on the spectrum in an 
aqueous medium (n1). The simulation and analysis were performed in 
the same manner as previously described, except that particle pairs and 
not individual particles have been studied [14]. 

Instead of studying the distance dependence measured in nm, the 
data were presented as a function of the dimensionless distance/(total 
particle diameter): d/D0 = d/(2(rc + rs)), where D0 - total particle 
diameter, d - distance, rc - radius of core, rs - thickness of the shell. 
Sensitivity and extinction cross-section were studied as a function of 
three independent variables: rc, rs, and d/D0. This convention is often 
used because of the universal scaling described in the non-core-shell 
case. The particles studied are large enough to perform a purely 
electrodynamics-based simulation on them, however, distances that are 
too short (typically below nm) also raise the need for quantum 
mechanical-based methods [34]. This problem can occur only to a small 
extent and only for the shortest interparticle gaps (d/D0 = 1/40), 
around approximately 1 nm. 

Our previous work investigated the optical properties of monomer 
core-shell nanoparticles and their achievable sensitivities [14]. For both 
material compositions, it can be observed that, depending on the rc, rs 
sizes, the gold-type peaks dominate the extinction spectra in some size 
ranges and the silver-type peaks in others. Silver-type (short-
wavelength) peaks are from now on referred to as Ag peaks, while 
Au-type (long-wavelength) peaks are referred to as Au peaks. Peak types 
that could not be classified into the previous two categories were also 
found. Peaks resulting from the interaction of plasmonic modes are 
referred to as hybrid peaks. In the case of thicker silver shells, smaller, 
quadrupole attributed extinction peaks were also observed in the 

Fig. 1. The position of the most intense extinction peak as a function of core and shell radii for Ag@Au monomers. The ’O’ marks indicate positions, where the effect 
of decreasing interparticle gap is investigated with high d/D0 resolution (as presented in Fig. 5), ’X’: indicate positions where the effect of shell thickness is 
investigated with lower d/D0 resolution (as presented in Fig. 6). (Reproduced from Ref. [3] under CC-BY license). 
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near-UV range of the spectrum. The peaks in the different groups also 
differ in terms of sensitivity. 

3. Results 

3.1. Monomers 

Figs. 1 and 2 present the positions of the most intense extinction 
peaks as a function of core and shell radii for both the Ag@Au and 
Au@Ag type monomers. The position of the most intense peak can be 
assigned to either the Au (higher wavelengths) or the Ag (lower wave
lengths) component, the red curve indicates the borderline between 
these distinct regions. (The bluish-colored ranges are dominated by Ag 
peaks, while the yellow color refers to the Au-type dominant peak.) 

Almost all dominant peaks in the investigated size range can be 

attributed to the dipole mode. The origin of the peaks was identified by 
multipole decomposition of the extinction cross-sections of monomer 
core-shell particles. This calculation was performed with a program 
named ‘scattnlay’ which is based on the Mie-theory [35]. The few ex
ceptions when not only dipole, but also a quadrupole peak appears are 
clearly indicated in the text. 

To investigate the effect of decreasing interparticle gap, several (rc, 
rs) points were selected, as indicated with the markers and described in 
the figure captions. The red arrows indicate the direction where the 
borderline shifts with the decreasing interparticle gap. This effect will be 
elaborated on in detail in the following sections. 

Fig. 2. The position of the most intense extinction peak as a function of core and shell radii for Au@Ag monomers. The ’O’ marks indicate positions, where the effect 
of decreasing interparticle gap is investigated with high d/D0 resolution (as presented in Fig. 10), ’X’: indicate positions where the effect of shell thickness is 
investigated with lower d/D0resolution (as presented in Fig. 11). (Reproduced from Ref. [3] under CC-BY license). 

Fig. 3. Ag@Au, rc = 20 nm, rs = 4 nm: the extinction spectra characteristic of 
the thin shell range (with a peak transition). Fig. 4. Ag@Au, rc = 20 nm, rs = 10 nm: the extinction spectra characteristic of 

the thick shell range. 
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3.2. Results on the dimer Ag@Au nanostructure system 

3.2.1. Extinction spectrum of the dimer Ag@Au nanostructure system 
Similar to the monomer particles in the previous section, both Ag and 

Au peaks can be observed for dimer particles too. Since the sensitivity of 
peaks corresponding to these components is significantly different, it is 

important to distinguish peaks that appear in different size ranges. In 
addition, the sensitivities differ from the one-particle case for multi
particle systems even if the same peak type appears. The presented data 
can help optimize interparticle gaps concerning the core/shell thick
nesses to maximize the sensitivity of the dimer nanostructures. 

All presented spectra were simulated in a dielectric environment 

Fig. 5. Sensitivity of Ag@Au, rc = 22 nm, rs = (3, 6, 9) nm nanoparticles. 
(Simulated with high d/D0 resolution). 

Fig. 6. Ag@Au sensitivities and peak types (the dominant peaks are marked with filled columns, the secondary peaks are marked with perforated columns and 
asterisks in text). 

Fig. 7. Au@Ag, rc = 10 nm, rs = 6 nm: the extinction spectrum characteristic 
of the small core range. 
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with a refractive index of n = 1.33 curves in the figures show the 
monomer spectra multiplied by 2, corresponding to two infinitely 
distant nanoparticles. 

The rc = 20 nm, rs = 4 nm (see Fig. 3) system illustrates well the 
typical extinction spectra characteristic of thin shell thicknesses. By 
decreasing the interparticle gap, all appearing peaks shift towards 
longer wavelengths while the Au peak becomes increasingly dominant. 
So, at smaller distances, Au peaks dominate instead of Ag peaks. 

If the silver core has a thick gold shell (see: Fig. 4), the transitions 
between the different peak types by changing the interparticle gap no 
longer occur. Decreasing the gap only increases the wavelength of the 
peak. 

3.2.2. Sensitivity of the dimer Ag@Au nanostructure system 
For monomer particles, sensitivity maxima appear along the 

boundary, which areas are of particular interest [14]. For a general 
description, rc sites associated with high sensitivity for monomers were 
examined as a function of d/D0 for multiple rs values. The dependence of 
sensitivity on the interparticle gap has been described for a few typical 
cases, but all the phenomena described can be extended to a wider 

range. To show the trends, the rc = 22 nm case was selected with rs =

(3, 6,9)nm shells and the Ag dimer system without shells as a reference 
(see Fig. 5). If the shell is thick e.g. rs = 9 nm, a single Au peak appears, 
which is more sensitive for smaller gaps (see Fig. 6). In the other two 
cases, the increase in sensitivity to a given peak persists with decreasing 
distance, however, an Ag peak also appears. At a shell thickness of 3 nm, 
and d/D0 value, where both the peaks are present simultaneously, the 
wavelengths of the two peaks are within 40 nm of each other. These 
peaks have roughly the same intensity and width. For more distant 
particles, the Ag peaks become increasingly significant, while the Au 
peaks become broad-shouldered. If multiple peaks appear, the usual d/
D0 dependence of the sensitivity changes, the sensitivity of both peaks 
increases. 

By thickening the shell, the Au peak becomes dominant (see Fig. 6). 
This occurs at thinner shells in dimer systems than in monomer particles, 
i.e., a shift of the boundary separating domains towards smaller shells is 
observed (see Fig. 1). A change in the type of dominant peak as a result 
of increasing the thickness of the shell usually negatively affects the 
sensitivity, because usually, Au peaks are less sensitive than Ag peaks. If 
the gap is large, the nature of the change in sensitivity is similar to the 
not core-shell case until the peak dominance shift intervenes. The trend 
that the sensitivity of the closer nanoparticles is higher is not always 
fulfilled near the peak dominance transition. At small distances, often 
the lower sensitivity peak becomes dominant, e.g. (rc = 10 nm, rs =

4 nm), (rc = 20 nm, rs = 4 nm), (rc = 20 nm, rs = 6 nm). The small gap 
often leads to the complete disappearance of the more sensitive peak. 
Multiple peaks appear at the same time only for well-defined sizes and 
distances, specifically: (rc = 10 nm, rs = 4 nm), and (rc = 20 nm, rs =

6 nm). The sensitivity of the close particles is generally higher for all 
types of peaks. At: (rc = 30 nm, rs = 2 nm, d/D0 = 0.25), the two peaks 
merge, causing unusually high sensitivity. 

3.3. Results on the dimer Au@Ag nanostructure system 

3.3.1. Extinction spectrum of the dimer Au@Ag nanostructure system 
In terms of peak type, for Au@Ag composition, the size of the core is 

the most important parameter. The shell rs = 6 nm was selected for a 
generalized spectrum description, however, it should be noted that in 
the case of Au@Ag it is a worse approximation to designate a range- 
specific spectrum than in the previous chapter. For a more complete 
description, the results are presented for three different core sizes. The 
most characteristic feature of the Ag@Au case is the extreme broadening 
of the silver peak, which is the most significant close to the rc = 20 nm 

Fig. 8. Au@Ag, rc = 20 nm, rs = 6 nm: the transitional extinction spectrum.  

Fig. 9. Au@Ag, rc = 30 nm, rs = 6 nm: the extinction spectrum characteristic 
of the big core range. 

Fig. 10. Sensitivity of Au@Ag, rc = 19 nm, rs = (3, 6, 9) nm nanoparticles. 
(Simulated with high d/D0 resolution). 
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core size. 
If the core is small e.g. rc = 10 nm, Ag peaks are characteristic (see 

Fig. 7). At d/D0 = 0.25 a small quadrupole peak in the near-UV appears 
uniquely among the extinction figures. 

Transitional extinction spectrum can be observed for particles with 
medium-sized core e.g. rc = 20 nm (see Fig. 8). The extinction curves 
flatten out, smaller hybrid peaks that do not belong to the two main 
categories appear. These phenomena occur especially at greater dis
tances, where the interparticle gap is comparable to the diameter of the 
nanoparticles. The dominance transition does not directly occur be
tween the Ag and Au peaks, but the transition boundary becomes 
slightly blurred: as the spectra flatten out, hybrid peaks sometimes 
become dominant. However, in the long run, there is a tendency for the 
Ag and hybrid peaks to disappear eventually and the Au peak to 
intensify. 

For large cores e.g. rc = 30 nm only the gold peak remains (see 
Fig. 9). As the distance decreases, the peaks are found at increasingly 
long wavelengths. 

3.3.2. Sensitivity of the dimer Au@Ag nanostructure system 
To present trends in the sensitivity, rc = 19 nm was selected with rs =

(3, 6, 9)nm shells and the Au nanoparticle dimers without shells as a 
reference (Fig. 10). Applying a 3 nm shell to the core does not cause a 
significant change in sensitivity compared to the purely gold particle. 
Transient spectra, as shown in Fig. 8, was observed for rs = (6,9)nm. The 
transition in peak dominance greatly increases the sensitivity, but it also 
means the flattening of the extinction curve, which is not advantageous 
in practical use. This phenomenon is so significant that the sensitivity 
cannot be evaluated in all cases if the shell thickness is rs = 9 nm. 

The results collected over a larger size range are consistent with 
those described so far (see Fig. 11). Between rc = 20nm and 30nm, a 
jump at long distances can be seen in wavelengths at rs = 4nm and 
thicker shells, suggesting a change in peak dominance as a function of rc. 
The boundary line separating the range of different peaks shifted slightly 
towards smaller cores compared to the monomer case. Due to the variety 
of peaks that appear, the description of Ag@Au particles is more 
complicated than what was seen for Ag@Au. At higher wavelength 
peaks, the sensitivity is usually lower, so in many cases increasing the 
core is particularly disadvantageous in terms of sensitivity. The thick
ening of the shell leads to a strengthening of the silver character, thus 
reducing the wavelength of the peaks. In terms of sensitivity, a thicker 
shell is better, however, a significant widening of the peaks can also be 
observed. For small d/D0, the peaks are found at high wavelengths, as in 
the case of a non-core-shell dimer. The distance dependence of the 
sensitivity is anomalous in a few cases, especially when rc = 20nm. At 
these locations, the emerging hybrid peaks cause the anomaly. The 
flattening of the spectrum is always characteristic in this case. This effect 
made the main peak invaluable when (rc = 20nm,rs = 12nm). If the Ag 
shell is thick, peaks also appear in the near-UV range, however, these 
small quadrupole peaks are not prominent in terms of sensitivity either. 

4. Conclusions 

Gold-silver, silver-gold core-shell, nanoparticle dimers were studied 
for their extinction cross-section spectrum and bulk refractive index 
sensitivity. The results were presented for both Ag@Au and Au@Ag 
cases. Based on the results obtained previously for monomers [14] 
nanoparticles were selected that represent the different size domains 

Fig. 11. Au@Ag sensitivities and peak types. (The dominant peaks are marked with filled columns, the secondary peaks are marked with perforated columns and 
asterisks in text). 
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well. In the plane of the core radius and shell thickness parameters, the 
particles can be assigned to one of two regions based on their most 
intense extinction peak. The regions were classified according to the 
origin of the dominant peak: Ag peak or Au peak and have different 
characteristics. It was found that the boundary line between the two 
regions for Ag@Au dimers shifts towards the thinner shells by reducing 
the distance between the particles, while for Au@Ag it shifts towards the 
smaller cores. Thus, in both Ag@Au and Au@Ag cases, nanoparticle 
dimers have Au-related peaks over a larger size range than monomers. 

At the boundaries of the regions, the sensitivity typically increases, 
however, the widening of the peaks can also be observed. Distance- 
dependent phenomena: redshift, increased sensitivity is observed for 
non-core-shell particles persist approximately at the locations charac
terized by a single peak. However, when multiple peaks appear, the 
situation is different. 

For the inner regions of the domains, it is generally true that in the 
case of Ag@Au, nanoparticles with a large core and thin shell compo
sition are more sensitive. The sensitivity can be increased by reducing 
the distance, as long as it does not cause a change in the type of the most 
intense peak. A gold shell can also be used to chemically protect the 
silver core or achieve biocompatibility; however, if the shell is too thick 
or the particles are too close, the more sensitive silver peak may 
disappear. 

In the case of Au@Ag, apart from the transition region, the smaller 
core and thicker shell arrangements are more sensitive. Reducing the 
gap between the particles is not always recommended in this case, 
because an amplified Au peak is less sensitive than the disappearing Ag 
peak. 

Conclusively, it was demonstrated that by proper core-shell thickness 
design and careful interparticle gap engineering, the bulk refractive 
index sensitivity of Au@Ag and Ag@Au core-shell dimer systems could 
be increased significantly. Nanoparticle gap engineering with sub- 
nanometer resolution can be performed experimentally in liquid phase 
by using DNA linkers [39]. The resulting RIS of 200–400 nm/RIU is 
relevant for most chemical and biosensing applications, although it is 

still lower compared to classical, thin-film-based SPR devices (in the 
3000–4000 nm/RIU range) [40]. As established previously, the molec
ular sensitivity of LSPR sensors with similar RIS can match or even 
surpass the molecular sensitivity of SPR devices [40]. 
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Appendix A. MFP correction 

The results reported in this article are based on the tables of complex refractive indices of metals provided by Johnson & Christy [29]. It was 
pointed out in the paper that the results obtained for layer thicknesses slightly above 30 nm, already describe the properties of bulk metals. However, 
for thinner layers, the optical properties may change compared to the bulk case [29]. 

In the present article, properties of particles with shells in the range of a few nm and also with small core sizes have been studied. Therefore, the 
question of applying electron mean free path corrections rightfully arises. The problem is mainly caused by the fact that the studied dimensions are 
significantly below the mean free path length of the electrons for both gold and silver in many cases. 

Correction for free path effects can be performed for spherical core-shell particles based on the work of Rasskazov et al. [33]. The subject of the 
cited article is a MATLAB code for multilayer spheres, and the source code is made available by the authors [36]. We used part of this code to 
implement the free path correction with the modification of the MNPBEM toolbox [27]. Among the Drude fit parameters, the values of Blaber et. al was 
selected for testing [37]. The correction was applied to both the core and the shell in each case. 

Since the simulations take a long time to run, the complete review of all the results presented in the article is impossible. However, a few typical 
cases have been corrected, and these examples show that the effect of the correction is almost negligible. The effect of the correction on both the 
extinction cross-section spectrum and the sensitivity is presented here. Sample particle systems that were presented in the article were selected for 
demonstration here for the sake of direct comparability. 

A comparison of corrected and uncorrected results is presented below: 

A.1. Ag@Au 

A.1.1. rc = 20 nm, rs = 4 nm 
Considering the effect of the electron mean free path, the height of the peaks in the extinction spectra is modified a bit, but the shape of the spectra 

does not change significantly. There is no shift in the position of the peaks, but the height is slightly lower as a result of the correction (Fig. A.1). 

A.1.2. rc = 20 nm, rs = 10 nm 
As the thickness of the gold shell increases, the correction matches the original simulated extinction spectrum even better (Fig. A.2). 
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A.1.3. Sensitivity 
The effect of the correction on sensitivity is so tiny that it is difficult to see in the figures, only deviations of up to a few nm/RIU occur as a result of 

the corrections (Fig. A.3). 

A.2. Au@Ag 

A.2.1. rc = 10 nm, rs = 6 nm 
The relative heights of the peaks, in this case, were modified the most of all the particle systems examined. This may be because here not only the 

thinness of the silver shell plays a role in modifying the results, but also the small radius of the gold core. Again, only the height of the peaks is changed, 
the position is not (Fig. A.4). 

A.2.2. rc = 20 nm, rs = 6 nm 
Due to the increased core, in this case, the difference between the two results decreases is and mostly caused by the 6 nm shell (Fig. A.5). 

A.2.3. rc = 30 nm, rs = 6 nm 
The difference between the corrected and uncorrected extinction spectra for such particle sizes is negligible (Fig. A.6). 

A.2.4. Sensitivity 
In terms of sensitivity, the Au@Ag nanoparticles also show no significant difference between the results. The only detectable change is present for 

the (rc = 10 nm and d/D0 = 0.25) system, where there is a small peak at 370 nm without correction, which is not found when a correction is applied 
(the curve has no local maximum there, only a small plateau is present.) (Fig. A.7). 

A.3. Conclusion 

Based on the presented systems, it can be presumed that neglecting the mean free path correction does not significantly affect the results of the 
simulations, especially considering the sensitivity of the coupled core-shell dimers. 

Fig. A.1. Ag@Au, rc = 20 nm, rs = 4 nm (solid line: corrected, dashed line: 
without correction). 

Fig. A.2. Ag@Au, rc = 20 nm, rs = 10 nm (solid line: corrected, dashed line: 
without correction). 
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Fig. A.3. Ag@Au sensitivities and peak types. (The dominant peaks are marked with filled columns, the secondary peaks are marked with perforated columns and 
asterisks in text). 

Fig. A.4. Au@Ag, rc = 10 nm, rs = 6 nm (solid line: corrected, dashed line: 
without correction). 

Fig. A.5. Au@Ag, rc = 20 nm, rs = 6 nm (solid line: corrected, dashed line: 
without correction). 
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Fig. A.6. Au@Ag, rc = 30 nm, rs = 6 nm (solid line: corrected, dashed line: without correction).  

Fig. A.7. Au@Ag sensitivities and peak types. (The dominant peaks are marked with filled columns, the secondary peaks are marked with perforated columns and 
asterisks in text). 
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Appendix B. Quasistatic approximation 

Special cases of the studied core-shell systems can be studied without simulation. Such approximation methods can be valuable tools, but only if 
their scope can be precisely defined. The quasistatic approximation, which is suitable for studying small monomer core-shell particles, can only be 
applied if the particle is significantly smaller than the wavelength of the excitation light. According to our simulations, the method gives an accurate 
result for monomer core-shell particles up to a total radius of (10-15) nm. 

The same result as the simulation can be obtained by the Mie-theory, so the following can also be considered as a Mie - quasistatic comparison [35]. 
The basis of the approximation is that the scattering can be described in terms of Rayleigh scattering so, on a particle a single dipole is induced. 

B.1. Calculations 

The presented calculations are based on the classic book of Bohren and Huffman [38]. As a first step, dipolar polarizability of a single homogeneous 
sphere with r radius was calculated. 

αs = 4πr3 ϵ − ϵm

ϵ + 2ϵm  

Where ϵk is the permittivity of (no index: nanoparticle, m: medium). The formula of polarizability can be extended to core-shell particles as follows: 

αcs = 4π(rc + rs)
3 (ϵs − ϵm)(ϵc + 2ϵs) + f(ϵc − ϵs)(ϵm + 2ϵs)

(ϵs + ϵm)(ϵc + 2ϵs) + f(2ϵs − 2ϵm)(ϵc − ϵs)

where the f parameter is: 

f =
r3

c

(rc + rs)
3 =

Vc

Vcs 

The (a: absorption, s: scattering, e: extinction) cross-sections can be calculated from the polarizability: 

σa = kI(α)

σs =
k4

6π |α|
2  

σe = σa +σs  

Where k is the wavenumber k = 2π/λm = n⋅2π/λ (λm is the wavelength in the medium, λ is the wavenumber in vacuum). 
For small particles where the model is valid, σs is negligible, so σe ≈ σa so, the extinction spectrum comes from the imaginary part of the 

polarization. 

B.2. Quasistatic results 

B.2.1. Simple sphere 
Simple spherical particles were first studied to determine the scope of the method. Even for these particles, the quasistatic approximation gives 

good results only for very small radii. In other cases, it does not give a correct result for the shifting and widening of the peak, this is especially true for 
silver particles (Figs. B1 and B2). 

For r > 30 nm silver particles, in addition to the dipole attributed peak, a quadrupole attributed peak also appears at short wavelengths. This peak 
is, of course, not observable by the quasistatic method. 

B.2.2. Core-shell particle 
In contrast, in the case of homogeneous spheres, several peaks may appear on the extinction spectrum of core-shell particles, even for quasistatic 

approximation. It can be observed, as expected, that the quasistatic approximation gives good results for small particles. The difference depends not 
only on the particle size between the approximation and the simulation: when the silver core or shell is small, i.e., the particle is mainly gold, the 
approximation gives a more reliable result (Figs. B3 and B4). 

This analytical method presented in the appendix, despite its limitations, may be useful in the study of light scattering and absorption phenomena. 
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