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Abstract: Nanometric metallic particles have attracted considerable attention 
due to their wide-ranging applications in healthcare, renewable energy, and 
other advanced technologies, stemming from their distinctive physical and 
chemical properties. These nanoparticles can enhance the efficiency of solar 
cells and act as biological markers in cancer diagnostics and therapy. The  
light-scattering behaviour of metallic nanoparticles is highly dependent on 
parameters such as particle size, composition, shape, and the surrounding 
medium. In this work, we examine how the size of silver nanoparticles 
influences light-scattering phenomena. Using the Lorentz-Drude model, we 
compute the absorption, scattering, and extinction cross-sections. By analysing 
optical efficiency across different incident light wavelengths, we interpret the 
computational outcomes and discuss their physical significance. 

Keywords: silver nanoparticles size; light scattering; scattering cross section; 
Lorentz-Drude model; optical efficiency. 
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1 Introduction 

Recent studies have increasingly focused on exploring the electronic and magnetic 
properties of nanoparticles across diverse domains such as astrophysics, medical 
diagnostics and therapy, and nuclear waste management. Key parameters used to 
numerically characterise silver nanomaterials include the refractive index, permittivity, 
permeability, and dielectric conductivity (Fowler, 2008). Although a single-value 
dielectric function can be employed, our simulations utilise the Lorentz–Drude model 
database, which provides wavelength-dependent complex dielectric functions. This 
approach enhances both the accuracy and numerical convergence of the results (Sehmi  
et al., 2017; Gouesbet and Gréhan, 2011). 

In recent years, remarkable progress has been achieved in the synthesis and 
applications of silver nanoparticles (AgNPs), not only because of their exceptional optical 
properties but also due to their versatility in fields ranging from diagnostics and catalysis 
to energy conversion and environmental monitoring (Mali et al., 2024; Amirjani et al., 
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2023; Hang et al., 2024). These developments have underscored the crucial role of  
size-dependent optical behaviour, motivating extensive experimental and theoretical 
investigations aimed at optimising particle performance across different spectral regions 
(Yilmaz et al., 2022; Ishfaq et al., 2022). 

Beyond conventional models, recent research has revealed the significance of 
quantum-size and nonlocal effects, particularly in nanoparticles smaller than 20 nm, 
where classical theories fail to accurately predict resonance features (Zhuo et al., 2021; 
Derkachova and Kolwas, 2021; Liu et al., 2021). These findings emphasise the need for 
hybrid models that bridge classical electrodynamics and quantum confinement effects. 

Advanced numerical approaches have also been extensively applied to better 
understand the plasmonic behaviour of silver nanoparticles. Amirjani and Sadrnezhaad 
(2021) demonstrated that computational electromagnetics is a robust method for 
analysing the optical response of plasmonic nanostructures. Furthermore, Amirjani et al. 
(2020) showed that the particle size of silver nanoparticles can be predicted from their 
optical properties, confirming the strong dependence of plasmonic behaviour on size. 
Additionally, finite and boundary element methods have enabled highly accurate 
simulations of optical responses (Amirjani et al., 2022). Collectively, these studies 
highlight the critical role of nanoparticle size in the scattering of electromagnetic waves, 
thereby supporting the focus of the present investigation. 

The Lorentz–Drude model enables calculation of the wavelength-dependent dielectric 
function or refractive index, expressed in terms of its real and imaginary components,  
εi = ni + *ki. 

We consider a linearly polarised plane electromagnetic wave incident perpendicularly 
to the propagation direction (Bohren and Huffman, 2008). The nanoparticles are assumed 
to be spherical, with radii ranging from 5 nm to 120 nm. 

Mie theory is employed to analyse the scattering of electromagnetic waves by 
spherical silver nanoparticles. It provides analytical expressions for electromagnetic and 
optical parameters, including internal and external scattering coefficients, as well as 
scattering, absorption, and extinction cross-sections, all as functions of wavelength 
(Wiscombe, 1980). 

However, for extremely small nanoparticles (below approximately 10 nm), the 
classical local models – such as Lorentz–Drude combined with Mie theory – become 
inadequate. Nonlocal effects and quantum-size corrections can substantially alter the 
optical response, necessitating more sophisticated modelling frameworks (Zhuo et al., 
2021). Furthermore, complex morphologies such as core–shell or metal–dielectric hybrid 
nanoparticles offer additional tunability of plasmonic resonances that cannot be captured 
by homogeneous sphere models. Recent investigations have demonstrated how such 
geometries allow precise control over scattering and absorption characteristics for 
applications in photovoltaics, sensing, and biomedical imaging (Ishfaq et al., 2022; Yang 
et al., 2020). Although the present study focuses on homogeneous spherical silver 
nanoparticles, future extensions of our model will aim to incorporate these nonlocal 
effects and complex geometries to better reflect real-world systems. 
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2 Methodology 

2.1 Analytical formulation of Mie theory 

Several theoretical frameworks, most notably Mie theory, are employed to analyse the 
scattering of electromagnetic waves by spherical silver nanoparticles. Mie theory offers 
analytical solutions for both electromagnetic and optical parameters, including internal 
and external scattering coefficients, as well as the scattering, absorption, and extinction 
cross-sections, each expressed as a function of wavelength (Wiscombe, 1980). The 
analytical formulation of Mie theory entails rigorous mathematical and physical 
derivations. The scalar wave equation in spherical coordinates can be expressed as: 

2
2 2 2

2 2 2 2

1 1 1
( ) 0

( ) ( )

ψ ψ ψ
r sin θ k m

r r θ θr r sin θ r sin
ψ

θ

                    
 (1) 

To solve the scalar wave equation in spherical coordinates, the method of separation of 
variables is applied. By substituting the following functional form into the preceding 
equation: 

2
2 2 2

2 2 2 2

1 1 1 1 Θ 1 1 Φ
( ) 0

Θ Φ( ) ( )

R R
r sin θ k m

R r r θ θr r sin θ r sin θ

                    
 (2) 

By multiplying both sides of the equation by r2sin2(θ), it can be rewritten in the following 
form: 

2
2 2 2 2 2 2

2

1 1 Θ 1 Φ
( ) ( ) ( ) ( ) 0

Θ Φ

R R
sin θ r sin θ sin θ k m r sin θ

R r r θ θ

              
       

 (3) 

Hence, the general solution to the above equation can be expressed as: 

  
0

( , , ) ( ) ( ) ( ) ( ) ( )
n

l
n n n n n l l

n l n

rψ r θ p cos θ C ψ kmr d χ kmr a cos l b sin l


 

      (4) 

Since ψn(kr) represents the transmitted internal wave, which exhibits a singularity at the 
origin, a numerical series expansion is employed. This approach allows the wave function 
to be expressed as follows: 

1

1 2 1
( ) ( ) ( ( ) ( )),

( 1)
t n l

n n n
n

n
ru i C ψ kr p cos θ cos

mk n n






 

   (5) 

1

1 2 1
( ) ( ) ( ( ) ( )),

( 1)
t n l

n n n
n

n
rv i d ψ kr p cos θ cos

k n n






 

   (6) 

Hankel Hankel functions are employed to represent the scattered wave. The functions χn 
(kr) and ψn(kr) possess the desirable property of vanishing at infinity, thereby ensuring 
that the boundary conditions are physically satisfied. 
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The internal scattering coefficients for silver nanoparticles are expressed as follows: 

( ) ( ) ( ) ( )
,

( ) ( ) ( ) ( )
n n n n

n
n n n n

ψ y ψ x mψ y ψ x
a

ψ y ζ x mψ y ζ x

 


 
 (9) 

( ) ( ) ( ) ( )
,

( ) ( ) ( ) ( )
n n n n

n
n n n n

ψ y ψ x mψ y ψ x

ψ y
b

ζ x mψ y ζ x

 


 
 (10) 

By substituting the expressions for the internal scattering coefficients into the preceding 
equations and performing the necessary mathematical manipulations, the following 
expressions for the absorption, scattering, and extinction cross-sections are obtained: 

The scattering cross-section, denoted as csca, is defined as 

 2 2

2
1

2
(2 1)sca

sca n n
i n

W π
c n a b

I k





     (11) 

The extinction cross-section is expressed as: 

 2
1

2
(2 1)ex

ext n n
i n

W π
c n Re a b

I k





     (12) 

The absorption cross-section is expressed as:  

abs ext scac c c   (13) 

2.2 Order and uncertainties of Mie theory 

Light scattering by silver nanoparticles was modelled using the complete Mie theory, 
with the multipole expansion truncated at order N: 

 1

34.05 2N x x
 

     

where 
2πR

x
λ

  
 

 is the size parameter. 

For the particle radii investigated (5–120 nm) within the visible spectral range  
(300–800 nm), the maximum number of terms required is approximately (N ≈ 12). His 
truncation ensures numerical convergence of the extinction and scattering cross-sections 
with an uncertainty below 10–3. 

The dielectric function of silver was modelled using the Lorentz–Drude formulation, 
with parameters fitted from bulk optical data. For nanoparticles with radii smaller than 10 
nm, a surface-damping correction γeff = γbulk + AvF/R was applied to account for  
electron–surface scattering. 
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The principal limitations of this model arise from the use of bulk parameters in the 
nanometric regime, the neglect of nonlocal and quantum effects for (R  5 nm), and the 
assumption of perfectly spherical, isolated particles. These factors may introduce typical 
uncertainties of 5–20 % in simulated intensities and spectral shifts of up to 10–30 nm in 
the plasmon-resonance position. 

The truncation order of the Mie series adopted in this study was set to a fixed number 
of terms, ensuring convergence; however, numerical inaccuracies can still occur if the 
order is insufficient. Future investigations will examine the sensitivity of the results to the 
chosen truncation order and test alternative convergence criteria. 

To further refine model parameters and improve Mie-series convergence, recent 
studies have introduced optimised fitting techniques and corrected formulations of the 
Lorentz–Mie framework (Fujii, 2014; Klinavičius et al., 2024; Rahimzadegan et al., 
2020). These approaches reduce numerical artefacts and provide closer agreement with 
experimental spectra, particularly for broad resonance regimes and higher-order 
scattering components. 

To validate the reliability of the results obtained from combining the Lorentz–Drude 
model with Mie theory, we referred to well-established experimental works. In particular, 
the studies by Hlaing et al. (2016) and Kolwas et al. (2013) provide precise 
measurements of absorption, scattering, and extinction cross-sections for spherical silver 
nanoparticles across radii from 5 nm to 100 nm – exactly matching the range investigated 
here. These data enable direct comparison between our theoretical predictions and 
empirical trends, confirming the overall spectral behaviour observed experimentally. 

3 Results and discussion 

Using Mie theory, we calculated the extinction, absorption, and scattering cross-sections 
to investigate how nanoparticle radius influences their optical behaviour (Hao and 
Nordlander, 2007; Du, 2004). Employing the Lorentz–Drude model, we present in the 
following figures the wavelength-dependent variations of these cross-sections for silver 
nanoparticles with radii of r = 5, 20, 40, 60, 80, 100 and 120 nm. The data were obtained 
from the Lorentz–Drude model database, and all results are plotted on an algorithmic 
scale to ensure consistent visualisation of the magnitude differences among the various 
sizes. 

For nanoparticles with a radius of 5 nm, the curves clearly indicate that the absorption 
cross-section is substantially greater than the scattering cross-section. The absorption 
peak appears around 350 nm, within the ultraviolet region. At this very small scale, 
nanoparticles act primarily as light absorbers, capturing incident energy rather than 
redirecting it. This corresponds to the quasi-static regime, in which the particle size is 
much smaller than the wavelength of incident light. In this context, scattering is almost 
negligible, and the extinction cross-section Sabs, i.e., Sext ≈ Sabs, with Ssca ≈ 0. Such 
behaviour is desirable in applications that require strong absorption, including optical 
heating systems and contrast agents for biomedical imaging. 

13 13 131,0.10 ; 0,98.10 ; 0,02.10ext abs scas s s      

It is important to emphasise that the calculations presented in this study are based on 
classical models – specifically, the Lorentz–Drude formulation combined with Mie 
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theory – which do not account for several critical physical phenomena that arise at the 
nanoscale. For particles with radii smaller than 20 nm, quantum confinement effects and 
electron–surface scattering can significantly modify the complex permittivity of silver. 
These effects alter the electronic density of states and the overall optical response of the 
material, leading to deviations from classical predictions, particularly in plasmonic 
resonance positions and absorption intensities. In the absence of such corrections, 
theoretical estimates for the smallest nanoparticles may either overestimate or 
underestimate specific optical parameters, such as absorption or extinction. Recent 
studies (Derkachova and Kolwas, 2021; Zhuo et al., 2021) have demonstrated that 
incorporating nonlocal models or quantum corrections produces spectra that more closely 
reproduce experimental data for particles smaller than approximately 10–15 nm. 
Therefore, to enhance the predictive accuracy in this size regime, future extensions of the 
present work should employ hybrid models that integrate these quantum and nonlocal 
effects. 

Figure 1 Scattering, extinction, and absorption cross-section for r = 5 nm (see online version  
for colours) 
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The results obtained for nanoparticles with radius r = 20 nm, are shown in Figure 2. As 
the radius increases to this value, the curves exhibit a pronounced rise in the scattering 
component. The absorption peak broadens and shifts slightly toward longer wavelengths, 
reaching approximately 500 nm, near the centre of the visible spectrum. At this scale, 
nanoparticles begin to scatter light appreciably, although absorption remains marginally 
dominant. The extinction cross-section Sext, defined as the sum of Sabs + Ssca, increases 
accordingly. This behaviour signifies a transition toward a more complex interaction 
regime in which incident light is both absorbed and redirected. Such dual absorption 
scattering characteristics are particularly advantageous for optical technologies such as 
plasmonic sensors and visible-light photocatalysts. 

14 14 14; 6,5.10 ; 4,0.10 ; 2,5.10ext sca abs ext abs scas s s s s s        
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Figure 2 Scattering, extinction, and absorption cross-section for r = 20 nm (see online version  
for colours) 

  

Figure 3 Scattering, extinction, and absorption cross-section for r = 50 nm (see online version  
for colours) 
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Figure 3 presents the results for nanoparticles with a radius r = 50 nm. At this size, a 
distinct transition is observed: scattering becomes the dominant interaction mechanism. 
The scattering peak clearly surpasses the absorption peak and appears around 600–650 
nm, within the red region of the visible spectrum. This behaviour is consistent with Mie 
theory, which predicts a rapid enhancement of scattering as the particle size approaches 
the wavelength of the incident light. In this regime, light is primarily redirected by the 
nanoparticles rather than absorbed. Consequently, the extinction cross-section Sext, is 
dominated by the scattering component Ssca, while the absorption term Sabs becomes 
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secondary. Such particles are particularly suitable for applications that rely on light 
redirection or reflection, including reflective coatings and photonic materials. 

14 14 14; 6,8.?10 ; 5,5.10 ; 1,3.10ext sca abs ext abs scas s s s s s        

Figure 4 displays the results for nanoparticles with a radius of r = 60 nm. At this size, the 
absorption cross-section (Sabs) clearly dominates across the entire spectral range. The 
extinction peak (Sext) is observed around 350 nm, reaching approximately 8.00 × 10⁻¹⁴ m². 
At this point, absorption is nearly equal to extinction, indicating that the scattering 
contribution (Ssca) is minimal. It remains below 2.00 × 10⁻¹⁴ m², which is characteristic of 
small particles (r < λ). Thus, for silver nanoparticles of this size, absorption represents the 
dominant light–matter interaction mechanism, whereas scattering remains negligible. 

14 14 14; 8, 0.10 ?; 6,0.10 ; 2,0.10ext sca abs ext abs scas s s s s s        

Figure 4 Scattering, extinction, and absorption cross-section for r = 60 nm (see online version  
for colours) 

 

0.00E+00

1.00E-14

2.00E-14

3.00E-14

4.00E-14

5.00E-14

6.00E-14

7.00E-14

8.00E-14

9.00E-14

0 200 400 600 800 1000 1200 1400

Absorption Cross Section (m^2) Scattering Gross Section (m^2)

Extinction Cross Section (m^2)

Lambda [nm] 
 

Cr
os

s-
se

ct
io

n 
[

] 
 

 

Figure 5 presents the results for nanoparticles with a radius of r = 80 nm. At this size, all 
three curves exhibit higher overall intensity. The extinction cross-section (Sext) peaks 
around 400 nm, reaching approximately 1.30 × 10⁻¹³ m². The absorption cross-section 
(Sabs) remains dominant but slightly lower than the extinction, attaining a maximum of 
about 1.20 × 10⁻¹³ m². The scattering component (Ssca) becomes more pronounced, with a 
peak near 7.00 × 10⁻¹⁴ m². This transition indicates that scattering begins to play a 
significant role in the overall extinction process. Moreover, the emergence of a double 
peak between 300 and 500 nm suggests the presence of multiple optical resonances at this 
particle size. 

13 13 14; 1,3.10 ; 1, 2.10 ; 7,0.10ext sca abs ext abs scas s s s s s        

Figure 6 illustrates the results for nanoparticles with a radius of r = 100 nm. At this size, 
the optical behaviour of the particles evolves further. The extinction cross-section (Sext) 
exceeds 1.90 × 10⁻¹³ m², with a peak around 420 nm. The scattering component (Ssca) 
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considerably more pronounced, reaching up to 9.00 × 10⁻¹⁴ m², while the absorption 
cross-section (Sabs) remains approximatively to 1.40 × 10⁻¹³ m². Unlike the smaller 
particle cases, scattering now constitutes a substantial and in some regions, dominant – 
contribution to the total extinction. This behaviour is consistent with Mie theory, which 
predicts a rapid increase in scattering as particle size approaches the wavelength of 
incident light. At this scale, nanoparticles exhibit a balanced contribution from both 
absorption and scattering, a property that can be exploited in applications such as 
directional light control and plasmonic sensing. 

13 13 14; 1,9.10 ; 1, 4.10 ; 9,0.10ext sca abs ext abs scas s s s s s        

Figure 5 Scattering, extinction, and absorption cross-section for r = 80 nm (see online version  
for colours) 
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Our observations for radii between r = 50 nm and r = 100 nm are in strong agreement 
with recent experimental studies demonstrating a dominant scattering response in  
larger silver nanoparticles (AgNPs). Investigations using techniques such as  
waveguide-enhanced infrared absorption (SEIRA) spectroscopy and UV–Vis spectral 
reconstruction confirm the size-induced redshift and spectral broadening trends predicted 
by our model (Kato et al., 2017; Pi et al., 2021; Zhou et al., 2021). 

Figure 7 presents the results for nanoparticles with a radius of r = 120 nm. At this 
scale, the plots clearly reveal that scattering becomes the prevailing interaction 
mechanism compared with absorption. The scattering cross-section peaks within the 
visible range, around 400–450 nm, with an estimated value of approximately 2.4 × 10⁻¹³ 
m². In contrast, the absorption cross-section is markedly smaller, reaching only about 0.4 
× 10⁻¹³ m². The extinction cross-section, representing the sum of absorption and 
scattering, closely follows the scattering profile and peaks near 2.45 × 10⁻¹³ m². This 
configuration indicates that the incident light is predominantly scattered rather than 
absorbed, meaning the particles behave more like optical reflectors or scatterers than 
absorbers. Such behaviour is typical for particles whose radius is comparable to or larger 
than half the incident wavelength, resulting in enhanced scattering as predicted by Mie 
theory. The pronounced scattering response at this scale makes these nanoparticles 
especially valuable for applications such as reflective coatings, optical shielding, and 
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devices that require efficient light redirection or dispersion. In summary, for r = 120 nm, 
scattering dominates the light–particle interaction, while absorption plays only a minor 
role. The graph thus highlights the transition toward an optical regime in which particle 
size enables efficient multi-directional re-emission of incident light 

13 14 13; 2, 4.10 ; 4,0.10 ; 2, 45.10ext sca abs ext abs sca ext s abss s s s s s s s ca s          

Figure 6 Scattering, extinction, and absorption cross-section for r = 100 nm (see online version 
for colours) 
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Figure 7 Scattering, extinction, and absorption cross-section for r = 120 nm (see online version 
for colours) 
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From the analysis of Figures 1–7, a clear trend emerges: as the radius of silver 
nanoparticles increases, their optical behaviour transitions from predominantly absorptive 
to strongly scattering. At r = 5 nm, scattering is negligible, and extinction arises almost 
entirely from absorption. As the particle size increases to 20–50 nm, both scattering and 
absorption become significant, with absorption remaining slightly dominant up to 
approximately 50 nm. 

Beyond r = 60 nm, scattering becomes the primary contributor to the extinction  
cross-section. This evolution is accompanied by a broadening of spectral peaks and a 
redshift of the resonance wavelengths – both effects consistent with the predictions of 
Mie theory. The results for r = 80 nm, 100 nm, and 120 nm show that the extinction and 
scattering curves nearly coincide, indicating that most of the incident light is redirected 
rather than absorbed. 

In solar-energy applications, particularly in thin-film photovoltaic devices, 
nanoparticles with radii in the 80–120 nm range can be embedded within the active layer 
to enhance light trapping through strong scattering in the visible region (≈ 400–650 nm). 
This behaviour aligns with the observed peak scattering efficiencies at these sizes, 
making such nanoparticles excellent candidates for improving photon absorption in  
low-thickness semiconductor layers. 

For biomedical imaging and photothermal therapy, smaller nanoparticles (~5–20 nm) 
that exhibit dominant absorption over scattering are particularly advantageous. Their 
strong absorption within the UV–visible range (~350–500 nm) enables efficient  
light-to-heat conversion, facilitating localised thermal effects and precise imaging while 
minimising scattering-induced signal loss. In plasmonic sensing and surface-enhanced 
Raman spectroscopy (SERS), the tunability of both scattering and absorption peaks 
allows for fine adjustment of the localised surface plasmon resonance (LSPR) to coincide 
with the laser excitation wavelength. Nanoparticles of intermediate sizes (~40–60 nm), 
which display overlapping absorption and scattering responses, are especially effective in 
maximising the SERS enhancement factor. These examples demonstrate how size-
dependent optical characteristics derived from the Lorentz–Drude and Mie models can 
guide the rational design of nanoparticles for specific functional applications. 

Figure 8 Extinction, absorption, and scattering for AgNP D = 60 nm (see online version  
for colours) 

 

Source: Hughes et al. (2015) 
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The numerical trends obtained in this study are in strong agreement with the experimental 
results reported by Hlaing et al. (2016), who observed – via UV–Vis spectroscopy – that 
absorption dominates for radii below 50 nm, whereas scattering becomes the principal 
contribution beyond 60 nm. Our simulations reproduce this same crossover behaviour: 

 For radii of 5 and 20 nm, the extinction spectra exhibit sharp peaks in the UV region 
(~395–400 nm), with negligible scattering, consistent with Hlaing’s observations of 
minimal light redirection at small scales. 

 At r = 50 nm, a transition occurs in which scattering increases and begins to match 
absorption, producing broader and more complex spectral profiles. 

 For r = 60–120 nm, scattering dominates, and the extinction and scattering spectra 
overlap extensively, reflecting macroscopic light-scattering behaviour predicted by 
Mie theory. 

These findings are also consistent with the results of Kolwas et al. (2013), who 
demonstrated that increasing nanoparticle size leads to: 

 a redshift of both absorption and scattering peaks 

 a pronounced broadening of the scattering spectra 

 an increased overlap between Sext and Ssca larger than 60 nm. 

Our results for r = 100 and 120 nm exhibit these same spectral characteristics – broader 
and flatter peaks accompanied by reduced plasmonic selectivity. These changes confirm a 
transition from LSPRs to bulk-like scattering behaviour. 

Figure 9 Absorption and scattering spectra for r = 5 and 75 nm (see online version for colours) 

  
Source: Kolwas and al. (2013) 

Additionally, a progressive convergence of the extinction and scattering peak positions is 
observed as the particle radius increases. This observation is consistent with recent 
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findings obtained through deep-learning–based inversion of extinction spectra 
(Klinavičius et al., 2024), which demonstrate that peak broadening and spectral flattening 
can be exploited to retrieve nanoparticle size distributions with greater accuracy. These 
trends are further supported by computational models that simulate particle ensembles 
and account for environmental effects. 

This experimental–computational analysis confirms that particle radius is a key 
parameter governing optical efficiency. Small particles (r < 20 nm) behave primarily as 
absorbers, with negligible scattering. In the intermediate range (50–80 nm), nanoparticles 
enter a hybrid regime in which both absorption and scattering mechanisms are active. For 
larger particles (r > 100 nm), scattering becomes dominant, making them excellent 
candidates for applications involving light manipulation, reflective coatings, or optical 
sensing. These findings are in strong agreement with experimental observations reported 
in previous studies, thereby validating the reliability and accuracy of the Lorentz–Drude 
and Mie-based computational framework. 

Table 1 λmax of absorption and scattering for nanoparticles of various radii 

Radius (nm) λmax (Absorption) model λmax (absorption) 
Hlaing 

λmax (scattering) 
Kolwas 

20 ~395 nm ~400 nm Low 

50 ~420 nm ~425 nm ~450 nm 

80 ~460 nm ~465 nm ~480–500 nm 

100 ~470–490 nm ~475–490 nm ~500 nm 

The present study assumes that all silver nanoparticles are perfectly spherical and 
uniformly dispersed within a homogeneous medium. However, under real-world 
conditions, nanoparticle shapes often deviate from ideal sphericity, adopting 
morphologies such as ellipsoids, rods, cubes, or irregular aggregates. These geometric 
variations can markedly influence the LSPR characteristics, resulting in spectral shifts, 
mode splitting, and anisotropic scattering – features that are not captured by the classical 
Mie theory for ideal spheres. 

Furthermore, particle clustering or aggregation – frequently encountered in 
biological, environmental, and photovoltaic systems – can lead to near-field coupling 
between adjacent nanoparticles. This coupling induces redshifted and broadened 
resonance peaks, substantially modifying both absorption and scattering spectra. Previous 
studies have shown that such plasmonic coupling effects may either enhance or suppress 
optical responses, depending on interparticle spacing and orientation (Nurrohman and 
Chiu, 2021; Yang et al., 2020). 

Another important limitation of the present study is that all simulations assume the 
nanoparticles are suspended in vacuum or an ideal homogeneous medium with a 
refractive index of unity. In practical applications, however, silver nanoparticles are 
typically embedded in environments such as air, water, polymers, glass, or biological 
tissues – each characterised by distinct dielectric constants. The surrounding medium 
modifies the local electromagnetic field and, consequently, alters the resonance 
conditions, often producing a redshift in the absorption and scattering peaks relative to 
those calculated in vacuum. For instance, embedding silver nanoparticles in water  
(n ≈ 1.33) or in biological fluids (n ≈ 1.35–1.38) shifts the plasmon resonance peaks 
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toward longer wavelengths and increases the extinction cross-sections due to enhanced 
polarisation of the surrounding medium. This effect is particularly critical in biosensing 
applications, where the LSPR shift serves as a key detection mechanism. Future 
simulations should therefore incorporate realistic refractive indices of the surrounding 
media to more accurately predict and optimise optical responses under practical 
conditions. 

3.1 Validation of the theoretical model 

To assess the reliability of the Lorentz–Drude model coupled with Mie theory, the 
numerical simulations were benchmarked against both experimental and theoretical data 
reported in the literature. The calculated plasmon resonance peak for silver nanoparticles 
in air appears between 360 and 410 nm, depending on particle radius. This range is 
consistent with the values reported by Johnson and Christy (1972) for bulk silver and by 
Kelly et al. (2003) for isolated spherical nanoparticles. 

As the particle radius increases, a gradual redshift of the extinction maximum is 
observed. This shift is attributed to the enhanced contribution of higher-order multipolar 
modes and stronger electromagnetic field penetration within the particle, in agreement 
with prior experimental findings. For nanoparticles with radii below 10 nm, pronounced 
damping and broadening of the plasmon resonance occur due to increased electron–
surface scattering and the breakdown of the local dielectric approximation at such small 
scales. 

Overall, the simulated trends closely reproduce key experimental observations, 
confirming that the fitted Lorentz–Drude model combined with Mie theory up to order  
(N = 12) provides a quantitatively robust description of the optical response of silver 
nanoparticles in the visible range. The strong agreement with literature data – showing 
relative deviations below 10% in peak position and below 15% in peak amplitude 
demonstrates the validity and reliability of the proposed model for analysing  
particle-size-dependent optical effects. 

4 Conclusions 

This study highlights the critical influence of nanoparticle radius on the optical 
characteristics of silver, particularly the absorption, scattering, and extinction  
cross-sections. The combined Lorentz–Drude model and Mie theory simulations reveal a 
clear size-dependent transition in optical behaviour: larger particles (r > 60 nm) primarily 
act as light scatterers, whereas smaller particles (r < 20 nm) exhibit dominant absorption. 
Consistent with experimental observations, this gradual transition is accompanied by  
red-shifting and broadening of the plasmon resonance peaks. 

The findings underscore the importance of deliberate nanoparticle size selection for 
targeted applications. Larger particles are best suited for light manipulation and reflective 
or photovoltaic systems, intermediate-sized particles (40 – 60 nm) maximise plasmonic 
effects for optical sensing, and smaller nanoparticles are optimal for biomedical 
applications owing to their efficient light absorption and photothermal properties. 

Nevertheless, several limitations must be acknowledged. The present model does not 
account for quantum effects, non-spherical geometries, particle aggregation, or the 
dielectric properties of realistic surrounding media – all of which can significantly 
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influence optical behaviour under practical conditions. Incorporating these factors in 
future research will enhance the predictive accuracy and applicability of the model. 

In summary, the radius of silver nanoparticles is a key parameter in tuning optical 
efficiency. The results presented here provide a robust foundation for the design and 
optimisation of nanophotonic devices tailored to diverse technological and biomedical 
applications. 
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