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Parity-time (PT ) symmetric photonic systems have attracted much attention due to their

intriguing properties and asymmetric behaviors. In this paper, we propose a plasmonic

nanoantenna with PT-symmetric potential for unidirectional scattering functionality. The

studied plasmonic nanoantenna is comprised of three metallic layers separated by two

dielectric layers. Such kind of system, with the same coefficient κ of loss and gain in

each of the two dielectric layers, holds the characteristic of PT symmetry. We show

that the unidirectional scattering is obtained for the passive structure (i.e., κ = 0),

and the switching between forward and backward directionality can be achieved with

a single structure by changing the excitation wavelength, when the induced electric

dipole (ED) and magnetic dipole (MD) modes satisfy the first or second Kerker conditions,

respectively. In addition, we find that the forward-to-backward ratio spectra can be

strongly affected by the non-Hermiticity parameter κ. In particular, it is possible to reverse

the radiation direction at the same wavelength in a wide spectra band by adjusting κ.

Moreover, putting the nanoantennas in an array of transverse configuration can efficiently

narrow the main lobe angular beam width to be <6◦. These results contribute to the

basic understanding of the optical properties of active-passive finite nanostructures with

potential applications, and provide new ideas for the design of novel nanostructures

displaying asymmetric and tunable responses.

Keywords: optical nanoantenna, unidirectional scattering, metallic and dielectric hybrid, parity-time symmetric,

Kerker condition, tunable

INTRODUCTION

Surface plasmon polaritons (SPPs) refer to collective oscillations of conductive electrons at metal
and dielectric interface [1]. With metallic nanostructures at the interface, these excitations couple
strongly with light, giving rise to large interaction cross-sections, and enhanced near-fields [2, 3].
When the optical field couples with the SPPs in plasmonic nanostructures, some fascinating
features, and applications arise, such as photo-thermal cancer therapy [4], ultra-sensitive bio-
sensing [5], and improved solar energy harvesting [6], etc. However, it is well known that the
intrinsic absorption of plasmonic nanostructures is usually high, especially at optical frequency,
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resulting in low performance efficiency [7]. Intrinsic absorption
of the metallic nanostructures [8–11] can be substantially
reduced with the assistance of active materials such as dye
molecules, rare earth ions, or semiconductor crystals [3]. This
is because the active materials can give rise to lasing or field
amplification under external pumping, and transfer energy to
compensate the losses of the SPPs [12–15]. Consequently, active
materials enable the development of novel light-emitting devices
[16, 17], such as spasers [18–20] or, more generally, plasmonic
nanolasers [21–27]. It is also important to note that tuning the
level of gain shall pave a path to dynamically control the response
of these systems [3, 28, 29].

Recently, a new wave of interest in active materials appears
in the realm of PT-symmetric systems [3, 30]. A system with
PT-symmetry is comprised of active and absorptive elements
which are in appropriate spatial distribution, such that the system
presents a balanced gain and loss. PT-symmetry condition is
directly translated into a requirement for the dielectric function
of the system, ε(r) = ε∗(−r), which can be achieved using
active elements [3, 31, 32]. In other words, to achieve a PT-
symmetric optical potential, the real part of the permittivity
shall be an even function of position while its imaginary part
must be an odd one. The interest in PT-symmetry of photonic
systems relies on the exotic properties including, to cite some
[3], asymmetric propagation [33, 34], reflection [35], scattering
[36], unidirectional invisibility [37, 38], switching [39, 40], and
extraordinary non-linear behaviors [41, 42]. These intriguing
phenomena have been already observed in dielectric waveguides
[43] and cavities [44] or photonic lattices [45, 46], among other
realizations [3].

In this regard, plasmonic nanostructures with PT-symmetry
have been attracting increased attention. A pioneer study has
shown that the strong interaction of surface plasmons with light
can be exploited to enhance the extraordinary properties arising
from the PT-symmetry [3, 47]. Successive works demonstrate
asymmetric behaviors in waveguides [48] and metamaterials
[49, 50], transition from absorption to amplification in
cavities [51] and waveguides [52], unidirectional cloaking
[53], switching [54], multiplexing [55], anisotropic emission in
hybrid nanoparticles [56], and giant near-field radiative heat
transfer [3, 57].

In this paper, we investigate asymmetric optical response of
a plasmonic nanoantenna that operates near the PT-symmetry
condition. The nanoantenna is stacked with three metallic blocks
and two dielectric blocks. Each of the two dielectric blocks,
sandwiched by metallic ones, is either absorptive or active,
respectively, with the same value of κ but in opposite sign.
With such a PT-symmetric configuration, the antenna supports
a highly tunable magnetic dipole (MD) that spectrally overlaps
an electric dipole (ED) mode. And the tunability is primarily
dependent on the variation of κ . It is also interesting to note
that the interference between the MD and EDmodes gives rise to
superior unidirectional scattering. The side lobe level, of forward
and backward radiation, can be suppressed in the cases provided
that the Kerker conditions are well-satisfied. Furthermore, we
show that the scattering direction of the nanoantenna strongly

depends on the non-Hermiticity parameter κ . In particular, it
is feasible to switch the scattering direction of the antenna at
the same wavelength in a wide spectra band by adjusting κ .
We also find that the beam-width of the scattered light can be
further narrowed when the antenna multilayers are arranged in
a chain.

MATERIALS AND METHODS

For The scattered far-field for homogeneous and substrate
environments can be written as [58],

E0, FFSC (r) ≃ ω2µ0
eikd(r−n·r0)

4πr

[

n× (p× n)−
1

vd
(n×m)

+
ikd

6
[n× (n× Qen)]

+
ikd

2vd
(n× Qmn)+ n× (

ikd

vd
T× n)

]

(1)

where ω is the angular frequency, r is the spatial coordinate
vector, µ0 = 4π · 10−7 H/m is the vacuum permeability, vd =

c(εd)
−1/2, c is the speed of light in vacuum, εd is the relative

permittivity of dielectric surrounding, r = |r| and n = r/r is the
unit vector in the direction of observation, p (m) is the electric
(magnetic) dipole moment, Qe (Qm) is the electric (magnetic)
quadrupole tensor, and T is the tensor of the toroidal dipole
moment [59].

The multipole decompositions are accomplished in both
the Cartesian basis (source-representation) and the spherical
basis (field-representation). The irreducible Cartesian mutipole
moments are evaluated by [58].

p = −
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ω
β + Jωα rβ )− 2δαβ (r · Jω)]
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+2k2
∫
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(kr)3
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(4)

Qm = 15

∫

d3r
{

rα[r× Jω]β + rβ [r× Jω]α
} j2(kr)

(kr)2
(5)

where α, β = x, y, z, the electric current density is obtained by
using Jω (r) = -iωε0(εr-εd) Eω(r), where ε0 = 8.845·10−12 F/m
is the permittivity of free space, εr is the relative permittivity
of particle, Eω (r) is electric field distribution. Multipole
contributions show that the resonance peaks correspond to
the overlap of several different multipole decomposition of the
scattered field [59].

The scattering cross sections Csca are defined from far-
field scattered power (I) by normalizing to the energy flux
of the incident wave (Iinc). The total scattering power can
be obtained by summing the energy fluxes of multipoles
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which are integrations of the Poynting vector over the total
solid angle,

I =
1

8πε0
[
2ω4

3c3
∣

∣p
∣

∣

2
+
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+
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20c5
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∣

2
]

(6)

Csca =
I

Iinc
(7)

Here, ω is the angular frequency, c is the speed of light in a
vacuum, the more high-order multipoles are not shown [59].

Figure 1A shows schematic of the multi-layered metal-
dielectric-metal (MDM) nanoantenna. The nanoantenna is
comprised of three identical gold strips, and two dielectric strips
sandwiched by gold strips. Each strip has the same lengths
l = 100 nm, different thicknesses (i.e., a thickness of gold strip
d = 20nm and a thickness of dielectric strip t = 15 nm). The
refractive index of the passive and active dielectric strip is n+ iκ
and n− iκ , respectively. Here the real parts of the refractive index
are fixed as n = 1.44 while the non-Hermiticity parameter κ

in imaginary parts is varied for different simulations. Note that
regardless of the value of κ , loss and gain are always balanced in
the system. The permittivity of gold is taken from Johnson and
Christy [60]. For simplicity, the whole structure is assumed to be
freestanding in air (ε0 = 1) [61].

RESULTS AND DISCUSSION

Figure 1B shows the extinction cross-section of the antenna, as
a function of κ and λ. The incident plane wave, polarized in
the y axis, is propagating along the x axis (see Figure 1A). All
numerical calculations are performed with the finite element
method (FEM) by COMSOL Multiphysics [62]. For a passive
structure (i.e., κ = 0), the extinction cross-section shows two
peaks corresponding to the excitations of plasmon ED and MD
at shorter and longer wavelength, respectively [61]. With the
increase of κ , the gain starts to compensate the loss of the system.
One interesting feature is that the ED peak remains at the same
wavelength of about 623 nm. Moreover, at a certain critical value
(κ = 0.25 for this system), a region with negative extinction
cross-section appears (see green area in Figure 1B). Beyond this
critical point, the MD peak disappears and the extinction cross-
section at the longer wavelength vanishes. The above behaviors
are explored and demonstrated in details in Figure 1C, where the
extinction (blue curves), scattering (red curves), and absorption
(black curves) cross sections of the structure are plotted for three
different values of κ . As anticipated, when κ = 0 (top panel),
we observe two resonances that correspond to the ED and MD
modes, respectively. Close to the critical point, κ = 0.25 (middle
panel), the absorption cross-section (ACS) and extinction cross-
section (ECS) becomes negative and predominant at the longer
wavelength. With the amount of loss and gain increasing in the
system, we observe the splitting of the MD. It suggests that one
of the eigenmodes that is dark and not excited in the case of the
passive system becomes bright when bringing loss and gain in the
system. As κ is increased to 0.4 (bottom panel), the gain partially
mitigates absorption losses, thus yielding a zero extinction at

MD resonance. From the evolution of the MD and ED spectra
based upon different κ in Figure 2, we can see that the MDmode
shows strong dependence on κ , whereas the ED mode is almost
unchanged. The sharp changes, occurring in the optical response
of the antenna as κ approaches to the critical point, are a typical
signature of a PT-symmetric system [42]. Therefore, associated
with that behavior, we expect the system to exhibit an anisotropic
response [3].

To clarify the contributions of different modes, multipole
decomposition including the electric dipole moment P, magnetic
dipole moment M, electric quadrupole (EQ) moment Qe, and
magnetic quadrupole (MQ) moment Qm can be obtained
according to Khandekar et al. [57]. The radiated power of all the
multipole moments sums over their contributions as:

I =
1

8πε0
[
2ω4

3c3
|P|2 +

2ω4

3c3
|M|2 +
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20c5

∣

∣Qe
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2
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20c5

∣

∣Qm
∣

∣

2
](8)

In Figure 2, we show the multiple scattering spectra for κ = 0,
κ = 0.25, and κ = 0.4. It is seen that the contributions from
the induced ED and MD are significantly larger than those of
EQ and MQ. Therefore, it is reasonable to neglect the high order
multipole moments (EQ and MQ) that have negligible effects on
the SCS for the three cases [61]. Clearly, it is seen that when
κ = 0.4 the radiation from MD vanishes. Moreover, the green
solid line in Figure 2 is the summation of the SCSs of the ED,
MD, EQ, and MQ, which shows good agreement with the total
SCS (black solid lines) obtained from the FEM simulation for
the three cases, further confirming negligible contributions from
other higher order modes [63].

To gain clearly understanding of the resonant dipole modes,
we plot the surface charge distributions for two wavelength peak
position of the SCS spectra when κ = 0 in Figure 3. Our previous
work has shown that the first peak (i.e., λ = 610 nm) in this
system corresponds to an electric dipole resonance in which the
induced currents on the three plasmonic strips oscillate in phase
[61], and the corresponding surface charge distribution is plotted
in Figure 3A. The ED is induced by the metallic strips and it
remains almost unchangedwhen varying κ , this can be confirmed
in Figure 2 [58]. In order to better understand how the MD
mode can be excited, the charge distribution of the other mode at
λ = 778 nm is shown in Figure 3B, we can see that the forming
strong circulating displacement currents in the both left two and
right twometallicstrips induced the strong cavitymagnetic dipole
resonance mode. This kind of cavity mode is strongly affected by
the material of dielectric layers (see Figure 2) [61]. Furthermore,
as shown in Figures 2A,B, we can see that the ED and MD
modes spectrally overlap in the spectrum and may have different
radiation interferences that can shape the scattering pattern. The
differential directionality (measured in decibels) of an antenna
reads as follows [61, 63]:

D(θ ,ϕ) = 10× log10[4πS(θ ,ϕ)/

∫

ϕ

∫

θ

S(θ ,ϕ) sin(θ)dθdϕ],

0 ≤ θ ≤ π , 0 ≤ ϕ ≤ 2π (9)

Where θ and ϕ are spherical angles, and S(θ ,ϕ) is the radiated
power in the given direction θ and ϕ. Here, we are primarily
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FIGURE 1 | Optical response of the plasmonic antenna. (A) Schematic of the five layered plasmonic nanoantenna, composed of planar metallic strips separated by

loss (n+ iκ ) and gain (n− iκ ) materials. (B) Extinction cross section as a function of κ and the wavelengthλ. (C) Extinction (blue curves), scattering (red curves), and

absorption (black curves) cross-sections for the same antenna of panel by calculated for three different κ: κ = 0 (top), κ = 0.25 (middle), and κ = 0.4 (bottom).

FIGURE 2 | Evolution of the multiple moments spectra for different κ of the antenna with (A) κ = 0, (B) κ = 0.25, and (C) κ = 0.4.

FIGURE 3 | Surface charge distributions for the two resonant peaks [610 nm (A) and 778 nm (B)] when κ = 0 in Figure 2A.
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FIGURE 4 | Unidrectional scattering produced by the PT-symmeric structures. (A) The forward to backward ratio G as a function of κ and the wavelength. (B) G as a

function of κ at λ = 835nm. (C) G as a function of κ at λ = 870nm.

FIGURE 5 | The normalized radiated powers of ED and MD moment and their

relative phase difference 1ϕ for λ = 870nm.

interested in the forward-backward (FB) ratio G = DF-DB=10×
log 10(SF/SB), where SF and SB are the far-field radiated powers in
the forward and backward directions, respectively. The forward-
backward ratio G allows a rough assessment of the directionality
of the antennas [61]. The FB ratio G is plotted in Figure 4 as
a function of wavelength λ and non-Hermiticity parameter κ .
For a passive structure (i.e., κ = 0), we can see that G reaches
about −30 dB at λ = 747 nm and nearly 34 dB at λ = 813 nm.
Notice that positive(negative) G means that forward(backward)
scattering dominates [61]. As κ increases, the gain starts to
compensate the loss of the system, while both the peak and dip
of Gare red-shifted and become broader. Interestingly, in the
wavelength range from 807 to 885 nm, we can change the sign
of Gat the same wavelength by tuning κ . Here we give two cases
for λ = 835 nm and λ = 870 nm in Figures 4B,C, respectively. It
is seen that for λ = 835 nm, G reaches the peak (dip) of +41 dB
(−47 dB) when κ = 0.14 (κ = 0.34). Similarity, it is seen that for
λ = 870 nm, G reaches the peak (dip) of+49 dB (−51 dB) when
κ = 0.21 (κ = 0.3).

The scattered electric farfield resulting from the combination
of such p andm are as follows:

E(r) =
k2eik·r

4πε0r
[n× (p× n)+ (m× n)+ . . . ] (10)

Where p(m) is the dipole moment of the ED (MD), kis the
wave vector, n = k/|k|is the unit vector in the emission
direction, and r is the coordinate vector. According to Equation
(10), zero forward or backward scattering requires (1) the
two dipoles (ED and MD) are orthogonal to each other, (2)
their radiated powers are nearly identical, and (3) the phase
difference 1ϕ = ϕp − ϕm = 0 (forward scattering) or 1ϕ =

±π (backward scattering), where ϕp and ϕm are the relative
phase of the induced p and m in the nanoantenna. In our case,
when 1ϕ = ϕp−ϕm = 0 is fulfilled (i.e., the first Kerker
condition) [64], most radiated power is directed to the left half
space (+xdirection). Likewise, when 1ϕ = ϕp−ϕm = ±π

(i.e., the second Kerker condition) is nearly fulfilled, scattering
to the right half space (−xdirection) dominates [61]. In our
system, it is reasonable to assume the ED and MD to be oriented
along the corresponding vectors of the incident field. It means
that the induced electric and magnetic dipole moments of the
antenna in Figure 1A should be p = (0, py, 0) and m =

(0, 0,mz), respectively. To demonstrate the first and second
Kerker conditions can be switched at the same wavelength by
adjusting κ , we take the case shown in Figure 4C (i.e., λ = 870
nm) as the example. Figure 5 shows the normalized radiated
powers (left axis) and the phase difference (right axis) of the
induced dipole moments py and mz as a function of the non-
Hermiticity parameter κ . It is seen that at κ = 0.21 the radiated
powers of py andmz have comparable amplitudes (see the dashed
curve in Figure 5) and relatively small phase difference 1ϕ =

0.09π (see the green solid curve in Figure 5), thus the first Kerker
condition is approximately reached. In a similar way, the second
Kerker condition is nearly met at κ = 0.3 with 1ϕ = 0.94π . We
note that the first (second) Kerker condition can be achieved at
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all the peaks (dips) of G which corresponding to the red (blue)
area in Figure 4A (results not shown here).

In Figures 6A,B, we plot the 2D far-field scattering patterns in
xoz plane at λ = 835 nm for κ = 0.14 and κ = 0.34, respectively.
It shows that an almost complete cancellation of the radiation
toward the left-half space (+x direction) and a predominated
radiation toward to the right-half space (−x direction) for κ =

0.14 (see Figure 6A). In sharp contrast, for κ = 0.34, the radiated
power scatters almost completely toward the −x direction (see
Figure 6B) [61]. Similar features can be seen for κ = 0.21 and
κ = 0.3 when λ = 870 nm as shown in Figures 6C,D. To better
characterize the directivity of the scattering, we also label the
main lobe angular beam-width α which corresponds to the angle
for the full width at half-maximum of the differential scattering
intensity [63], as shown in Figure 6. It is seen that for λ = 835
nm α is 62◦ when κ = 0.14 and 63◦ when κ = 0.34. For

λ = 870 nm shown in Figures 6C,D, α is 88◦ when κ = 0.21
and 91◦ when κ = 0.3. Figure 6 further shows that the scattering
direction of the antenna at a fixed wavelength can be reversed by
adjusting κ .

In order to explore more scattering properties of the
PT-symmetric systems, we investigated a series of five-
layer plasmonic nanoantennas. First, a five-layer plasmonic
nanoantenna, composed of planar metallic strips separated by
two materials with different amount of gains, n-iκ1 and n-iκ2,
is simulated as shown in Supplementary Figure 1. There is no
positive and negative change of unidirectivity in this system.
The unidirectivity keeps positive at all values of κ1 and κ2.
Secondly, a five-layer plasmonic nanoantenna, composed of
planar metallic strips separated by two materials with different
amount of losses, n+iκ1 and n+iκ2, is simulated as shown
in Supplementary Figure 2. Similarly, there is no positive and

FIGURE 6 | 2D radiation patterns in the xoz plane. (A,B) Scattering pattern with κ = 0.14 and κ = 0.34 at λ = 835nm, respectively. (C,D) Scattering pattern with

κ = 0.21 and κ = 0.3 at λ = 870nm, respectively.
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negative change of unidirectivity and the unidirectivity keeps
positive at all values of κ1 and κ2. Finally, the previous
constructed PT-symmetric structure is also calculated with
different loss (n+iκ1) and gain (n–iκ2) materials, as shown in
Supplementary Figure 3. In the results, it is shown that the
unidirectivity could switch between positive and negative with
the change of κ1 and κ2. When κ1 = κ2 = κ , the results
are coincident with the previous results in Figure 4. In order
to investigate the presence of critical point, we describe state
coalescence and power flow along the waveguide, as shown
in Supplementary Figure 4.

We also studied the opposite incidence (-x direction, from
right to left) in the PT-symmetric system, as shown in
Supplementary Figure 5. The forward-backward ratio G results
are smaller than the positive incidence results in Figure 4.
The transmission and reflection properties of the PT-symmetric
structure are simulated in plane wave incidence at λ = 835 nm
and λ = 870 nm (see Supplementary Figure 6). The peaks(dips)
of transmissivity/reflectivity ratio basically correspond to the
peaks(dips) ofG in Figure 4C. It is demonstrated that the positive
and negative unidirectivities are related to transmission and
reflection enhancements.

In Figures 7B,C, we show the scattering patterns in xoz plane
by putting the antennas in a chain along y axis. The operating
wavelength is λ = 870 nm and the inter-particle distance is fixed
at d0 = 300 nm. Significant reduction in α is obtained with

increasing number of antennas N due to the constructive far-
field interferences, which is quite similar to previously reported
study in high-index dielectric particle chain of longitudinal
configuration [63]. The operating wavelength of λ = 870 nm
can offer the best directionality with the narrowest α of 5.6◦ for
κ = 0.21 and 5.8◦ for κ = 0.3 when N = 6 [63]. As a result,
arranging the antennas into an array can achieve needle-like
radiation [65].

Considering low values of non-Hermiticity parameter, we
also redesigned a five-layer plasmonic nanoantenna with the
geometric parameters (l1 = 30 nm, d1 = 8 nm, t1 = 6 nm), as
shown in Supplementary Figure 7. For an available gainmaterial
with the κ ≤ 0.2, the tunable unidirectivity could also be realized
in designed structure. In addition, the structure parameters could
be further optimized to obtain excellent performance, and we will
research more about it in the following work.

CONCLUSIONS

In conclusion, we have studied the scattering properties of a
multi-layered MDM plasmonic nanoantena with balanced gain
and loss in the dielectric layers. We showed that the non-
Hermiticity parameter has strong influences on the total cross
sections and the scattering directionality of the antenna. In
particular, the antenna exhibits unidirectional scattering which
can be tuned by changing the non-Hermiticity parameter κ .

FIGURE 7 | (A) Chain of the PT-symmetric structure with inter-particle distance d. (B,C) Scattering patterns in xoz plane by a chain such particles with N = 1, 2, 4,

and 6 for κ = 0.21 and κ = 0.3 at λ = 870nm, respectively.
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These interesting scattering features of the antenna can be
understood by the phase shifts between the electric and
magnetic dipole moments induced in the asymmetric material
composition. Our results are useful in designing unidirectional
plasmonic nanoantennas with active materials.
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