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THE RESONANT RESPONSE OF STRONGLY COUPLED NANORODS
TO THE ELECTROMAGNETIC WAVE
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The electromagnetic response of closely spaced nanorod dimers can be con-
trolled via the modification of the nanoparticles interaction, caused by electron
tunneling between them. The optical response to an intense external electromag-
netic field of a system composed of two gold 230 nm long rods surrounded by
air and separated by a gap of width 0.5 nm was analyzed. Using finite element
method-based numerical simulations we show that the electron tunneling, taking
place due to the extraordinary enhancement of the electromagnetic field inside
the nanogap, results in the change of the nanoantenna coupling from the capaci-
tive to the conductive one. As a result, the absorption-to-scattering ratio of the
dimer significantly changes. Particularly, the scattering cross-section decreases
by about three times, whereas the normalized absorption rises from about 12 to
18 with noticeably broadening of the spectral line.
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Introduction. Metal nanoparticles exhibit tunable physicochemical properties
when exposed to electromagnetic radiation. An external field forces conduction band
electrons in metals to oscillate. These collective oscillations in turn excite localized
surface plasmon waves, which resonate at specific incident frequencies, conditioned
by the nanoparticle size, composition, geometry, material and the surrounding envi-
ronment. Such resonances, termed localized surface plasmon resonances (LSPR), can
lead to significant confinement of electromagnetic waves in nanoscale dimensions and
dramatic increase of light intensity in the close surroundings of the nanoparticles [1,2].

With the development of nanofabrication technologies, it has become
feasible to create more complex and advanced nanostructures. A plethora of nanostruc-
tures with different morphology, composition and arrangement, including individual
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homogeneous nanoparticles [3], core-shells [4, 5], dimers [6, 7], trimers [8] and
nanoplasmonic aggregate structures [2, 9] have been studied. Due to the plasmonic
coupling of nanoparticles in such structures, an even greater field enhancements were
demonstrated [2, 10]. Besides electromagnetic field enhancement, LSPR also produces
a significant increase in scattering and absorption capabilities of the nanostructures.

Such magnificent properties naturally make nanostructures the subject of
persistent research efforts. They have been widely adopted in different areas,
including solar-energy conversion, photocatalysis, nanomedicine [2], and surface
enhanced Raman scattering (SERS) sensors, where utilizing LSPR phenomenon has
enabled remarkable enhancement of the naturally weak Raman scattering by orders of
magnitude, allowing even single molecules to be detected [ 1 1]. In nonlinear optics,
the electromagnetic near-field enhancements, caused by the LSPR, can also lead to
increased nonlinearities in the surrounding medium of the nanoparticle. This effect can
be used in all optical control of light absorption and scattering, where the propagation
of the signal beam can be impacted and modified by changing the dielectric properties
of propagation medium with a control beam [12]. Lastly, plasmonic systems allow
for ultrafast processing of light, due to their ability to react to external stimuli on the
timescale of several femtoseconds [13].

Among various topologies, nanodimers, consisting of two metal nanoparticles
separated by dielectric nanogap, are of particular interest. Classical theory predicts
arbitrarily large plasmonic capacitive coupling between nanoparticles, as long as the
gap size is greater than zero. However, the classical approach does not take into
account the quantum effects, which can deeply affect the plasmonic response of the
nanostructure. Intense electromagnetic fields can cause electron tunneling effects
to take place in subnanometer gaps, effectively changing the interaction mechanism
between the nanoparticles and limiting the maximum obtainable field enhancement
[7, 14].

In this paper, a nanoparticle dimer, consisting of two cylindrical nanoantennas
is numerically studied. We analyze the scattering and absorption characteristics of the
dimer, as well as the electromagnetic field enhancement taking place in subnanometer
interparticle gap, in both capacitively- and conductively- coupled regimes. Section
2 describes the geometry of the system and the theoretical details of the simulation.
In section 3, we provide the parameters of the simulation, as well as discuss the
obtained results.

Geometry and Modeling. The schematics of the considered nanoantenna
dimer as well as the zoomed area of subnanometer gap are depicted in Fig. 1, a.
Two cylindrical nanoantennas with length L and radius r are oriented along y axis and
separated by an air gap of width g. The bases of nanoantenas form semispheres with
the same radius . Whole system is surrounded by air, with the outmost boundary
layers set as perfectly matched layer to ensure absence of back-scattered signals.
The system is illuminated with a plain wave, polarized along y axis and propagating
along x axis. The nanorods are made of gold, with the wavelength-dependent
refractive index taken from [15]. One of the major ways of metallic nanoparticles



MANUKYAN D. A. 103

synthesis is the chemical synthesis, particularly the seed-mediated method, which
allows for effectively smooth nanorods fabrication [16]. In addition, the surface
roughness has negligible impact on the absorption and scattering characteristics of
nanoparticles [17]. Chosen geometry and dimensions of Au nanoantennas result in
the localized surface plasmon resonance appearing in the near infrared spectrum. On
the other hand, subnanometer dimensions of the gap cause strong field enhancement.
Sufficiently large electric field in the nanogap (of the order of ~ 10° V /m) can cause
the conduction electrons of the nanoantennas to overcome the quantum barrier of
Au-air interface [18], hence quantum tunneling can occur, leading to electron channel
between nanoantennas, schematically illustrated in Fig. 1, a by a semitransparent red
region. This channel is represented by a cylinder with a radius of r;, which is much
smaller than the nanorod radius. The channel electrons yield changes in the effective
dielectric permittivity &, s of the insulating gap which is expressed as follows:

Egeff = & +i0/(0&) (1

where &, is the relative permittivity, £ = 8.85- 10712 F /m is the vacuum permittivity,
o is the DC conductivity, @ = 2z f is the angular frequency and f is the excitation
frequency. We assume &, to be equal to 1, matching the background medium.
To simulate the tunneling effect we varied the conductivity of the tunneling region ¢
from 0 to 10* §/m, which corresponds to the theoretically suggested values for the
given gap width [18].
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Fig. 1. a) The schematic view of the studied system, where L is the nanoantenna length,

r is the nanoantenna radius, r; is the gap radius, g is the gap width, E shows the incident

field polarization, k is the wave vector; b) the dependency of scattering and absorption ef-

ficiencies on incident wavelength. L =230 nm, r = 15 nm, r, =4 nm, g = 0.5 nm were

chosen as the geometrical parameters in this case. These values remain unchanged throu-
ghout the analysis if not otherwise stated.

In the following analysis we normalized the scattering and absorption cross-
sections to the longitudinal geometrical cross-section of the nanoantenna dimer.
The resulting unitless quantities are called scattering and absorption efficiencies,
respectively. Throughout entire analysis the tunneling region and nanoantenna radii as
well as the gap width are kept constant and equal to 4 nm, 15 nm, 0.5 nm, respectively.
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Results and Discussion. For the plasmon resonance to be in near infrared
spectrum we take the nanoantennas length L = 230 nm. Numerical analysis based
on the finite element method (FEM) was conducted, to study the scattering and
absorption capabilities of the system. The FEM is a popular analysis method, which
discretizes the system by dividing it into smaller parts, called finite elements. Then
the wave equation is solved for all of the finite elements, taking into account the
boundary conditions. These simple equations that model the finite elements are then
assembled into a system of equations, that models the entire problem. The FEM
then approximates the solution by minimizing the error function via the calculus of
variations [19] .

The dependence of the scattering and absorption efficiencies of the nanoan-
tenna dimer with L = 230 nm on the incident wavelength is depicted in Fig. 1, b.
The LSPR peak of such a system is around ~ 1500 nm wavelength, with scattering
and absorption efficiencies reaching up to ~ 45 and ~ 13, respectively.

To demonstrate the tunability of the resonance wavelength we considered
nanoantennas with three different lengths of L = 180 nm, 230 nm and 260 nm.
The scattering (left axis) and absorption (right axis) efficiencies of these nano-
antennas as a function of the incident wavelength are compared in Fig. 2, a. One can
see that the resonance wavelength increases with the increase in nanoantennas length,
ranging from ~ 1300 nm for 180 nm long antennas, to ~ 1600 nm for 260 nm long
antennas. Longer nanoantennas also result in a slight increase in the resonant values
of the absorption and scattering efficiencies.

50 @ T T 20
- ! 5000
>40 L>)~ ——
[$) 1 c
8 ° & 24000
£ 30 =S
L L c
o) 10 5 83000
C B
=20 5 ]
=1 o 22000
(W] [0} [4)
3 10 -l
1000
, 0 == L L
1200 1400 1600 1800 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)

Fig. 2. The dependencies of (a) scattering and absorption efficiencies; (b) field enhancement
on incident wavelength for L = 180 nm, 230 nm, 260 nm nanoantenna lengths. The legends in
(b) also apply to (a). Everything else is as in Fig. 1.

Fig. 2, b shows the dependence of the electric field enhancement in the nanogap
on the incident wavelength for the three considered lengths of nanoantennas. To
evaluate field enhancement, we take the ratio of the electric field magnitude at
the mass center of the nanogap to the incident wave field. For 180 nm long antennas
the field enhancement value at resonance reaches up to ~ 3300. Increasing the
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nanoantennas length results also in an increase in field enhancement peak values,
reaching up to ~ 4300 for L = 260 nm nanoantennas. This can be explained using an
analogy with a capacitor. The field strength in a capacitor is directly proportional to
the voltage within the plates, which in turn is proportional to the amount of charge
on capacitor plates. Here the dimer acts as a nanocapacitor, with nanoantennas being
its plates. The longer the nanoantennas, the greater the number of free charges it
is possible to accumulate at the semispherical edges of nanoantennas. In [20], it is
shown that only a segment of the nanoantenna semispherical edge contributes to the
capacitive coupling of nanoantennas. The gap channel radius r; is picked according to
this segment size.

Up to this point, we were considering the low incident intensity regime, where
no effects related to the quantum tunneling occur. However, increasing the incident
intensity will result in a formation of conductive channel between nanoantennas, with
effective dielectric permittivity expressed according to the relation (1). To analyze
the impact of the conductive channel on the optical response of the nanoantenna
dimer, we consider three different cases, with channel conductivity of ¢ = 0, 103 S /m,
10* S/m (Fig. 3).
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Fig. 3. Resonance plots for (a) scattering efficiency, (b) absorption efficiency and
(¢) field enhancement of the system with 230 nm cylindrical rods for o =0 S/m,
103 §/m, 10* S/m gap conductivity. Everything else is as in Fig. 1.
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Fig. 3 depicts the dependence of the (a) scattering efficiency, (b) absorption
efficiency and (c) field enhancement on the incident wavelength for different gap
channel conductivity values. At the resonance wavelength the scattering efficiency
decreases from ~ 45 to ~ 13 as the channel conductivity raises from ¢ =0 S/m to
o = 10* S/m. Analogously, the field enhancement in the gap also decreases from
~ 3900 for 6 = 0 S/m to ~ 2200 for o = 10* S/m. On the other hand, the ab-
sorption efficiency increases as the gap channel conductivity increases, spanning
from ~ 12.5 for 6 = 0 S/m to ~ 18 for 6 = 10* S/m. Besides that, as the gap
conductivity rises, one can also observe an increase in the absorption efficiency
curve width, which is a consequence of the increase in the system losses. The
absorption-to-scattering ratio in the linear regime at the resonance equals to approxi-
mately 0.3, whereas for 6 = 10* S/m it increases up to ~ 1.33.

To reveal the overall influence of the channel conductivity on both efficiencies
and the nanogap field enhancement, we fixed the incident wavelength at the resonance
value for each of the three considered nanoantenna lengths (i.e. A = 1280 nm for
L =180 nm, A = 1490 nm for L = 230 nm and A = 1620 nm for L = 260 nm) and
swept the conductivity value from 0 to 10* S/m (Fig. 4).
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Fig. 4. The dependencies of (a) scattering efficiency, (b) absorption efficiency and

(c) field enhancement from the gap conductivity for L = 180 nm, 230 nm, 260 nm
nanoantenna lengths. Everything else is as in Fig. 1.
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The imaginary part of the gap dielectric permittivity is ~ 0.9 for 6 = 10* §/m
and A = 1490 nm. Fig. 4, a shows that the scattering efficiency decreases almost
three times with the increase in the gap channel conductivity, ranging from
~ 45 for 6 =0 §S/m to ~ 15 for 6 = 10* S/m. On the contrary, the absorption
efficiency noticeably increases as the channel conductivity raises and reaches its
maximum value at ¢ ~ 6.6-10° S/m (Fig. 4, b). Analysis of the absorption of electro-
magnetic waves by subwavelength particles shows that for small values of dielectric
permittivity, there is a resonance of the absorption cross-section as a function of the
imaginary part of dielectric permittivity [21]. As for the gap field enhancement, Fig. 4,
¢ demonstrates almost twofold decrease in its value, which was expected since the
tunneling effect in the gap acts as a negative feedback loop, leading to the reduction
of the gap field.

This study presents a simplified model, which allows one to get an intuitive
understanding about the optical characteristics of nanoantenna dimers under intense
electromagnetic radiation, in which unique phenomena take place as a result of the
switching between capacitive and conductive couplings of nanoantennas. This model
will facilitate the discovery of the characteristics of the electromagnetic field control
with the help of nanoantennas.

Conclusion. In summary, we have analyzed the scattering and absorption
characteristics of nanoantenna dimers, exposed to external electromagnetic radiation.
Considering a nanorod dimer with total length of 460 nm and the gap width of
0.5 nm we calculated the scattering and absorption efficiencies, as well as the field
enhancement in the gap between nanoantennas. First we studied the low-intensity
regime, where no electron tunneling occurs and derived the linear optical response
of the dimer. The plasmon resonance of the system was observed at ~ 1500 nm
wavelength, with scattering and absorption efficiencies, as well as field enhancement
reaching up to ~ 45, ~ 13 and ~ 3900, respectively.

We further considered the high-intensity regime, where different electromag-
netic phenomena take place. Strong incident waves resulted in a formation of a
conductive channel between the nanoantennas due to electron tunneling. We fixed the
incident wavelength at the resonance value and swept the gap channel conductivity
from 0 to 10* S/m. The calculations show a decrease in scattering efficiency and field
enhancement, whereas the absorption efficiency was increased.

The presented system can aid the investigation of the electromagnetic
radiation impact on nanoparticle dimers and the implementation of all optical control
of scattering and absorption.

I would like to express my gratitude to Prof. Kh. Nerkararyan and
Dr. H. Parsamyan for the guidance and support provided to me throughout this
research work.
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1. U Uuunrasydu

NN, GUMJUT Luun2N1erh 6QNLULUUSPL UMrUSUWLLEL
ELBUS UUUSLhUWYUL ULhLRL

Wnwiigpny dhdijuilg dnip pinunpyud twbtndanntiph fGgyppudwgihuuyui
wpdwqubpp Jupnn E junwjupyty npuig dhol Ligppnbbtph pmbbjwght wbg-
dudp yuydwimynpyud thnpumgnbgnipjud thmhnpunigyudp: Qunudbwuhpyby b
230 nm Gpjupmpjudp b dhdjubghg wowbgph Gpuybpny 0.5 rm htowynpnip-
Juip pudwbjwd, onny spowypuupyud bwbndnntiphg Juquyuwd hwdwljupgh
ouppphjujult wpdwqubpp wpypupht mdbtn  Ghpppuwiwqbhuwut  nuophi:
Jtpowynp qrwppbph dbpnnh ypw hhdtgwd hwiwunpgsuyyhtt dnpbjuynpiwib
dhengny gnyg L yqppytiy, np bwbndnnbipp pwdwing thipwiwindtippuijub tinpnid
alwnpynn EiEyyppuiwuqbhuwub nuonph wpgpuunynp mdtinugiwb htaplowb-
pny wpwewgnn Lityppnubtph pnutjuyhtt wognudp thnthnpumd | nputlg Juugh
pbnypp niwuyhtthg hwnnpnuubwghth: Wpymbpmd gpubgymy b hwdw-
Jupgh Juuidwb b gpdwd thnjuhwpupbpuljgmpmb fwlmb hnmhnpuniemnb:
Uwubwynpuytiv, gpiwb yppguopp tjugnid £ dnp 3 wmbqud, dhigntin inpiw-
Unpuwd Jubnwip wémd E Wmp 12-hg dhogh 18, umbypppuyhtt gdh Oljunptijh
phnuyidwdp:
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. A. MAHYKAIH

PE3OHAHCHBINI OTKJ/INK CHJIBHO CBA3AHHBIX HAHOCTEPXKHEN
HA SJIEKTPOMATHUTHYIK) BOJIHY

QHEKTpOMaFHI/ITHbeI OTKJINK 6J'[I/I3KO PaCIIOIOZKeHHBIX 11O OCH HAHOCTEP2K-
Hell MOYKHO KOHTPOJMPOBATL M3MEHEHHEM B3aUMOIEHCTBHA, 00YC/IOBJICHHBIM
TYHHEJIbHBIM TIE€PEXOJ0M 3JICKTPOHOB. CI/ICTeMa COCTOUT M3 ABYX 30JI0TbIX
crepxHell JuymHO#N 230 nm, HaxXOIAINXCS B BO3AyXE U Pa3/IeeHHBIX 3a30POM
mwmpunoii 0,5 nm. Ha ocrHoBe MeTo/a KOHEYHBIX IJIEMEHTOB BBIABJIEHO, UTO
TYHHEJIBHBIT TePeX0 ] 3JIeKTPOHOB, BOSHUKAIONINI M3-38 HEOOBITHOTO YCUIEHUST
JIEKTPOMATHUTHOTO TIOJIA BHYTPH HaHO3a30pa, IPUBOJIUT K W3MEHEHHIO
TPUPOILI CBsA3KM HAHOAHTEHH — C €MKOCTHO# Ha mpoBomgartyio. B pesyabrare
CYIIIECTBEHHO MEHSIETCS COOTHOINEHNE ITOTJIONIEHNsT U PAaCCedHusl auMepa. B
YACTHOCTH, CEUCHHUE PACCeTHUA YMEHBIIACTCA IPUMEPHO B TPHU pa3a, TOr1a Kak
HOPMHPOBAHHOE TIOTJIOIIEHNE BO3pacTaeT MpuMepHO ¢ 12 1o 18 mpu 3ameTHOM
PACIIUPEHUN CHEKTPAJIBHON JINHUN.



