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ABSTRACT: We propose tunable nonlinear antennas based on an epsilon-near-
zero material with a large optical nonlinearity. We show that the absorption and
scattering cross sections of the antennas can be controlled dynamically from a
nearly superscatterer to a nearly superabsorber by changing the intensity of the
laser. Moreover, we demonstrate that a hybrid nonlinear antenna, composed of
epsilon-near-zero and dielectric materials, exhibits nonreciprocal radiation patterns
because of broken spatial inversion symmetry and large optical nonlinearity of the
epsilon-near-zero material. By changing the intensity of the laser, the radiation
pattern of the antenna can be tuned between a bidirectional and a unidirectional
emission known as a Huygens source. Our study provides a novel approach toward
ultrafast dynamical control of metamaterials, for applications such as beam steering
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and optical limiting.
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ptical antennas as fundamental building blocks in

nanophotonics and metamaterials allow us to manipulate
and control optical fields on the nanometer scale.' By
localizing the energy of a propagating wave, optical antennas
provide enhanced control on light—matter interactions for
applications such as microscopy” and nonlinear optics.’
Scattering and absorption cross sections are the most
important quantities to describe how strong an antenna
interacts with the incident light. These cross sections depend
on the induced electric and magnetic multipole moments” and
can be tailored by engineering either the geometry or the
material properties of the optical antennas. Considering their
wide applications in photonics, various optical antennas have
been proposed to achieve fascinating scattering phenomena,
including directional emissions known as the Kerker effects,”™’
superscattering,g’9 superabsorption,m_13 optical cloaking,14
and nonradiating scattering states,' ™'

In order to realize a versatile control of electromagnetic
radiation, it is highly desirable to modulate the optical
properties of the antennas dynamically. Recently, epsilon-
near-zero (ENZ) materials have been shown to exhibit an
exceptionally large intensity-dependent refractive index (see
Figure 1a)."” Therefore, ENZ materials provide a new platform
to optically tune the response of the material within a
subpicosecond time scale.'” Specifically, negative refraction,
tunable metasurfaces, optical switches, tunable cavities, and
coherent perfect absorbers have been achieved using indium
tin oxide (ITO) and aluminum-doped zinc oxide (AZO) as
ENZ materials,'’ "' 73¢

In this work, we theoretically study the optical response of
nonlinear antennas composed of epsilon-near-zero and

© XXXX American Chemical Society

7 ACS Publications

dielectric materials. Previously, nonlinear antennas have been
realized theoretically and experimentally to enhance nonlinear
responses such as second-harmonic and third-harmonic
generation.””~** However, the Kerr-type nonlinearity has not
been strong enough to significantly modify the scattering
response of the antennas at the fundamental wavelength. In
our work, the large Kerr-type nonlinearity of the ENZ material
plays a crucial role in changing the induced multipole moments
and, thus, drastically modifying the scattering, absorption, and
extinction cross sections as well as the radiation pattern of the
antennas. In particular, we can optically switch the antennas’
response from a nearly superscattering to a nearly super-
absorbing state. By employing the multipole expansion of the
induced intensity-dependent polarization current, we show
that the radiation pattern of the antennas can be tuned from a
nondirective to a nearly Huygens source by changing the
intensity of the laser. In this work, the terms “scatterers” and
“antennas” can be used interchangeably.

Bl NONLINEAR ANTENNAS BASED ON ENZ
MATERIALS

Let us consider a nonlinear antenna made of indium tin oxide
(ITO; see the inset of Figure 1b). The antenna is illuminated
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Figure 1. Nonlinear antenna based on epsilon-near-zero (ENZ) material: (a) The real and imaginary parts of the intensity-dependent refractive
index of ITO at the ENZ wavelength gy, = 1240 nm (see ref 21). (b) Scattering cross section (normalized to 4>/2x) of the ITO antenna at the
ENZ wavelength as a function of the diameter of the antenna D for different intensities. Note that the lowest intensity, that is, I, = 0.01 GW/cm?,
corresponds to the linear response of the antenna. Inset shows a schematic of the ITO disk with height H and diameter D. The ITO antenna is
illuminated by an x-polarized plane wave propagating in the z direction. (c) The real part of refractive index in the xz-plane (at y = 0) at the highest
intensity, that is, I, = 400 GW/cm® We assume that the height of the ITO antenna is H = D/2 and the surrounding medium is air.

by an x-polarized time-harmonic plane wave with electric field
E,..(t) = (E/2)eé® e, + c.c, where [kl = 27/1 is the
wavenumber, @ is the angular frequency, E, is the amplitude of
incident field, and c.c. means complex conjugate.

I, = %680 IEOI2 is the free-space intensity of the incident

plane wave. The intensity-dependent refractive index of ITO is
(1, @) = \Jen (v, @), where ey (r,w) is given by” """

2
(2j+1)(w)‘ E(l‘, a)) !
2

3
en (r, @) ~ g + Z Coj il

j=1 (1)
and where )((3)(0)), )((5)(0)), and y7(w) are the third-order,
fifth-order, and seventh-order nonlinear susceptibilities (see
Table 1 in ref 21) of ITO, respectively. ¢; = 3, ¢s = 10, and ¢, =
35S are the degeneracy factors,” and E(r,) is the electric field
amplitude inside ITO.

The real part of the permittivity of ITO is zero at Agy, =
1240 nm, which is called the ENZ wavelength. It has been
shown that ITO exhibits a large nonlinear refractive index
around its ENZ wavelength.'”***" Figure 1a plots the real and
imaginary parts of the intensity-dependent refractive index of
the ITO film at Agyy.' "' Note that the change in the real part
of the refractive index by intensity is approximately 0.72, which
is even larger than the linear refractive index of ITO, which is
0.4. In the following, we incorporate this large nonlinear
response of ITO at the ENZ wavelength and perform our
simulations using a Maxwell's equations numerical solver
combined with an iterative method to solve for an intensity-
dependent refractive index inside the antenna.

In order to understand the optical response of the proposed
nonlinear antennas, we employ multipole expansion of the
induced nonlinear (intensity-dependent) polarization current
T (r,0) = —iw[en (r,w) — £]E(r,w). " Through use of the

induced multipole moments, the total scattering cross section

of the nonlinear ITO antenna can be calculated by***
|
2)
as a sum of contribution of each multipole moment to the total
scattering cross section. a,f = x,y,z, and p,, m,, Qs and Qs
are the electric dipole (ED), magnetic dipole (MD), electric
quadrupole (EQ), and magnetic quadrupole (MQ) moments.

Figure 1b shows the scattering cross section (normalized to
A?/27) of the ITO disk as a function of its diameter D for three
different intensities. It can be seen that the scattering cross
section gradually increases as D increases. At high intensities,
for example, I, = 400 GW/ cm?, the scattering cross section is
approximately 4X smaller than the linear response, that is, I, =
0.01 GW/cm® (see Supporting Information). At high
intensities, the refractive index of ITO is close to the refractive
index of the surrounding medium (air), and thus, scattering
becomes smaller than that of low intensities (Figure la,c).
These results can also be understood in terms of the induced
electric and magnetic multipole moments (see Supporting
Information for details). In Figure 1c, we plot the real part of
the refractive index of the ITO antenna in the xz-plane. The
refractive index depends on position r because of the induced
nonuniform electric field distribution inside the antenna, that
is, E(r) (see also eq 1).

Figure 2a shows the total scattering cross section and
contributions of the electric and magnetic multipole moments
as a function of intensity. Although the contribution of the ED
moment is significantly larger than any other modes, the
antenna radiates mainly in the forward direction because of the
presence of higher order moments (Figure 2a,b). The

m

=P

k4

sca 2 2
6rey |E|

Z[|pa|2 + ‘ﬂ
o c

kQ;ﬁIZ +

]+Zﬁ

https://dx.doi.org/10.1021/acsphotonics.0c01637
ACS Photonics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01637/suppl_file/ph0c01637_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01637/suppl_file/ph0c01637_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01637/suppl_file/ph0c01637_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01637?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01637?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01637?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01637?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01637?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

3 15
(@) —-ED (b)
—e—MD be—r
— ﬂ EQ | =
& &
QZ -wva | & 10
= T k —e—total | <
g 1 Qf 5
—e—Forward
e —e—Backward
= — 0 \'\~4

0 100 200 300 400 0 100 200 300 400
I (GVV/cmz) Iy (GW/cmz)

Figure 2. Intensity-dependent response of a nonlinear antenna: (a)
Total scattering cross section (normalized to 4*/27) and contribution
of different electric and magnetic multipole moments as a function of
the input intensity for the ITO antenna. Contribution of different
multipoles are labeled by ED (electric dipole), MD (magnetic dipole),
EQ_ (electric quadrupole), and MQ_(magnetic quadrupole). The
geometrical parameters of the ITO antenna are D = 0.84gy; and H =
D/2. (b) Normalized forward and backward scattering cross sections
calculated from eq 3. The insets illustrate normalized far-field
radiation patterns of the ITO antenna for low and high intensities.

normalized forward Cl, and backward Ct, scattering cross

sections are plotted in Figure 2b, which are calculated from’
g o~e g Am 2
CF/B_ ¢ - m, _ ikQ . ~ ikQ
sca norm x c 6 6C (3)

where Coom = k*/(47€llE)?). In eq 3, the forward and
backward scattering cross sections are calculated at ¢p/p = 0
and 605 = 0,7. Note that the ED (and similarly MQ) moment
exhibits in-phase forward and backward scattered electric
fields, whereas the MD (and similarly EQ) moment shows out-
of-phase fields (see = in eq 3). As the intensity of the laser
increases, the contribution of different multipoles changes.
Consequently, the antenna radiates solely in the forward
direction at high intensities, which is clearly evident from the
inset of Figure 2b.

Bl SUPERABSORPTION AND SUPERSCATTERING IN
NONLINEAR ANTENNAS

The maximum scattering cross section (for each multipolar
order) of an isotropic nanoparticle with multipolar response is
Cix = (2j + 1)A*/2m, where j is the order of the multipole; for
example, j = 1, 2, and 3, for dipoles, quadrupoles, and
octupoles, respectively.>”'"'**>*¢ Eor each multipolar order,
the maximum scattering occurs at the resonance for a particle
with negligible Ohmic losses compared to the radiation loss
(this condition is known as overcoupling).*”'"'¥*=* By
engineering subwavelength nanoparticles, it is possible to
achieve a much larger scattering cross section compared to a

dipolar one, that is, Coo% = 34*/2z. This phenomenon is

sca,1
known as superscattering and is achieved bZ overlapping
resonant frequencies of different multipoles.g’g’1 13 1t has also
been shown that the maximum absorption cross section of a

max

nanoparticle with multipolar response is limited to Cy; =

Coay/4 = (25 + 1)A2/87."' 713 The enhanced absorption can
be achieved for particles that operate at critical coupling (i.e.,
nonradiative or Ohmic loss is equal to the radiation loss) and
by aligning the resonance frequencies of different multipoles.
This enhanced absorption cross section is known as super-
absorption.””

Here, we show that scattering and absorption cross sections
of an ITO antenna can be tuned between nearly super-
scattering and nearly superabsorbing states by simply changing

the input laser intensity. Figure 3ab shows scattering and
absorption cross sections of our ITO antenna as a function of
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Figure 3. Tunable superabsorption and superscattering based on an
ITO antenna: (a) Total scattering cross section Cy, (normalized to
22/27) of the ITO antenna (see the inset of Figure 1b) as a function
of height-to-diameter ratios, H/D, and the laser intensity I,, where the
diameter of the antenna D = 1200 nm. (b) Same as (a) for the
absorption cross section, that is, C, (c) The ratio between the
scattering and absorption cross sections shown in logarithmic scale.
The black dashed line indicates the condition that the scattering and
absorption cross sections are equal, that is, C, = C,. (d) Scattering,
absorption, and extinction cross sections as functions of intensity I,
for H= D = 1200 nm.

the laser intensity for different height-to-diameter ratios, H/D.
For low intensities and H/D = 1, the scattering cross section is
Cyea ® 2.7 X 31*/2m, which is 2.7X larger than the maximum
scattering of a dipole. By increasing the laser intensity, the
absorption cross section increases and reaches to C,,, & 9.3 X
31*/8m, which is significantly larger than that of a dipolar
scatterer. Therefore, the ITO antenna behaves as a super-
scatterer at low intensities and as a superabsorber at high
intensities. This behavior can be seen clearly from Figure 3d,
which plots the scattering, absorption, and extinction cross
sections as a function of intensity for H = D = 1200 nm. The
ratio of the scattering to the absorption cross section is
depicted in Figure 3c (the induced electric and magnetic
multipole moments of the antenna are shown in Supporting
Information). Three distinct coupling regimes are evident: (i)
a large scattering cross section compared to absorption, that is,
C., > C, the area to the left of the black dashed line, (ii)
scattering is identical to absorption cross section, that is, C,., =
C,e as indicated by the black dashed line in Figure 3¢, and
(iii) a large absorption cross section compared to scattering,
that is, Cp, > C,.,, the area to the right of the black dashed line.

B HYBRID NONRECIPROCAL NONLINEAR
ANTENNAS

Dielectric antennas support strong electric and magnetic
responses with large scattering cross sections.*”*”*" Thus, to
achieve an even greater control on the scattering properties of
ITO antennas, one can devise a nonlinear antenna composed
of ENZ and lossless dielectric materials. In the following, we
consider a hybrid nonlinear antenna made of an ITO and a
lossless linear dielectric material with refractive index n;, as
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shown in the inset of Figure 4a. Due to the broken inversion

symmetry, the hybrid antenna exhibits magneto—electric

. - . $1-53
coupling or the so-called bianisotropic response.
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Figure 4. Hybrid nonlinear antenna composed of ITO and a lossless
linear dielectric material with refractive index n; = 1.8: (a) Total
extinction (CZ%,) and scattering (CZ,) cross sections (normalized to
22/21) of the hybrid antenna as a function of the laser intensity when
illuminated by an x-polarized plane wave propagating in two opposite
directions, that is, k = +kge,. Inset shows the schematic of the hybrid
nonlinear antenna. (b, c) The real part of refractive index in xz-plane
(at y = 0) at intensity I, = 100 GW/cm? for top (k = —kge,) and
bottom (k = +kge,) illuminations, respectively. The surrounding
medium is air. The geometrical parameters of the hybrid nonlinear
antenna are Dipg = Dy = D = 620 nm, Hyrg = Dipo/2, and Hy = 150
nm.

According to the optical theorem and the Lorentz
reciprocity, the extinction cross section of an arbitrarily shaped
antenna made of reciprocal materials is the same for two
opposite illumination directions.””**~>® However, the scatter-
ing and absorption cross sections of the reciprocal antenna
depend on the illumination direction due to absorption
(Ohmic) losses which are related to the induced bianisotropic
response.””*° In Figure 4a we plot the extinction and scattering
cross sections of the hybrid antenna when illuminated from
opposite directions (k = +kge,). In the linear regime (low
intensities), the antenna is reciprocal. Therefore, the extinction
cross section for top and bottom illuminations are identical,
that is, Cl, = Co.>”"® However, the scattering (and also the
absorption) cross sections of the antenna are different, Cl., #
Coar

At high laser intensities, the hybrid antenna is nonreciprocal
and two conditions to break the Lorentz reciprocity are
simultaneously satisfied, that is, the large optical nonlinearity
and lack of inversion symmetry.”” Thus, as shown in Figure 4a,
the extinction cross sections of the antenna are not the same
for the two opposite illuminations at high intensities. Figure
4b,c shows the real part of the refractive index in the xz-plane
for I, = 100 GW/cm? and indicate a position-dependent
refractive index. Clearly, the refractive indices are different for
opposite illuminations: nf;(r) # ny.(r). The different
distribution of the refractive indices (Figure 4b,c) leads to a
magneto-electric coupling (see ref 52 for a magneto—electric
coupling in a reciprocal antenna). To understand the
underlying physics of the asymmetric nonreciprocal response

and magneto-electric coupling, we compute the induced
multipole moments using the exact multipole expansion for
the opposite illuminations (see Figure Sa,b). The induced
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Figure S. Scattering and radiation patterns of hybrid nonlinear
antennas: (a) Total scattering cross section (normalized to A%/27)
and contribution of different electric and magnetic multipole
moments of the hybrid antenna as a function of the laser intensity
for the bottom illumination direction, that is, k = +kge, (c)
Normalized forward (blue line) and backward (red line) scattering
cross sections calculated from eq 3 for the bottom illumination
direction. Insets illustrate far-field radiation patterns of hybrid
nonlinear antenna in three intensities for the bottom illumination
direction, that is, k = +kge,. (b, d) Same as (a) and (c) for the top
illumination direction, that is, k = —kge,.

multipole moments are significantly different for the top and
bottom illuminations which lead to intensity-dependent
magneto-electric coupling. Note that the scattering cross
sections calculated using full-wave simulation as well as
multipole expansion (ME) are in perfect agreement (see the
black solid line and circles in Figure Sab). Therefore, our
proposed nonlinear scatterer can be fully characterized by
using the dipole and quadrupole moments.

When the hybrid antenna is illuminated from the bottom,
the antenna exhibits mainly an electric dipole (ED) moment,
as can be seen in Figure Sa. Therefore, the radiation pattern of
hybrid antenna is nearly omnidirectional (see the inset of
Figure Sc). The contribution of other multipole moments to
the forward and backward cross sections are small compared to
the ED moment and thus slightly modify the radiation
patterns.

When the hybrid antenna is illuminated from the top,
compared to the bottom illumination, different multipole
moments contribute to the scattering (compare Figure Sa and
b). However, similar to the bottom illumination, the backward
(forward) scattering decreases (increases) with the intensity, as
shown in Figure Sd. In the linear regime (low intensities), the
induced ED, MD, and EQ moments interfere constructively
(destructively) in the backward (forward) direction. Con-
sequently, the antenna exhibits a nearly unidirectional radiation
pattern with a very small forward scattering (see Figure Sd). At
I, ~ 80 GW/cm?, the forward and backward scattering become
identical. In the Supporting Information, we show that a hybrid
antenna with n;, = 3.5 exhibits a unidirectional radiation
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pattern with nearly zero backward scattering. This phenomena
is known as the generalized Kerker effect.””® Large tunability
of the induced multipole moments of the hybrid antenna by an
intense pump laser allows to control the radiation patterns
from a bidirectional to a unidirectional pattern (compare three
radiation patterns in the inset of Figure Sd). Therefore, by
employing an ultrafast optical pump,1 the radiation pattern of
the hybrid antenna can be switched from a nondirective
radiation to a directive one within a subpicosecond time scale.
Moreover, the hybrid antenna exhibits nonreciprocal radiation
patterns because of nonreciprocal magneto-electric coupling.

In summary, we have theoretically studied nonlinear
antennas based on ENZ materials with tunable absorption
and scattering cross sections, as well as radiation patterns. We
incorporated the extremely large and ultrafast nonlinear
response of ENZ materials, in particular, ITO. We showed
that while the radiation pattern of a single ITO antenna
remains insensitive to the laser intensity, its absorption,
scattering, and extinction cross sections can be modulated
dynamically. Therefore, the antenna can be tuned between
superabsorbing and superscattering states by controlling the
intensity of the laser. Furthermore, we proposed a hybrid
antenna (composed of ITO and a dielectric material) with a
radiation pattern that can be tuned between bidirectional and
unidirectional emission under ultrafast optical pumping.
Moreover, we found that the hybrid nanoantenna exhibits
tunable nonreciprocal radiation patterns when illuminated
from opposite directions because of the broken spatial
inversion symmetry and large optical nonlinearity of ITO.
We explained our findings based on the interference among the
induced intensity-dependent electric and magnetic multipole
moments. Considering the fast response-time of ITO, a typical
100 fs pulsed laser can be used to achieve the required
intensities experimentally."”*® The proposed tunable hybrid
antenna with magneto-electric response can be used as a
building block to design ultrafast switchable nonreciprocal
electric and magnetic mirrors,””*” metalens,”” metaabsorb-
ers,***" metagrating,’’ and photonic topological insulators.”>
In addition, our work provides a novel approach for designing
tunable nanoantennas based on ENZ materials with a large
optical nonlinearity.
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