The possibility of managing the width of

o resonance for simple single nanoparticle
.E Cite as: AIP Conference Proceedings 2064, 040002 (2019); https://doi.org/10.1063/1.5087681
u Published Online: 15 January 2019
w Ekaterina. A. Efremova, Igor. R. Krylov, and Ulyana. V. Prokhorova
g S &S
L iew Onlin Export Citation
8
-
S
=
roceedings
nter Promotion Code 21 711] at checkout
Get all
T s
AIP Conference Proceedings 2064, 040002 (2019); https://doi.org/10.1063/1.5087681 2064, 040002

© 2019 Author(s).



https://printorders.aip.org/?utm_source=Scitation&utm_medium=banner&utm_campaign=PDF%20Cover%20Page%20POD
https://doi.org/10.1063/1.5087681
https://doi.org/10.1063/1.5087681
https://aip.scitation.org/author/Efremova%2C+Ekaterina+A
https://aip.scitation.org/author/Krylov%2C+Igor+R
https://aip.scitation.org/author/Prokhorova%2C+Ulyana+V
https://doi.org/10.1063/1.5087681
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5087681

The Possibility of Managing the Width Of Resonance for
Simple Single Nanoparticle

Ekaterina. A. Efremova"®, Igor. R. Krylov"® and Ulyana.V. Prokhorova'

! Saint-Petersburg University, 7/9 Universitetskaya nab., St. Petersburg, 199034,
Russia

Ye.a.efremova@spbu.ru
®j krylov@spbu.ru

Abstract. The paper demonstrates the possibility of a simple estimation of the resonance response expected frequency
for a nanoantenna with the rectangular cross section when interacting with an external electromagnetic field.
Additionally, the possibilities to construct a broadband resonance using scattering of nanoantennas with the rectangular
cross section is analyzed. Analytical expressions for estimating of the resonance response are presented along with the
full-wave modeling for rectangular nanoparticles with a thickness less than or equal to the thickness of the skin layer.
Analytical expressions are obtained using the refined LCR-circuit model. The estimates are in good agreement with the
results of the full wave modeling.

INTRODUCTION

There are many works focusing on the resonant response of metal and of dielectric nanoparticles to an external
electromagnetic field. Specific interest for practical applications represents: the optical range, the near-IR range
(telecommunication wavelengths) and the terahertz range. In addition to the resonant frequency (wavelength), an
important characteristic is the quality factor of the resonance associated with its width. There is a class of problems
for which a broadband resonant response is of special importance. The most obvious are the problems of broadband
filtering in telecommunication technologies and the sensor problems, in which complex absorption spectra and the
like are recorded against a background of wide plasmon resonance. To date, the research in the field of creating a
broadband response has been intensive and several interesting works have been published recently aimed at
constructing a basic scheme (geometry) for obtaining a broadband response for technological applications such as a
polarization converter, a broadband absorber, controller of chromatic aberrations [1-4]. Nevertheless, the received
broadband responses are strongly limited by the frequency range and are not homogeneous within each considered
range.

Considering above it seems relevant to develop approaches for predicting and controlling the width of the
plasmon resonance. In addition, one should consider the importance of the ease of applying nanoparticles to a solid
substrate, in particular by the method of nanolithography in the manufacture of ordered meta-surfaces. The simplest
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in the production are nanoantennas which sections are close to rectangular or square, exactly such a geometry of
individual nanoblocks was used in [1-4].

In our work, we investigate the possibilities and limitations of adjusting the width of the resonance for a single
gold antenna in the optical and near-IR ranges.

It should also be noted that full-wave, especially three-dimensional, modeling of the resonance response of
metasurfaces requires, at a minimum, large computational resources, so it would often be useful to be able to obtain
plausible estimates for resonance characteristics, such as resonance frequency and resonance width (resonance
quality factor) more easily. To build such a model, it makes sense to take as a basis the LCR-circuit model [5]. In
this paper we analyze the possibilities of using such a model to obtain working analytical evaluation formulas.

It should also be noted that in the case of a rectangular
antenna there are three independent parameters for tuning the
resonance frequency and resonance width: length, width and
depth. By fixing, for example, length and width, and changing
the depth of the antenna, we can adjust the frequency of the
resonance response, as shown in [6], where the dependence of
the optical response of a nano-antenna of a cylindrical shape on
the form factor, which is the ratio of the length of the cylinder to
its diameter, was studied. In [6], an appreciable change in the
response frequency was shown as a function of such a form
factor, but the width of the resonance obtained was not included
in the authors' priority consideration. For the geometry
considered in this paper (Fig. 1.), two form factors can be
introduced: the ratio of the length (I) to the thickness (h) and the ratio of the length (1) to the width (d). The
appearance of another independent coordinate in the considered geometry gives an additional degree of freedom for
the choice of the width of the resonance. In this paper we consider the normal fall of the external electromagnetic
field on a nanoantenna made of gold up to 20nm thick which corresponds to the upper limit of the skin layer for the
IR spectrum. In the following, considering a nano-antenna with a rectangular section, we shall call it as a nanobaulk
for brevity. In the case of an antenna with a circular cross section, i.e. nanocylinder, this will be indicated in the text.

FIGURE 1. Gold nanobaulk

LCR - CIRCUIT MODEL FOR RESONANCE FEATURES ESTIMATIONS

In this paper we intend to compare the results of a full-wave calculation of the characteristics of light scattering
by a gold nanobaulk and to estimate the scattering in a model where a nanobaulk is regarded as an electrical circuit
of an oscillating circuit. Here it is worth noting that the optical frequency response of a nanoparticle or nanoantennas
to external electromagnetic radiation is known to be due to factors such as the electrodynamic characteristics of the
antenna, namely its capacitance and inductance. For the first time, the idea of considering a nanoobject as an
oscillatory circuit was proposed in [7] to describe the resonance scattering of light by a gold nanosphere. In [8], such
a light scattering object was a nanotube of the circular cross section, while the electric field strength was directed
along the axis of the nanorod. In [8], a good agreement was obtained between the resonance wavelength of the light
scattering in the LCR model of the circuit with the experimental results. In the same paper [8], a simple analytic
formula was proposed for the resonant wavelength in the case of a nanorod replacement with a nanobaulk of
rectangular cross section.

Considering that the calculation according to the formulas in [8] is in good agreement with other works for the
nanorod, we assumed that to agree with the calculations for the nanobaulk, the formulas of [8] need to be refined
somewhat, remaining within the LCR contour model. The main refinement is due to the modal composition of the
resonances. In the simplest model [8], it is assumed that at each moment of time the current density is the same at all
points in the volume of the nanorod and is directed along its axis. Nevertheless, as indicated by many authors, the
current density at a given moment of time is proportional to the sinusoid, depending on the coordinate along the axis
of the nanorod (or nanobaulk). At the nanorod ends the sinusoid goes to zero. Accordingly, for the lowest (dipole)
mode, half of the wavelength of the sinusoid must fit within the length of the nanorod. This refinement of the LCR
model has already been introduced by the authors of [9], in which the dipole mode is considered.

In [9], as in [8], Ljis the nanoscale-specific contribution to the inductance of the circuit associated with the

kinetic energy of electron drift motion. The L value is the result of equating the kinetic energy to the inductance
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energy , from which follows Ly =Im, / Sne? , where [ and S are the length and the cross-sectional area of

the nano-sample, m,is the electron mass, #n is the conduction electron concentration in gold, and e is the electron
charge modulus. The value of the expression ne?/m,can be obtained by relying on the well-known value of the
plasma frequency for gold w, = \/ne?/m,g,. Then

! 162 uyls?
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where 6 = c/ @, =21.9nm in accordance with [8] and [9] can be considered as the depth of penetration of the light
field into gold. For comparison let’s note that for optical frequencies the skin depth of the high-frequency electric
currents is several times smaller than this value.

In addition to the contribution to the inductance of an equivalent oscillatory circuit specific to nanosamples Ly,

there is also a traditional contribution to inductance L. In [9], as in [8], it is proposed to find this contribution in
accordance with the definition of inductance

LI? _ s H?
g

=R > @

=00

In [9] the capacity of the oscillatory circuit C is proposed to be found as

Q2 &yeE 2
Y [ v 3)
that is more correct compared to [8].

Completely agreeing with the formulas in [9] for calculating the capacitance and the traditional contribution to
the inductance, we note that the integrals over an infinite volume can be replaced by integrals over the volume of the
nanoobject, which greatly simplifies the calculations.

Indeed, for example, the energy of the electric field can be found as the energy of the conductor charges

2 2
0 ek 1
== —dV == dv 4
- 15 e @
V=0 Vo
where V[ — nanoobject volume, e=n’ — the dielectric constant of the surrounding nanoobject medium with a

refractive index n, © — bulk charge density, ¢ — potential,
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As a result, taking into account the fact that the charge density is proportional to the cosine of the coordinate
along the electric field E of the light wave, we obtain for the capacity of the mode with the number m
2¢g)&l
B cos(mﬂx)cos(mﬁx') ,
m J. I —— av'dv
=

C= (6)

Vo V(;
where [ — length of the nanobaulk along the field £, ¥}, and V(; — the same volume of nanoobject, x and x' —

the coordinate inside the nanoobject along the field £, ¥ and 7' — radius vector of a point inside the nanoobject.
The integrals are calculated in dimensionless variables where each coordinate is related to the length of the sample /

Similarly, for inductance and magnetic field we obtain
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Here, same as for the capacitance, the integral is taken over the dimensionless variables related to the length of
the sample / along the electric field £ of the light wave.

Resonant frequency of the oscillatory circuit @, = 1/ A (LO + L) C corresponds to the resonant wavelength

A, =2mc] @, =27c,[(Ly+L)C (10)

where ¢ — speed of light, C — capacitance.

Substituting expressions (1), (6), (9) into formula (10), we obtain the value of the resonance wavelength of the
nanobaulk not only for the dipole mode (m = 1), as was done in [9], but for the mode with an arbitrary m .

According to our calculations, the dimensionless integrals in formulas (6) and (9) for the dipole mode (m = 1)
are well approximated by the following formulas

cos cos(zx') | 0.382
ler= H—dVdV~1n 1+ — — (11)
Vo hd (d hj
0 - =4 —
2 h d
Iy = Hsm i) gy tn| 14 L.79 (12)
0.515 0.352
Vo hd (d hj
0 - J =4+ —=
12 h d

a+l1

b+1
and | Im = ) Il , where @ and b — some parameters
a+m b+

that depend on m approximately as ,me = -[Cl
independent on m , dependent on nanobaulk form-factor; # — thickness of the nanobaulk in the direction of the
wave vector of the incident light wave, d — width of nanobaulk, / — length of nanobaulk in the direction of the

field E of the incident light.
The approximation of integrals (11) and (12) are valid within 5% for each of the pairs of values of the relative

widths and thicknesses of the nanobaulk shown in Fig.2.
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FIGURE 2. The range of nanobaulk shape factors in which the approximation (11) and (12) is checked by simple analytical
formulas of integrals for inductance L and capacity C.

Formulas (1), (6), (9-12) allow to calculate the wavelengths of dipole resonance for a baulk in the entire range of
practically interesting values in the LCR model of the circuit.

FULL-WAVE SIMULATION OF SINGLE NANOANTENNA WITH RECTANGULAR SECTION

As was mentioned above, the problem of the influence of one of the lengths, in particular of the thickness, on the
position of the frequency of the resonant response of a cylindrical nanoantenna was studied in detail in [5]. The
change in response frequency was shown depending on the diameter (thickness) of such a cylindrical nanobaulk. At
the same time, the question of changing the width of the resonant response as a function of the diameter (thickness)
of the nanocylinder was not considered. In this section, we present the results obtained by full-wave FTDT
simulation for a nanobaulk with a rectangular cross section. Both the resonance frequency and the resonance width
are analyzed as a function of the thickness (h) and the width of the nanobaulk (d) (Fig. 1).

FTDT Investigation of Nanobulk Resonance Response

Full-wave three-dimensional calculations for a nanoantenna with a rectangular cross section were made with the
following parameters (Fig. 1). The length of the antenna was 1 = 500 nm, the thickness h was chosen based on the
skin-layer dimensions. This choice of thickness is due to the fact that in the derivation of approximating analytical
expressions by default, the existence of a uniform thickness distribution (along the z axis) was assumed.
Electromagnetic responses of nanoantennas for h =5, 10 and 20 nm were calculated. The width of the nanobaulk (d)
varied from 20 to 900 nm. Below are the graphs (Fig.3) of the scattering cross section as a function of the length of
the incident radiation. The graphs have a resonance character, the resonance corresponds to the first dipole mode. As
the width of the nanobaulk increases, the resonant wavelength decreases, and the width of the resonance increases.
On the left edge of the resonance, one can see a feature that is likely to be a resonance of the third mode. When the
width of the nanobaulk changes, the resonances of the first and third modes move towards each other. Under normal
incidence of light, the second mode is not excited.
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FIGURE 3. Scattering cross section depending on the incident radiation wavelength: (a) for h=Snm; (b) for h=10nm; (c) for
h=20nm.

It is clearly seen from the graphs that in the chosen frequency range the first dipole mode has a resonant
response. It is seen that with increasing nanobaulk width (d), the resonance frequency shifts to the region of shorter
wavelengths and, consequently, to the high frequency region. In this case, starting from a certain size of nm, the
resonant frequency remains practically unchanged. We also see the expected increase in the width of the resonance
curve with increasing h and d.

Figure 4a shows plots of the resonance width versus the width of the nanobaulk d at h =5, 10, 20 nm. It can be
seen that the below dependences are essentially nonlinear. In addition, the following features can be observed: the
dependence of the width of the resonance on the width of the beam has a minimum, for large values of d lying to the
right of the minimum, the width of the resonance increases along with the increase of the beam thickness, and for
small widths d of the nanobaulk (i.e. lying to the left of the minimum) the dependence is inverted.

Figure 4b shows the dependence of the value of the resonant wavelength on the width of the nanobaulk d from
which it is seen that the resonance response has two characteristic regions: a nonlinear region of rapid change to

about d approximately 300 nm and a linear region where the resonant wavelength varies very slowly with increasing
d.
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FIGURE 4. (a) the dependence of the width of the resonance on the width of the nanobaulk d at h =5, 10, 20 nm; (b) the
dependence of the value of the resonance wavelength on the width of the nanobaulk d.

RESULTS AND DISCUSSION

In this section, we focus on comparing the results obtained with full wave modeling against the approximating
formulas (11) and (12) we obtained within the framework of the LCR-circuit model. Here we analyze the adequacy
of the analytical expressions obtained by considering resonant wavelengths without discussing the width of the
resonance.

Figure 5 shows the dependence of the resonance wavelength on the width of the nanobaulk. The data are given
for the nanobaulk length of 500 nm, thickness h = 5 nm. For thicknesses h = 10 and 20 nm the dependences are
similar. With the full-wave calculation and the simplified formula for the LCR model, see [8]. As can be seen in
Fig.5a, for a large nanobaulk width the discrepancy between full-wave calculation and the LCR-model is significant.
Therefore, following the work [9], we refined the formulas of the LCR-model as described in the first part of this
paper. The simpler expressions for integrals obtained by us and their analytical approximation allowed us to
compare the full wave calculations and the refined LCR model. The results of this comparison are presented in Fig.
5b.

After refinement of the LCR-model, the nature of the obtained dependences for both full-wave calculation and
for estimating by means of approximating formulas (11) and (12) completely coincide. Nevertheless, as is evident
from Fig. 5b, the approximating model requires additional work and refinement. The difference can be caused, for
example, by the influence of the uneven distribution of the field over the thickness of the nanobaulk. In the future,
the authors propose to supplement the proposed technique by including consideration of the field and current
inhomogeneities in the nanobaulk thickness.
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FIGURE 5. Dependence of the value of the resonant wavelength on the width of the nanobaulk d for full-wave calculation and
the simplified formula of the LCR model
(a) comparison of full-wave calculations and calculations using the formula from [8] (b) comparison of full-wave
calculations and refined LCR-model

Summarizing the above, the following results of this work may be articulated: obtained approximating formulas
for the calculation of the resonant wavelength for a nanobaulk of a rectangular cross section, the dependency of the
resonance wavelengths on the width and thickness of the nanobaulk were found both by the full-wave method and
by using the approximating formulas, obtained dependence of the resonance loops width as a function of width and
thickness of the nanobaulk. The authors have also demonstrated the possibility of using the LCR-model for
estimating the resonance frequency and ways of refining the model.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Sergey S. Vergeles for useful discussions.
Research was carried out using computational resources provided by Information and Computing Center
Novosibirsk State University (http://nusc.nsu.ru).

REFERENCES

F. Zhang, M. Zhang, J. Cai, Y. Our, and H. Yu, Applied Physics Express 11, 082004 (2018).

. A.Nagarajan, K. Vivek, M. Shah, V. G. Achanta, and G. Gerini, Adv. Optical Mater, 1800253 (2018).

3. Hui-Hsin Hsiao, Yu Han Chen, Ren Jie Lin, Pin Chieh Wu, Shuming Wang, Bo Han Chen, and Din Ping Tsai,
Adv. Optical Mater 6, 1800031 (2018).

4. Linbo Zhang, Peiheng Zhou,* Haipeng Lu, Li Zhang, Jianliang Xie, and Longjiang Deng, Optical Materials
Express 6, 1393 (2016).

5. Q. Zhang, J. You and Ch. Liu, “Equivalent Nanocircuit Theory and Its Applications” in Nanoplasmonic:

fundamentals and Applications, edited by G. Barbillon, (IntechOpen, London, 2017), pp.362-356.

G. W. Bryant, F. J. G.de Abajo, and J. Aizpurua, NanoLetters 8, 631-636 (2008).

N. Engheta, A. Salandrino, A. Alu, Phys. Rev. Letters 95, 095504 (2005).

Ch. Huang, X. Yin, H. Huang, and Y. Zhu, Optics Express 17, 6407 (2009).

D. Zhu, M. Bosman, J. K. W. Yang, Optics Express 22, 9809 (2014).

[N

LR

040002-8


https://doi.org/10.7567/APEX.11.082004
https://doi.org/10.1002/adom.201800253
https://doi.org/10.1002/adom.201800031
https://doi.org/10.1364/OME.6.001393
https://doi.org/10.1364/OME.6.001393
https://doi.org/10.1021/nl073042v
https://doi.org/10.1103/PhysRevLett.95.095504
https://doi.org/10.1364/OE.17.006407
https://doi.org/10.1364/OE.22.009809

