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Abstract: The manipulation of light at the nanoscale is important for nanophotonic research. Lith-

ium niobite (LiNbO3), as an ideal building block for metamaterials, has attracted great interest for 

its unique properties in the field of nonlinear optics. In this paper, we numerically studied the effect 

of different substrates on the optical resonances of a LiNbO3 nanoparticle. The results show that the 

electric and magnetic resonances of such a system can be effectively adjusted by changing the sub-

strate. Compared to the impact of dielectric substrate, the interaction between the LiNbO3 nanopar-

ticle and the Au film shows a fascinating phenomenon that a sharp resonance peak appears. The 

multipole decomposition of the scattering spectrum shows that the size, shape of the LiNbO3 nano-

particle, and the thickness of the SiO2 film between the particle and the Au film have a significant 

impact on the electromagnetic resonance of the LiNbO3 nanoparticle. This work provides a new 

insight into LiNbO3 nanoparticles, which may have potential use in the design of dielectric nano-

materials and devices. 
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1. Introduction 

The study of light scattering of subwavelength particles can be traced back to 100 

years ago when the Mie theory was provided and widely used to describe the optical 

resonance of spherical particles [1]. The electric and magnetic resonances of subwave-

length particles have attracted tremendous interest as viable potential alternatives to 

nanophotonic devices. 

Metal nanoparticles, for example, can support surface plasmons, which can be used 

to concentrate light into subwavelength volumes and produce higher optical intensity [2–

6], thus paving the way to break the diffraction limit down to the nanometer scale. These 

extraordinary properties can trigger numerous fascinating optical phenomena such as su-

perlensing effects [7,8] and surface-enhanced Raman scattering [9,10]. However, the ma-

jority of these undergo Ohmic loss and lack of magnetic resonance, which inevitably limit 

their application. By comparison with metal nanoparticles, dielectric nanoparticles pos-

sess lower dissipative loss for the small imaginary part of the refractive index. It was not 

until 2011 that dielectric nanoparticles with significant electromagnetic response in the 

visible and infrared wavebands were theoretically studied [11]. Dielectric nanoparticles 

with a high refractive index above 3.0, such as silicon (Si) [12–14], germanium (Ge) [15,16], 

and gallium arsenide (GaAs) [17], exhibit well-separated electric and magnetic dipole (ED 

and MD) resonances in the scattering spectra. It has been demonstrated that ED and MD 

resonances can be effectively controlled by adjusting the particle geometry and dielectric 

environment [18,19]. The circular displacement currents excited by the incident light lead 

to the oscillating dipole, termed as MD resonance. MD resonance occurs when the wave-

length of the incident light (λ) and the diameter (D) of the particle have the relationship 
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of λ = nD, where n is the refractive index of the particles. These nanoparticles can be uti-

lized as building blocks for nanoantenna in the visible range. In contrast to the high re-

fractive index nanoparticles, the nanoparticles with a refractive index around 1.7–3 also 

support ED and MD resonances [20–26]. In this case, the spectra of the ED and MD reso-

nances tend to largely overlap with each other, which enables forward scattering to occur 

at the peak of total scattering spectra. 

Unlike ideal studies of the scattering spectra in a free space, nanoparticles always 

need to be supported by various substrates that, in general, modify their ED and MD res-

onances. Thus, another degree of freedom for manipulating their optical properties is pro-

vided. So far, systematic studies of the interaction between nanoparticles and substrates 

have been carried out [2–5,22,27–30]. It has been theoretically and experimentally demon-

strated that the dielectric substrates have a slight influence on the ED and MD resonances 

[30]. In contrast, the localized plasmon resonance of metallic nanoparticles and substrate 

is sensitive to the shape and size of the nanoparticle and the surrounding environment 

[4,27]. An interesting case is high refractive index dielectric nanoparticles placed on me-

tallic substrate. The strong coupling effects lead to a significant enhancement in the elec-

tromagnetic field [29–31]. 

LiNbO3, as an important nonlinear material, has high second-order susceptibility co-

efficients, which can be widely used in electro-optical modulator [32–35] and phase mod-

ulator [36–39] devices, and in acoustic filters [40,41]. However, little attentions has been 

paid to the scattering properties of the LiNbO3 nanoparticle. 

In this study, we calculate multipole decomposition of the scattering spectra of a 

LiNbO3 nanoparticle placed on different substrates by using a finite-different time-do-

main (FDTD) technique. Compared to a LiNbO3 nanoparticle supported on dielectric sub-

strates, a sharp resonance mode appears, which is caused by the interaction of the LiNbO3 

particle and the Au film. Furthermore, the evolution of the scattering spectra of LiNbO3 

nanoparticles with different diameters is studied. It is demonstrated that the thickness of 

SiO2 film between the LiNbO3 nanoparticle and the Au film has an impact on the scatter-

ing spectra. Furthermore, the results show that the shape also has a great influence on the 

scattering mode. 

2. Theoretical Analysis 

The scattering spectra of the LiNbO3 nanoparticles in this work are calculated using 

the FDTD technique. Firstly, we calculate the background field without the presence of 

the LiNbO3 nanoparticle. The total scattering spectra of the LiNbO3 nanoparticle is then 

derived. Finally, the scattering spectra is obtained from the difference between the total 

scattering spectra and the background field. 

To analyze the electric and magnetic resonances of the LiNbO3 nanoparticles placed 

on different substrates, we employ the multipole decomposition of polarization P =

𝜀0(𝜀𝑃 − 𝜀𝑑)E, in the Cartesian coordinate, where 𝜀0, 𝜀𝑝, and 𝜀𝑑 represent the vacuum di-

electric constant, relative dielectric permittivity of the LiNbO3 nanoparticle, and relative 

dielectric permittivity of the surrounding medium, respectively. E is the total electric field 

inside the LiNbO3 nanoparticle. The multipole moment can be obtained by integration of 

the induced polarization currents over the volume of the LiNbO3 nanoparticle. As a result, 

the ED moment, electric quadrupole (EQ) moment, MD moment, and magnetic quadru-

pole (MQ) moment can be expressed as: 

ED = ∫𝑃(𝑟)𝑑𝑟 (1) 

EQ = 3∫ [𝑟𝑃(𝑟) + 𝑃(𝑟)𝑟 −
2

3
[𝑟 ∙ 𝑃(𝑟)�̂�]] 𝑑𝑟 (2) 

MD = −
𝑖𝜔

2
∫[𝑟 × 𝑃(𝑟)] 𝑑𝑟 (3) 
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MQ =
𝜔

3𝑖
∫{[𝑟 × 𝑃(𝑟)]𝑟 − 𝑟[𝑟 × 𝑃(𝑟)]} 𝑑𝑟 (4) 

where 𝜔 is the angular frequency of the incident light, r describes the radius vector of a 

volume element inside the LiNbO3 nanoparticles, and �̂� is a 3 × 3 unit tensor. The scat-

tering cross sections of the ED, EQ, MD, and MQ can be expressed as: 

𝜎𝐸𝐷 =
𝑘0
4

12𝜋𝜀0
2𝑣𝑑𝜇0

|ED|2 (5) 

𝜎𝐸𝑄 =
𝑘0
6𝜀𝑑

1440𝜋𝜀0
2𝑣𝑑𝜇0

∑ |EQ𝛼𝛽|
2

𝛼𝛽   (6) 

𝜎𝑀𝐷 =
𝑘0
4𝜀𝑑

12𝜋𝜀0𝑣𝑑
|MD|2 (7) 

𝜎𝑀𝑄 =
𝑘0
6𝜀𝑑

2

160𝜋𝜀0𝑣𝑑
∑ |MQ𝛼𝛽|

2
𝛼𝛽   (8) 

Here, k0, vd, and 𝜇0 denote the wave number in vacuum, the speed of light in the 

surrounding medium, and the vacuum permeability, respectively. The subscript charac-

ters α and β represent x, y, z. The total scattering intensity (Psc) can be obtained by the 

superposition of the scattering cross sections of multipole moments. Note that the poles 

that are of a higher order than the quadrupole make less contributions to the scattering 

intensity [20,42]; here we include the contributions from ED, EQ, MD, and MQ, which can 

be expressed as: 

P𝑠𝑐 ≈ 𝜎𝐸𝐷 + 𝜎𝑀𝐷 + 𝜎𝐸𝑄 + 𝜎𝑀𝑄  (9) 

The dielectric constants of LiNbO3, SiO2, and Au are respectively taken from Zelmon 

[43], Gao [44], and Rakić [45], while we assume that the refractive index of the glass sub-

strate is equal to 1.5. 

3. Results 

In Figure 1, we present the total scattering spectra, as well as the contributions from 

multipole resonances calculated for a LiNbO3 nanoparticle located on top of the glass sub-

strate, LiNbO3 substrate, and 50 nm Au film/glass substrate. A uniform environment with 

a refractive index of 1.0 is employed. The first row of Figure 1 shows the schematic of 

LiNbO3 nanoparticles with diameter D = 300 nm placed on different substrates. With the 

light incidents along the z axis and the polarization direction along the y axis, the corre-

sponding multipole decomposition of the scattering spectra is calculated by using the 

FDTD simulation with respect to the center of the LiNbO3 nanoparticle, as shown in the 

second row of Figure 1. These results clearly demonstrate that ED resonance of LiNbO3 

nanoparticles largely overlaps with that of MD resonance. Different from the conventional 

Si and GaAs nanoparticles, the EQ and MQ resonances of LiNbO3 nanoparticle also make 

a prominent contribution to scattering spectra, except for the ED and MD resonances. 

Note that with the increasing of the refractive index of the substrate, the ED resonance is 

enhanced while MD resonance is weakened, as shown in Figure 1d,e. More importantly, 

a significantly reduced linewidth is found for the LiNbO3 nanoparticles positioned on Au 

film (Figure 1f) compared to that on dielectric substrates (Figure 1d,e). The corresponding 

electric field distributions on the yz plane are depicted in Figure 2. It is clear to see that 

the peak of the scattering spectra is obvious for the Au film substrate (Figure 1f). On the 

contrary, the peaks of the other cases are not so pronounced (Figure 1d,e); here we show 

the electric field distribution at the peak of the ED. As shown in Figure 2c, a hotspot is 

generated between the nanoparticle and the Au film. Generally, for the LiNbO3 nanopar-

ticle-metal film system, the hotspot is attributed to the interaction of the original ED and 

MD resonances of the nanoparticle and their mirror images aroused by Au film. Accord-

ing to the mirror image theory [31,33], the original ED mode induced by incident light 

leads to an antiparallel mirror ED mode inside the Au film, while the original MD mode 
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results in a mirror MD mode inside the Au film. Due to the coherent interaction of the ED 

and MD resonances and their mirror images, the ultimate ED resonance of the LiNbO3 

particle/Au film system is enhanced while the MD resonance is decreased. The far-field 

radiation pattern in the xy plane is depicted in Figure 3. It is remarkable that the strong 

power distribution is along the y direction, which indicates the existence of the dipole 

oscillating along the y direction. 

 

Figure 1. Schematic of LiNbO3 particle with diameter D = 300 nm placed on a glass substrate (a), a 

LiNbO3 substrate (b) and an Au film/glass substrate (c). The corresponding multipole decomposi-

tion of the scattering spectrum are displayed in the second row (d–f). SC represents the total scat-

tering intensity. 

 

Figure 2. Electric field distributions in the yz plane at different peaks for 620 nm on glass substrate 

(a), LiNbO3 substrate (b), and for 665 nm on Au film/glass substrate (c). The white arrows depict the 

electric field vector. 

 

Figure 3. Radiation pattern in the xy plane for LiNbO3 nanoparticles (D = 300 nm) placed on an Au 

film/glass substrate. 
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To corroborate this mechanism for the LiNbO3 nanoparticle on the Au film/glass sys-

tem, we calculated the total scattering spectra, as well as the multipole decompositions of 

a LiNbO3 nanoparticle with different diameters. Figure 4a–f show the calculated spectra 

for a LiNbO3 nanoparticle with diameter D = 240 nm, 260 nm, 280 nm, 300 nm, 320 nm, 

and 340 nm, respectively. We can clearly see that the scattering spectra redshifts slightly 

and becomes wider when the diameter of the nanoparticle increases. At the same time, 

the ED resonance is strengthened while the MD resonance is weakened. An impressive 

phenomenon is that the quadrupolar resonances is enhanced, which may be caused by 

the symmetry breaking aroused by the presence of the Au film. 

 

Figure 4. The calculated multipole decomposition of the scattering spectra of LiNbO3 particle with 

diameters (a) D = 240 nm, (b) D = 260 nm, (c) D = 280 nm, (d) D = 300 nm, (e) D = 320 nm and (f) D = 

340 nm on Au film/glass substrate. 

In Figure 5a, we calculate the scattering spectra for a LiNbO3 nanoparticle of diameter 

D = 300 nm located on a SiO2 film/Au film/glass substrate with an increasing thickness (g) 

of the SiO2 film. Note that, with the increasing of g, the scattering spectra has a redshift 

and becomes stronger. The electric field distribution in the yz plane for g = 10 nm at 670 

nm, g = 30 nm at 690 nm, and g = 50 nm at 705 nm are depicted in Figure 5b–d, respectively. 

It is clear to see that the intensity of the hotspot decreases as the thickness of SiO2 increases. 
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Figure 5. (a) The evolution of the scattering spectra for LiNbO3 particle of diameter D = 300 nm 

placed on SiO2 film/Au film/glass substrate with an increasing thickness (g) of SiO2 layer, g = 0 nm, 

10 nm, 20 nm, 30 nm, 40 nm, and 50 nm. (b–d) represent the electric field distribution in the yz plane 

for g = 10 nm at 670 nm, g = 30 nm at 690 nm, and g = 50 nm at 705 nm, respectively. 

Furthermore, we studied the influence of the shape of the LiNbO3 nanoparticle on 

the scattering spectra by considering the LiNbO3 nanoparticle with its long axis (Z) per-

pendicular to the Au film. As shown in Figure 6, the two main peaks of the scattering 

spectra exhibit redshift with the increase of Z. In particular, for all the values of Z in con-

sideration, the coupled dipole resonance slowly damps out as the quadrupole resonance 

is strongly enhanced. 

 

Figure 6. The calculated multipole decomposition of the scattering spectra for LiNbO3 particle 

placed on 50 nm Au film/glass substrate with a fixed axis of 300 nm at in the xy directions and 

varying axis perpendicular to the Au film. Z represents the length of the particle in the z direction 

with (a) Z = 325 nm, (b) Z = 350 nm, (c) Z = 375 nm and (d) Z = 400 nm. 
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4. Conclusions 

We investigated the influence of substrate on the scattering spectra of a LiNbO3 na-

noparticle by using the FDTD technique. With the increase of the refractive index of the 

dielectric substrate, the ED resonance is enhanced and MD resonance is weakened. In con-

trast, the coupling of a LiNbO3 nanoparticle to an underlying Au film results in a sharper 

resonance. It is demonstrated that SiO2 film between the LiNbO3 particle and the Au film 

has a significant influence on the scattering spectra. Moreover, the shape of the LiNbO3 

nanoparticle also affects the scattering spectra. In general, this work demonstrates that the 

different scattering properties can be obtained by adjusting the structure of the substrate 

and the nanoparticle. The results presented here broaden the study of moderate-refrac-

tive-index dielectric-metal hybrid systems, which may advance the application of LiNbO3 

nanoparticles in lab-on-chip photonic devices and sensitive biosensors. 
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