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Abstract. This work reports the calculated dependence of the localized surface plasmon 

resonance (LSPR) parameters and damping mechanism on nanoparticle size of 

unconventional transition metals, including zinc, silver, rhodium, rhenium, molybdenum, 

tantalum, titanium, and scandium, within the size range of 10 to 400 nm. The study applies 

Mie theory to determine the peak energies, amplitude, and full width at half maximum 

(FWHM) of LSPR as a function of size, shape, and material type. We have found that the 

parameters of LSPR depend on electron structure and damping mechanisms. LSPR ampli-

tude decreased systematically for individual nanoparticles (NPs) for sizes 10…200 nm, 

after which, a similar trend was exhibited due to radiative damping. Au, Sc and Ag are the 

only metal NPs that exhibited a significant FWHM of LSPR at sizes approximately below 

40 nm. For all investigated transition metal NPs, smaller NPs exhibited higher absorption 

and lower scattering, while larger NPs showed narrower FWHM and red-shifted LSPR 

peaks due to retardation effects and multipolar plasmon excitations. The analysis highlights 

that some transition metal NPs exhibit optical characteristics similar to those of gold, silver, 

and copper, making them a good alternative for the mentioned ones at specific NP sizes. 
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1. Introduction 

Noble metal nanoparticles, such as gold (Au) and silver 

(Ag), exhibit strong localized surface plasmon resonance 

(LSPRs) due to their electronic structures and low optical 

losses. LSPRs arise from the collective oscillation of 

conduction electrons in metallic nanoparticles (NPs) 

excited by incident electromagnetic radiation. These 

resonances give rise to strong optical absorption and 

scattering features whose spectral position and linewidth 

depend sensitively on NP size, geometry, material 

composition, and the surrounding dielectric environment 

[1, 2]. This enables applications in sensing, imaging, and 

photonics [3, 4].  

Noble metals such as gold and silver are the most 

extensively studied plasmonic materials due to their 

strong and spectrally narrow LSPR responses in the 

visible region [5, 6]. Despite their widespread use, noble 

metals face several limitations, including high cost,  
 

limited natural abundance, and restricted spectral 

behaviour, particularly in the ultraviolet region where 

interband transitions lead to strong damping [7, 8]. These 

limitations have motivated increasing interest in 

alternative plasmonic materials, especially transition 

metals that are not traditionally classified as canonical 

plasmonic systems [9, 10]. 

In this work, the term “unconventional transition 
metals” (UTM) refers to metallic elements that are not 
conventionally used in plasmonic applications; however, 

they can support size-dependent collective electron 
oscillations under appropriate conditions [6, 11]. These 
include zinc (Zn), scandium (Sc), titanium (Ti), 

molybdenum (Mo), tantalum (Ta), rhenium (Re), and 
rhodium (Rh). Unlike Au and Ag, these metals often 
exhibited stronger intrinsic damping and interband 
transitions, but they also offer advantages such as 

broader spectral response, ultraviolet plasmonic activity, 
chemical robustness, and cost effectiveness [12, 13].  
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Au and Ag are included in this study as reference 

benchmarks to contextualize the plasmonic behaviour of 
the unconventional metals [10, 14]. Recent advances in 
nanoplasmonics have demonstrated that several transition 

metals can exhibit tunable LSPR responses, particularly 
in the ultraviolet and broadband spectral regions, making 
them promising candidates for sensing, catalysis, and 
energy-related applications [15, 16]. However, systematic 

studies examining how the NP size dependence of the 
LSPR peak position and damping behavior across a wide 
range of unconventional transition metals remain limited. 

This study addresses this gap by performing a 

comparative, size-dependent theoretical analysis of LSPR 

peak energies and linewidths for the range of 

unconventional transition metal NPs with diameters 

ranging from 10 to 400 nm, using full Mie theory. 
 

2. Methods 
 

The characteristics of the transition metals used in this 

study are listed in Table. 

The optical dependences have been analyzed for 

NPs with sizes ranging from 10 to 400 nm with intervals 

of 10 up to 200 nm and thereafter 20 nm [17]. 

Complex refractive indices (n + ikn + ik) for each 

metal were obtained from experimentally validated 

sources via refractiveindex.info, with original references 

cited (e.g. [18] for Au). Data were digitized and 

incorporated into a custom MATLAB-based Mie solver 

(“MieApp”) to calculate scattering, absorption, and 

extinction cross-sections for spherical NPs in vacuum. 

The NP diameters were varied from 10 to 400 nm, with a 

step of 10 nm (up to 200 nm) and 20 nm (beyond 

200 nm). 

The LSPR peak energy and the full width at half 

maximum (FWHM) were extracted from extinction 

spectra. The scattering to absorption ratio was calculated 

at the LSPR maximum. Results were validated using an 

online Mie calculator [10, 19, 20]. 

From the Mie scattering and absorption function, 

FWHM, plasmonic (peak energy), and scattering/absorp-

tion ratio at different NP sizes were obtained. The 

extracted data were used to determine the electronic  
 

 

 

properties of NPs of different sizes by calculating the 

light scattering intensity as a typical inverse problem 

[21]. This research adopted an inverse mathematical 

model, which is based on Mie scattering. It deduced the 

inversion formulas for particle size and calculated the 

relative coefficients by programming with built-in 

functions in MATLAB. Scattering and absorption curves 

were plotted using Origin software from the data 

obtained in “MieApp”. Fig. 1 shows the steps taken to 

code in MATLAB software. 
 

3. Results and discussions 

3.1. Size-dependence of the LSPR peak position 
 

As a first step, we used Au NPs as a reference system to 

validate the numerical implementation of the Mie theory 

and to establish a reliable base for interpreting the size-

dependent plasmonic trends of uncommon plasmonic 

metals. The optical behavior of Au NPs, including the 

transition from absorption-dominated to scattering-

dominated regimes and the red shift of the dipolar LSPR 

with increasing NP size, is extensively documented in the 

literature and is not claimed as a novel result in this  
 

 

 
 

Fig. 1. MATLAB-based workflow for extracting dielectric 

functions from literature data, fitting the Drude–Lorentz model, 

and evaluating plasmonic performance parameters. 

Table. Transition metals and the selection criteria for this study. 

Group Transitional elements 
Serial 
number 

Abundance 
Synthesizability 
of NPs 

Stability 

3 scandium (Sc) 21 moderately possible stable 

4 titanium (Ti) 22 abundant possible  stable 

5 tantalum (Ta) 73 low possible  stable 

6 molybdenum (Mo) 42 abundant possible  stable 

7 rhenium, Re 75 rare metal (costly) possible  stable 

9 rhodium, Rh 45 rare possible  stable 

11 
silver (Ag) 28 relatively abundant possible  stable 

gold(Au) 78 relatively abundant possible  stable 

12 zinc (Zn) 30 abundant possible  exists as an oxide 
 

https://refractiveindex.info/
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study. For small Au NPs, approximately 30 nm in 

diameter, absorption dominated the optical response due 

to strong dipolar LSPR excitation. As the NP size 

increases, scattering becomes increasingly significant, 

eventually surpassing absorption for diameters above 

approximately 80…100 nm due to enhanced radiative 

damping and retardation effects. The red shift of the 

LSPR peak with increasing size arises from phase 

retardation across the particle and the emergence of 

higher-order multipolar plasmon modes. The scattering-

to-absorption ratio is discussed qualitatively, as the 

spectral maxima of scattering and absorption are not 

strictly aligned; consequently, the ratio depends on the 

relative spectral positions of these maxima and should 

not be interpreted as an intrinsic material constant. 

Fig. 2 presents the dependence of the LSPR peak 

energy on NP size for the selected noble metals and 

UTMs. For all materials, the LSPR peak exhibited a 

systematic red shift with increasing NP size. At small 

sizes, below approximately 200 to 275 nm, the LSPR 

energy showed strong material dependence, reflecting 

differences in electron density, electronic band structure, 

and dielectric response among the metals. At larger sizes, 

the LSPR peak energies converged across different 

materials and became predominantly size-dependent 

rather than material-dependent. This convergence arises 

from dynamic depolarization and retardation effects, 

which reduce the influence of intrinsic electronic 

properties on the collective electron oscillation. Several 

unconventional transition metals, including Mo, Ti, Rh, 

and Re, exhibited high-energy LSPR peaks in the UV 

range for small NPs, highlighting their potential for UV 

and broadband plasmonic applications. 

It’s clearly observed that there is pronounced 

material dependence of the LSPR energies in the range of 

small NP sizes, approximately between 10 and 275 nm. 

In contrast, for large NPs, the LSPR energy is material-

independent and depends only on the NP size. 

 

 

 
 
Fig. 2. The dependence of LSPR peak energy as a function of 

nanoparticle diameter for selected noble (Au, Ag) and transition 

metals (Sc, Mo, Ti, Zn, Ta, Re, and Rh). 

The material-dependent behavior for the small NPs is 

related to the strong dependence of the LSPR energy on 

electron density and to a smaller extent on differences in 

the real parts of the dielectric response function for 

various transition metals. The material independence of 

the LSPR energy observed for large NPs is caused by the 

significant role of dynamic depolarization. As the NP size 

increases, the LSPR energy shifts to the red side, and 

finally, the period of the collective electron oscillations 

becomes of the same order of magnitude as the retardation 

time needed to polarize the system. Mo and Ti NPs 

showed the peak positions at 6.0 eV for NPs of size close 

to 75 nm. Gold NPs exhibit the lowest peak energy of 

2.5 eV for a size range 10 to 250 nm, which decreases 

slightly with increasing NPs size, while Rh, Mo, and Ag 

NPs exhibit the highest peak energies for small NPs. Rh, 

Re, Zn, Mo, Ti, and Ta have peak energies above 3.5 eV 

for NPs below 150 nm. There is convergence of the 

LSPR peak position for NPs of 275 to 400 nm, and all 

transition metal NPs showed the same peak energies, 

which were decreasing linearly for the same NPs size. 

 

3.2. Size-dependence of LSPR peak FWHM 
 

The dependence of FWHM of the LSPR extinction peak 

on NP size for the investigated metals is shown in Fig. 3. 

The FWHM provided a direct measure of plasmon 

damping, incorporating both radiative and non-radiative 

loss mechanisms. 

For all metals, the FWHM initially increased with 

NP size, reaching a broad maximum in the intermediate 

size range (~ 150…250 nm), where competition between 

absorption and scattering losses is the strongest. At larger 

sizes, the FWHM decreases due to reduced coherence of 

electron oscillations and the dominance of radiative 

damping [22, 23]. The particle sizes, where the maximum 

spectral broadening occurs, are marked by the dashed 

lines (Fig. 3). This broadening is associated with the 

onset of strong radiative damping and multipolar 

plasmon excitation. Differences in FWHM magnitude 

and trend reflect material-dependent intrinsic losses and 

size-dependent damping mechanisms.  

Among the UTMs, Ta exhibited the smallest line-

width across most sizes, while Ti and Mo displayed the 

strongest damping, particularly at intermediate sizes.  

Zn, Rh, Re, and Sc exhibited comparatively moderate 

linewidths, with values approaching those of noble 

metals within specific size and energy regimes. These 

results demonstrate that, despite stronger intrinsic 

damping, several UTMs can support relatively well-

defined plasmonic resonances under appropriate size 

conditions. 

Ta exhibits the smallest FWHM for all NP sizes, 

while Ti showed the maximum FWHM values specifi-

cally between 150 and 225 nm. At 3.0 eV, Zn presented 

broadening less than 1.0 eV for peak energies above 

5.0 eV, which is comparable with the FWHM exhibited 

by silver and gold below 2.0 eV. FWHM for Mo and Ta 

NPs showed more pronounced broadening for smaller NPs.  

 



SPQEO, 2026. V. 29, No 1. P. 051-056. 

Sila F., Mbaluka B., Riara M. & Katumo N. Localized surface plasmon resonance and damping mechanisms … 

054 

 
(a) 

 

 
(b) 

Fig. 3. Variation of FWHM of the LSPR as a function of NP 

size for selected metallic NPs. (a) Au, Ag, Sc, Re, and Rh;  
(b) Mo, Ti, Zn, and Ta. The dashed vertical lines indicate the 

intermediate particle sizes, where the maximum spectral 

broadening occurs. 

 
 

Mo attains maximum energy at 7.5 eV for an NP size of 

200 nm, while Ta attains maximum energy for an NP 

size of 50 nm. Zn, Rh, Re, and Sc NPs exhibited 

relatively narrower FWHM compared to Mo and Ta, 

potentially due to lower electron density and scattering 

rates. This is because interband transitions and surface 

scattering are more dominant in this range, which 

broadens the plasmon band [24, 25]. The peak sharpness 

decreased for NPs of Au, Sc, Ag, and Zn in the size 

range of 10 to 200 nm. Below approximately 50 nm, Mo, 

Ta, Ti, Rh, Re, and Zn do not have significant peaks. 

Between 200 and 275 nm, each transition metal NPs 

displayed maximum broadening at different energies, 

with Rh having the most broadened peak at 9.5 eV, while 

Au had the least broadened peak at 3.5 eV. Apart from 

Au and Sc, which exhibited narrowing of the FWHM 

from 275 nm, the rest of the metals exhibited narrowing 

of the FWHM from 200 nm and beyond. Mo NPs at 

200 nm show the bimodal LSPR peak. 

 

4. Conclusion 
 

This study has systematically investigated the size-

dependent localized surface plasmon resonance and 

damping behavior of selected unconventional transition 

metal NPs using full Mie theory. By analyzing NP sizes 

from 10 to 400 nm, the work demonstrated that UTMs 

can exhibit tunable LSPR responses across a broad 

spectral range, including the ultraviolet region, where 

noble metals are limited by interband transitions. While 

Au and Ag remain superior in terms of narrow linewidths 

and low damping, several UTMs displayed plasmonic 

characteristics comparable to noble metals within 

specific size regimes. The convergence of LSPR energies 

at large particle sizes underscores the dominant role of 

retardation and dynamic depolarization effects. These 

findings highlighted the potential of UTMs as alternative 

plasmonic materials for broadband optical, catalytic, and 

energy-related applications. Future work may explore 

shape effects, alloying, and surface functionalization to 

further optimize their plasmonic performance. 
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Локалізований поверхневий плазмонний резонанс та механізми демпфування у перехідних металах 

 

F. Sila, B. Mbaluka, M. Riara & N. Katumo 

 

Анотація. У цій роботі представлено розраховану залежність параметрів локалізованого поверхневого 

плазмонного резонансу (LSPR) та механізму затухання від розміру наночастинок (НЧ) нетрадиційних 

перехідних металів, зокрема, цинк, срібло, родій, реній, молібден, тантал, титан та скандій, розмірами від 10 

до 400 нм. У дослідженні було використано теорію Мі для визначення енергії піків, амплітуди та півширини 

(FWHM) LSPR як функції розміру, форми та типу матеріалу. Ми виявили, що параметри LSPR залежать від 

електронної структури та механізмів затухання. Амплітуда LSPR систематично зменшувалася для окремих НЧ 

розмірами 10…200 нм, після чого спостерігалася аналогічна тенденція через випромінювальне затухання. Au, 

Sc та Ag – єдині металеві НЧ, які демонстрували значну півширину приблизно нижчу ніж 40 нм. Для всіх 

досліджених НЧ перехідних металів, менші НЧ демонстрували вище поглинання та менше розсіювання, тоді 

як більші НЧ демонстрували вужчу півширину та зміщені в червону область піки LSPR через ефекти затримки 

та багатополярне плазмонне збудження. Аналіз показує, що деякі НЧ перехідних металів демонструють 

оптичні характеристики, подібні до характеристик золота, срібла та міді, що робить їх гарною альтернативою 

до вказаних при певних розмірах наночастинок. 

 

Ключові слова: нетрадиційні перехідні метали, розсіювання, поглинання, локалізований поверхневий 

плазмонний резонанс, затухання, благородні метали. 
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