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In noble metals, surface plasmons may be induced by incident light, resulting in good plasmonic properties that can be 

widely utilized. In this work, an optical nanomaterial based on a spherical nanoshell structure consisting of rhodium and 

dielectric is proposed. The scattering efficiency and electric field are calculated via the finite difference time domain 

method, by respectively varying the nanoparticle radius, the thickness of the nanoshell, as well as the dielectric material 

of the core. The results show that under certain conditions in the ultraviolet regime, two plasmonic resonance peaks are 

observed in the scattering spectrum, correlating to two different electromagnetic modes. It is also demonstrated that the 

resonance wavelengths and the peak intensities of the rhodium based optical nanomaterial can effectively be tuned by 

changing the structural parameters. The proposed rhodium-based nanomaterial may be useful in applications of optical 

devices in the ultraviolet regime. 
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1. INTRODUCTION 

In noble metal based optical nanomaterials, Surface 

Plasmons (SPs) with specific energy and frequency may be 

excited under the irradiation of incident light [1, 2, 3]. The 

induced optical properties and corresponding 

electromagnetic fields can widely be applied in photonics, 

electronics, field enhancements, and catalysis, etc. 

[4, 5, 6, 7]. Nanomaterials with certain symmetries have 

been demonstrated to exhibit great plasmonic properties [8]. 

Among the symmetries, core-shell structures have 

advantages including the simple preparation and a wide 

tuning range of plasmonic resonance wavelength [9]. For 

example, the effects of light polarization and geometrical 

parameters on the plasmonic resonance of multilayer 

nanoshells were reported [10]. The dimension dependent 

optical properties of spherical core-shell structures, which 

were composed of ZnO@Ag nanoparticles embedded in a 

dielectric matrix, were investigated; two sets of formants 

were found in different wavelength regions [11]. In 

addition, the plasmonic resonance wavelengths of the core-

shell nanospheres based on silver and graphene were 

discussed [12, 13]. Recently, the extinction spectra of silver 

nanoshells with different environmental media were also 

addressed [14]. 

At present, the noble metals that have been extensively 

studied are mainly silver and gold, whose resonance 

wavelengths appear in the visible light regime [15]. In 

addition to the visible spectrum, the ultraviolet (UV) range 

also has a variety of practical applications due to its shorter 

wavelength and greater energy. Therefore, it is also 

significant to study noble metals that possess good 
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plasmonic properties in the UV regime. Studies have shown 

that aluminium is a promising candidate for plasmonics in 

the UV range. UV-absorbing and high-brightness dielectric 

films were deposited on aluminium nanoarrays, and 

photoluminescence enhancement of the films under UV 

laser excitation was observed, and the study showed that 

periodic arrays of aluminium nanopillars are useful for 

controlling UV light [16]. However, aluminium presents a 

high oxidation tendency that has a critical effect on its 

plasmonic performance. It has been found that rhodium has 

a good plasmonic response in the UV spectrum in terms of 

the field-enhancement factor and low tendency of oxidation 

[17]. For instance, it was shown that the plasmonic 

resonance can effectively be adjusted in UV region, by 

changing the size and shape of rhodium nanomaterials [18]. 

The optical properties of rhodium-based nanostructures and 

their applications in catalysis were also reported [17, 19]. 

Theoretically, based on the SPs enhancement effect of 

rhodium nanoparticles, the potential use in UV 

photocatalysis was addressed [20]. In addition, the SPs 

characteristics and the applications in biochemical sensing 

was also reported on several rhodium-related nanoparticles 

[21]. 

In this work, an optical nanomaterial, which consists of 

a rhodium shell and a dielectric core, was proposed. The 

scattering efficiency and the electric field distribution were 

probed in the UV regime. Two plasmonic resonances, 

associated with different electromagnetic modes, were 

addressed. The structure has good tunability, and the 

plasmonic wavelength in the UV region can be tuned by 

changing the size of the nanoshell; similar effects were also 

addressed [22]. Given the advantage of the low tendency of 
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oxidation and the fact that several rhodium-based 

nanostructures have been successfully synthesized [17], the 

rhodium nanoshell structure proposed in this work may be 

experimentally produced and practically utilized. 

2. STRUCTURE AND METHOD 

The spherical nanoshell structure based nanomaterial 

consisting of rhodium and dielectric is shown in Fig. 1. In 

this work, the radius of the core was indicated in r, and the 

dielectric material was SiO2 (n = 1.4), Si3N4 (n = 2.0), and 

TiO2 (n = 2.9), respectively. Note that although there is a 

dispersion for the dielectric materials (within 10 %), the 

approximation that a non-dispersive refractive index was 

used in the simulations for simplicity. The nanoshell was 

composed of rhodium, and its radius is labeled as R. 

Numerical simulations were performed by using the 

finite difference time domain (FDTD) method [23]. An x-

polarized plane-wave light was incident along the z-axis, in 

the wavelength range of 100 – 800 nm. To avoid the 

possible artifacts that might be induced by the simulation 

method, the mesh size was always kept smaller than 1/10 of 

the shortest wavelength studied in the simulation region of 

non plasmon-carrying media. In the simulation, perfect 

matching layer (PML) boundary conditions were used in all 

directions. The optical constants of rhodium were from 

Palik's experimental data [24]. 

 

Fig. 1. The structure of the spherical nanoshell consisting of 

rhodium and dielectric. The radius of the dielectric core is 

labeled r, and the radius of the rhodium nanoshell is 

indicated in R 

Note that no error estimates are given in this work, since 

the results are all calculated by using simulations, and they 

need to be used with caution, especially when compared 

with experimental data. 

3. RESULTS AND DISCUSSION 

3.1. Fixed radius of the dielectric core 

First, the effects of the radius of the rhodium nanoshell 

were studied. Based on the configuration shown in Fig. 1, 

the scattering efficiency was calculated by the following 

relationship: 

Scattering Efficiency=𝐶scat 𝑆⁄ ., (1) 

where Cscat is the scattering cross section of the 

nanostructure that was simulated by using a Total-field 

scattered-field (TFSF) source [23], and S is the projected 

cross-sectional area of the spherical nanoshell in the x-y 

plane. The scattering efficiency was calculated with a fixed 

value of the radius of the dielectric core (i.e., r = 10 nm), 

and the results are presented in Fig. 2. In the simulations, 

SiO2, Si3N4, and TiO2 was respectively used as the dielectric 

material of the core. The nanoshell's radius was varied from 

R = 15 to 35 nm. Note that only the scattering efficiency was 

used to probe the system in this work, without considering 

the effects that may be caused by the absorption of the 

dielectric core; the scheme employed in this work is a 

simplified model, which needs to be used with caution. 

In Fig. 2 a, when the radius is large (R ≥ 25 nm), one 

pronounced peak is observed in the scattering efficiency 

curve, within the UV range of 220 – 250 nm; the peak is 

labeled as L in this work, for simplicity. This peak is a clear 

manifestation of the plasmonic resonance that occurs in the 

rhodium nanoshell structure. As R is decreased from 35 to 

25 nm, the resonance wavelength of peak L is blueshifted; 

similar size-dependent effects were also reported in noble 

metals of silver and gold in previous work [25]. Referring 

to Fig. 2 a again, for the small radius of R = 15 nm, in 

addition to peak L, another peak at about 120 nm is also 

witnessed in the scattering spectrum. Note that the peak at 

the shorter UV wavelength is indicated in S, for simplicity.  

 

Fig. 2. Scattering efficiency as a function of incident light's wavelength. The dielectric material in the core was a – SiO2; b – Si3N4; 

c – TiO2. The radius of the core was fixed to be r = 10 nm 
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This observation reveals that when the shell radius is 

small, the thickness of the rhodium nanoshell is also small 

(R – r = 5 nm), the plasmonic coupling effect between the 

rhodium and the dielectric core becomes more substantial, 

resulting in two distinguishable resonance peaks in the UV 

regime. These peaks may be attributed to two different 

plasmonic resonance modes, which will be addressed 

below, with the aid of electric field distributions of the 

nanostructure. Regarding the results for Si3N4 shown in 

Fig. 2 b, as with SiO2, when the radius is large enough only 

one resonance peak (denoted L) appears. As the radius is 

reduced from 35 to 25 nm, the resonance wavelength is also 

blueshifted in the UV region from 230 to 220 nm. Once the 

radius is as small as 20 nm, a second peak (labeled S) at the 

shorter wavelength at about 160 nm becomes obvious. With 

further reducing the radius, the intensity of peak S overtakes 

that of peak L, indicating that this resonance mode becomes 

dominant. 

It is shown in Fig. 2 c that TiO2 is different from SiO2 

and Si3N4, and there appears only one peak in the UV range 

of 150 – 240 nm for all the radii studied. This infers that the 

two resonances may overlap in the wavelength domain and 

become not separable. In order to distinguish these two 

resonance modes in each condition, electric field 

distributions may provide more details about the underlying 

physics. Therefore, the computed fields are plotted in 

Fig. 3 – Fig. 5, corresponding to the dielectric core of SiO2, 

Si3N4, and TiO2, respectively. 

 

Fig. 3. Electric field distribution in the x-y plane for the case shown 

in Fig. 2 a. The nanoshell radius R: a, b – 15 nm; c – 25 nm; 

d – 30 nm. The wavelength correlates to a peak S, and b, c, 

d peak L. Note that the maximum intensity of the color bar 

is not the same 

By comparing Fig. 3 a and b, it is clear that peaks S and 

L have different electric field distributions, correlating to 

two plasmonic modes. This verifies the previous 

observation in the scattering curves shown in Fig. 2 a, which 

reveals that the rhodium nanoshell may undergo two 

different plasmonic resonances once the shell radius is 

small. By examining Fig. 3 b – d, the similarity in the field 

distributions clearly demonstrates that the resonance at the 

longer wavelength is indeed attributed to peak L, which 

verifies again the above assignments of the resonance peaks, 

as indicated in Fig. 2 a. 

 

Fig. 4. Electric field distribution in the x-y plane for the case shown 

in Fig. 2 b. The nanoshell radius R: a, c – 15 nm; 

b, d – 20 nm; e – 25 nm; f – 30 nm. The wavelength 

correlates to a and b peak S, and c – f peak L. Note that the 

maximum intensity of the color bar is not the same 

Comparing Fig. 4 a and b with Fig. 4 c and d, it is 

evident that for Si3N4 the electromagnetic modes that peaks 

S and L undergo are also different. In addition, the similarity 

between Fig. 4 c – f also illustrate that this plasmonic mode 

at the longer wavelength is associated with peak L. In this 

mode, the electric field appears mainly at the outer surface 

of the shell, and the electromagnetic 'hot spot' region 

becomes greater as the radius is increased. 

Referring to Fig. 5 c, it is observed that for TiO2 when 

the radius is large enough (R = 35 nm), the plasmonic 

resonance at about 240 nm gives rise to peak L. However, 

interestingly, the field distribution of the small radius 

(R = 15 nm), as indicated in Fig. 5 a, is observed to be 

different from that of R = 35 nm. Although there seems only 

one single peak in the scattering spectrum shown in Fig. 2 c, 

the field distribution results in Fig. 5 reveal that two 

plasmonic modes may overlap in the wavelength domain. It 

is dominated by the electromagnetic mode associated with 

peak L for the large radius, while once the radius is small 

enough the plasmonic mode of peak S takes over. 

3.2. Fixed thickness of rhodium nanoshell 

With a fixed thickness (i.e., R – r), the plasmonic 

properties of the rhodium nanoshell were also probed at the 

UV wavelengths, and the computed scattering spectra are 

given in Fig. 6. In the simulations the rhodium shell's 

thickness was always kept the same to be R – r = 5 nm; this 

was achieved by varying the radius of the shell (R) and the 

radius of the core (r) simultaneously. 
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Fig. 5. Electric field distribution in the x-y plane for the case shown in Fig. 2 c. The nanoshell radius R: a – 15 nm; b – 25 nm; c – 35 nm. 

The wavelength correlates to the single peak 

 

Fig. 6. Scattering efficiency as a function of incident light's wavelength. The dielectric material in the core: a – SiO2; b – Si3N4; c – TiO2. 

The thickness of the rhodium nanoshell was fixed to be R – r = 5 nm 

Fig. 6a presents the results for the core being of SiO2, 

and two peaks are observed in each scattering spectrum. It 

is clear that as the radii of R and r are decreased, the 

resonance wavelength for peak L is blueshifted from 360 to 

200 nm, while peak S's wavelength shows few variations 

between 140 and 130 nm. Similar features are also 

witnessed in Fig. 6 b where the dielectric core was Si3N4. It 

is determined from Fig. 6 b that with reducing r from 25 to 

5 nm, the resonance wavelength for peak L is blueshifted 

from 400 to 210 nm, whereas peak S has subtle changes 

around 140 nm. By comparing Fig. 6 a and b, the intensity 

of peak L of Si3N4 is much smaller than that of SiO2. 

Regarding Fig. 6 c, for the case of TiO2 when the 

nanoshell is as small as r = 20 nm, two distinguishable 

peaks are observed. However, once the nanoshell is large 

(i.e., r ≥ 25 nm) the resonance wavelengths of the two peaks 

become close, and the merge of the peaks results in a single-

peak pattern in the scattering spectrum. As discussed above, 

it is necessary to attribute the peaks to different plasmonic 

modes by examining the electric field distributions. 

Therefore, the fields were further calculated and they are 

shown in Fig. 7 and Fig. 8. 

By examining the field distributions in Fig. 7, it is found 

that the field patterns are all similar to the characteristic 

electromagnetic mode that is associated with peak S 

(referring to Fig. 4 a and b). In addition, for all the dielectric 

materials studied in this work, peak S undergoes a 

plasmonic resonance at the UV wavelengths between 120 

and 160 nm. As the refractive index of the dielectric is 

increased from SiO2 to TiO2, the intensity of peak S is 

enhanced. With increasing the radius of the rhodium 

nanoshell, the peak's intensity is also increased. 

From Fig. 8 a – e, it is clear that the electric fields of 

SiO2 and Si3N4 at the resonance with a greater wavelength 

are characteristic to peak L. With reducing the radius of the 

nanoshell, this resonance has a substantial blueshift in the 

UV-Visible wavelength range from 400 to 200 nm. 

Referring to Fig. 8 c and f, interestingly, unlike SiO2 and 

Si3N4, the TiO2 possesses an additional electromagnetic 

mode that does not belong to either peak S or peak L. 

Known to the community, the surrounding dielectric may 

affect the plasmonic properties of noble metals. In this work, 

the presence of electric fields in the spatial region of the 

TiO2 core, as shown in Fig. 8 c and f, unambiguously 

demonstrates the plasmonic mode that is associated with the 

effective coupling between the electron oscillations across 

TiO2 and rhodium. Similar effects were also observed and 

addressed [26]. These effects illustrate that the local field 

enhancement on the surface of noble metal and resonance 

peak has a great relationship to the dielectric core. This 

electromagnetic mode is thus attributed to the peak that is 

labeled H in Fig. 6 c. 

The key distinction between modes S, L, and H is that 

the electric field distributions are different, indicating 

various modes of electron oscillations. Referring to Fig. 8 a 

and b, it is shown that the electric field in mode L 

concentrates only on the rhodium nanoshell’s surface, and 

there appear few effects by the core material. This indicates 

that mode L is to do with only the electron oscillation on the 

outer surface of the rhodium nanoshell. 
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Fig. 7. Electric field distribution in the x-y plane for the case shown in Fig. 6. The dielectric core: a, d – SiO2; b, e – Si3N4; e, f – TiO2. The 

radius of the core: a, b, c – 10 nm; d, e, f – 20 nm. All the wavelengths correlate to peak S indicated in Fig. 6 

 

Fig. 8. Electric field distribution in the x-y plane for the case shown in Fig. 6. The dielectric core: a, d – SiO2; b, e – Si3N4; c, f – TiO2. The 

radius of the core: a, b, c – 20 nm; d, e, f – 25 nm. The wavelength correlates to a and d peak L in Fig. 6a; b and e peak L in Fig. 6 b; 

c and f peak H in Fig. 6 c. Note that the maximum intensity of the color bar is not the same 

 
However, the field distributions for modes S (e.g., 

Fig.7c), and H (Fig.8c) are dramatically different from that 

of mode L. In mode S, the electrons oscillate not only on the 

outer surface of the nanoshell, but also at the interface 

between rhodium and the core dielectric material. In mode 

H, the electron oscillation appears both across rhodium and 

the core material. 

4. CONCLUSIONS 

In summary, the plasmonic properties of a nanoshell 

based optical nanomaterial consisting of a rhodium shell and 

dielectric core have been investigated. The scattering 

efficiency curves have been calculated in the wavelength 

range of 100 – 800 nm, with the FDTD method. Two 

resonance peaks have been witnessed in the UV regime, 

correlating to two different plasmonic modes, by examining 

the electric field distributions. The results have shown that 

the resonance wavelength of peak L is blueshifted as the 

nanoparticle radius is decreased from 35 to 25 nm, and 

meanwhile the peak intensity is increased. Based on this 

effect, the rhodium nanoshell-based nanomaterial may 

provide a promising platform for designing UV optical 

devices, whose plasmonic wavelength can be tuned by 

varying the size of the nanoparticle.  
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