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The optical theorem relates the total scattering cross-section of a given structure with its forward
scattering, but does not impose any restrictions on other directions. Strong backward-forward
asymmetry in scattering could be achieved by exploring retarded coupling between particles,
exhibiting both electric and magnetic resonances. Here, a hybrid magneto-electric particle
(HMEP), consisting of a split ring resonator acting as a magnetic dipole and a wire antenna acting
as an electric dipole, is shown to possess asymmetric scattering properties. When illuminated from
opposite directions with the same polarization of the electric field, the structure has exactly the
same forward scattering, whereas the backward scattering is drastically different. The scattering
cross section is shown to be as low as zero at a narrow frequency range when illuminated from one
side, while being maximal at the same frequency range when illuminated from the other side.
Theoretical predictions of the phenomena are supported with both numerical and experimental
conformations, obtained at the GHz frequency range, and all are in a good agreement with each
other. HMEP meta-particles could be used as building blocks for various metamaterials assembling
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solar cells, invisibility cloaks, holographic masks, etc. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4967238]

Metamaterials have gained broad interest in the past
decade, as they hold the promise for delivering new types of
devices.! Some of the more notable applications are solar
cells,” invisibility cloaking devices,’ holography,* opto-
mechanics,>® etc. The basic functionalities of metamaterials
are achieved by carefully designing the constitutive elements
(meta-atoms) that govern the composite’s behavior. Split
ring resonators (SRR) and thin wires are often employed as
the building blocks in many realizations, owing both to the
fact that these structures are well understood theoretically,’
as well as the relative ease of their manufacturing. In order
to achieve complex properties, meta-atoms often consist
of more than one structure.®'' One of the desirable function-
alities that could be achieved with metamaterials is an asym-
metric response. For example, asymmetric properties (and
especially transmission) could find use in a range of applica-
tions, such as antireflection coatings,'” light harvesting in
solar cells," directional color routing,'* polarization sensi-
tive devises,'>' and photonic diodes'” to name a few.

Scattering characteristics of individual elements could be
controlled by engineering their multipolar responses. For
example, the so-called Huygen’s elements rely on the interfer-
ence between electric and magnetic dipolar responses that sup-
press the backward scattering.'®'® The properties of magnetic
and electric resonances could be tailored by particle’s shape,
e.g., core-shell geometry.”’ Meta-particles with nonsymmetri-
cal scattering are discussed in details in Refs. 21-24, where a
few structures were studied analytically, including the omega,
omega-Tellegen, and the chiral-moving particle. It was shown
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that periodic structures constructed from such meta-atoms
could be used to create thin films with tunable nonsymmetrical
transmission and reflection, e.g., Ref. 25 and references
therein. Here, another example of asymmetric meta-particle is
proposed, emphasising on reflection characteristics and its bal-
ance with the forward scattering.

The optical theorem®® relates the forward scattering
from an object with its total radar cross-section (RCS) and is
a manifestation of the fundamental principle of causality.
Remarkably, the theorem favors the forward direction over
all the rest, and there is no simple relation between the total
RCS and the backward scattering, for example. Here, a
special type of meta-atom, having a symmetric forward and
asymmetric backward scattering, is studied. The hybrid
magneto-electric particle (HMEP), consisting of a SRR and
a thin wire (Fig. 1), is considered analytically, numerically,
and experimentally. The HMEP is shown to have asymmet-
ric backscattering when illuminated by a plane wave from
opposite directions. It is worth noting that related structures
have been previously analyzed in Refs. 27 and 28, whereas
theoretical descriptions were reported in Ref. 9, where the
HMEP was used to construct narrow band filters. Intuitively,
the asymmetric reflection of the HMEP could be understood
by observing Fig. 1. It essentially stems from the coupling
mechanism between the two HMEP constituents, namely,
between the electric dipole (ED) and the magnetic dipole
(MD). The ED couples to the MD via its own magnetic field
whose spatial distribution along the z-axis is an odd function
of z. Likewise, the MD couples to the ED via its own electric
field whose spatial distribution along z is again an odd func-
tion of z. Hence, the ED-MD couplings change sign when d
flips sign, as can be seen by comparing the ED magnetic field

Published by AIP Publishing.
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FIG. 1. Hybrid magneto-electric particle (HMEP) geometry. (a) Perspective
view of the structure and the coupling fields. Electric field of the ring repre-
sented with the red line, whereas magnetic field of the wire is of turquoise
color. The semi-transparent ring corresponds to changing particle’s orientation
in respect to the incident field. (b) Top view of the fabricated structure (photo-
graphic image). Forward (+k) and backward (—k) propagation directions are
equivalent to changing the sign of d, while keeping the incident wave constant.
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at the SRR and at the semi-transparent SRR in Fig. 1(a).
Two factors contribute to the excitation of each of the
HMEP constituents. One is the incident field. The second is
the aforementioned coupling mechanism. The degree of
asymmetry is mainly determined by the relative strengths of
these two factors and it depends on frequency, inter-particle
distance, and the individual parameters of the ED and MD.

The letter is organized as follows—first a theoretic
framework is derived to show that asymmetric behavior is to
be expected for the coupled dipoles. Next, numeric modeling
is performed, and an optimized structure is compared with
experimental results in the GHz range.

Electromagnetic scattering from a structure could be
approached with the help of the multipolar decomposition
technique.”® Subwavelength scatterers could often be
approximated analytically with a few of the leading (dipolar)
terms and the related polarizabilities, which could be calcu-
lated directly from the geometry and material composition of
the structure. When a structure (meta-atom hereafter) con-
sists of several subwavelength features, the scattering prob-
lem could be solved self-consistently by employing the
coupled dipoles technique.?*-*°

In the general case, both electric (p) and magnetic (m)
moments could be attributed to each subwavelength scat-
terer, illuminated by an incident electric E™ and magnetic
H™ fields. Matrix equation for a set of discrete coupled
dipoles, labeled with sub index “i” and situated at points r;,
is given in Eq. (1),

pi _ aie ai‘m -
[mi] - [ai a ] Z

Jj=1
rnj

J#I
where ¢ and (4, are the free space permittivity and permeabil-
ity, ag'(X, is a 3 x 3 matrix for the electric, magnetic, or
magneto-electric polarizability of scatterer i, whereas A(r,r’)

€0 'A(r, 1)

B(rhrjl)

—uoB(ri, 1)
A(ri, 1)

e))

Eim: (ri) ]

Hinc ( T )
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and B(r,r’) are the dyadic Green’s functions given by the fol-
lowing equation:

A(r,r) = G(R) {kz(l _N)+ (1%4_];) (3N _1)]’
B(r,r') = ck’G(R) [1 +jkLR]N(V)’ )

where I is the 3 x3 identity matrix, R = |[r — 7|, G(R)
=G N=['al, N =[x ) (@ x5)" (i x2)].
n= ﬁ, and k is the free space wave vector. Eq. (1) has a

6N x 6N matrix form (N is the total number of particle scat-
terers), which could be solved by inversion to find the dipole
moments of each scatterer.

In the special case of two simple scatterers and the coor-
dinate system depicted in Fig. 1, the SRR’s polarizability

may be approximated as being dependent only on aﬁfff,
whereas the wire’s polarizability only on a///",
0 0 0 AWire 0 0
afnlf'f =10 asrg O |, azi"e = 0 0 0 3)
0O 0 O 0O 0 0

The resulting dipolar moments, excited with a plane wave
illumination, are

Wire __ 1 - Sig”(d)ﬂoasmﬂ_lve_jkd .
p = AWire 5 ,
1 + poawireasrrv @
str . Sign(d)awirev + e M
m=" = dasrr

1 + poawireasgrv?

where 7 is the free space impedance and v is the retarded
coupling constant related to Green’s dyadic given by

v =k (14 7). The derivation utilizes the HMEP

geometry, where the wire is located at the origin and the ring
is displaced by the distance d along the z-axis (i.e., at z=d),
which could be either positive or negative. Changing the
sign of d is analogous to changing the propagation direction
of the incident wave. The term Sign(d) explicitly appears in
Eq. (4), underlining the dependence of the dipole moments
on the HEMP orientation (or propagation direction). The
appearance of the phase delay e /¢ and Sign(d) term has the
origin in magneto-electric coupling. This is the core property
for the asymmetry effect that cannot be achieved in a similar
fashion with two purely electrical coupled dipoles in subwa-
velength geometry.

The scattered field is extracted from the dipolar
moments and is given by the following equation:

{E“(r) 1B, r/>1 [,,,. ] |

6071A(ra rj/)

H“(r)} sk wire|  B(rsri’) A(r,ry) m;

®)

Direct calculation of the forward and backward scattering
could be performed by substituting the relevant numbers in
Eq. (5). For example, referring to Fig. 1, the backward and
the forward-scattered far-fields along the z-axis (k|z| — o0)
are given, respectively, by
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EgC _ .ifEkaz
AWire . —jkd —j2kd
P 2sign(d)nawircasggve " — asgre™
x 5 G(|2)),
1+ poawireasrrv

E;C — .%Einckz

AWire

+ asgg -+ 2insign(d)vawir.asgrSin(kd)
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The first expression in Eq. (6) explicitly shows the degree of
asymmetry in the back scattered field (Egc). This fact is mani-
fested by the dependence on the sign of d that determines the
HMEP orientation; for positive (negative) d, the incident
plane wave hits the wire (SRR) first. At the same time, the
forward scattering remains the same for both incident plane
wave directions of propagation. This result could be also
obtained by applying Lorentz reciprocity theorem. It may be
insightful to examine the dependencies of the backward and
forward scattered far-field on the various physical parameters
of the system. First, note that the denominators of both Eﬁc
and E;C possess precisely the same form, and this form is
even with d. In contrast, the numerator of E§C depends nonli-
nearly on the individual polarizabilities while that of E;C is
linear with the polarizabilities. Furthermore, the phase of the
various terms in the numerator of E;E,C depends strongly on d
and on its sign; hence, their mutual interference may differ
considerably with the change of the sign of d and as well as
with the change of the magnitude of d.

While the theoretical treatment above is exact for sub-
wavelength structures of the ED and the MD, additional
multipole terms need to be taken into account when their
structure’s size becomes comparable with the wavelength.
Furthermore, the finite dimensions of the particles start to
play a role in the case of small separation distances (d).
Instead of using the multipolar expansion, which may
become involved for numerous terms, the scattered field
could be calculated numerically. This approach is undertaken
ahead using CST Microwave Studio. In order to apply
Eq. (6) and calculate the asymmetry factor, wire and SRR

Asymmetry factor

Appl. Phys. Lett. 109, 203503 (2016)

polarizabilities (awir. , asgr) should be obtained first. For this
purpose, full wave simulations on individual elements (wire
and SRR) were performed, and numerical values of polariz-
abilities were extracted from backscattered fields (e.g., awire
was obtained from Eq. (6) by putting asggg =0, d = 0).
Fig. 2 summarizes the results for the structure in a free space
(dipole—thin strip 22.3 x 2mm, SRR—outer diameter—
8.3 mm, inner 6.3 mm, the gap—0.5 mm). Since substrates
could introduce secondary contributions, such as resonance
shifts, image secondary sources, and losses, they were omit-
ted from those theoretical investigations, aiming on underlin-
ing the main effect. The asymmetry factor was defined as a
ratio between the difference and the sum of backward scat-
terings at the opposite direction of incidence (*k) (or chang-
ing the sing of d, while keeping the incident wave constant)
(JESC(d > 0,2 — 00)* — | ESC (d <0,z 00) )/ (| ESC (d >0,
z—00)| 4+ |ESC(d <0,z— 00)|*) . This asymmetry factor is
bounded between *1 similar to visibility coefficients, char-
acterizing interference fringes.

The asymmetry factor (Fig. 2(a)) shows a strong depen-
dence on the system’s parameters—illumination frequency and
the separation distance between the ring and the wire. First, the
strong asymmetry could be achieved with subwavelength
dimensions (Fig. 2(b))—here the near-field coupling has a cru-
cial importance (e.g., for maximal asymmetry, the numerator of
the first Eq. (6) vanishes). This property is unobtainable without
employing a combination of electric and magnetic resonances,
which is the unique property of the HEMP particle. The asym-
metry also preserves at wavelength-comparable separation dis-
tances, Fig. 2(c)). An additional and a very remarkable feature
is the strong sensitivity of the asymmetry factor on the separa-
tion distance—as it can be seen from Fig. 2(a)), a small change
in d (on the scale of millimeters—Iess than one tenth of the
wavelength) could flip the sign of the asymmetry coefficient.
Likewise, the magnitudes and phases of the ED and the MD
are very sensitive to both separation distance and frequency
too. Furthermore, their specific values determine the far-field
interference between the ED and MD fields, and hence also the
asymmetry (supplementary material, Figs. S1 and S2 for further

—k+

—

FIG. 2. Asymmetry in backward scatter-
ing from HEMP particles. (a)
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details). Such a high sensitivity could be employed, e.g., for
sensing applications.

The photographic image of the fabricated HMEP particle
appears in Fig. 1(b). The design of the constitutive elements is
based on the standard copper strips, printed on a dielectric sub-
strate (FR4 fiberglass, having ¢ ~ 4.4). In order to investigate
asymmetric backscattering from HMEP, its basic components
(the SRR and the wire) are analyzed first. Numerical simula-
tions were performed with the frequency domain finite element
method, implemented in CST Microwave Studio, aiming to
emulate the experimental layout as close as possible, including
the substrate effects. In order to implement the plane wave
excitation in the laboratory conditions and measure the signal
scattered to both the forward and backward directions, a pair
of rectangular linearly polarized wideband horn antennas
(1-18 GHz) were employed. Antennas were connected to the
coaxial ports of a vector network analyzer (Agilent E8362B),
able to extract both the amplitude and phase of the received
signals. The experiment was conducted in an anechoic cham-
ber where the HMEP was positioned in the far-field of the
antennas. The distance from the HMEP to the transmitting and
receiving antennas was approximately 1.5 m. The backscatter-
ing was extracted from the measured complex-valued signals,
obtained in several steps in order to eliminate instrumental
responses. The calibration was performed with a large area
metallic mirror, having a reflection coefficient equal to —1. All
the reflected signals were normalized accordingly to factorize
the impact of the measurement apparatus. Both numerical and
experimental data on constitutive HMEP elements appear at
the supplementary material, Section 2.

Figs. 3(a) and 3(b) show the numerical values of forward
and total scattering cross sections of the entire structure,
depicted in Fig. 1. Blue and red lines correspond to the oppo-
site directions of the incident plane wave. It can be seen that
for both positive and negative k (or d), the scattering

Total scattering, simulation

Forward scattering, measurement

1
(b) *
mEwK
0
3 35 4 4.5 5 55 3 35 4 45 5 55
Frequency (GHz) Frequency (GHz)
Back scattering, simulation ; Back scattering, measurement
(d) — K

35 4 45 . 35 4 4.5 5 55
Frequency (GHz) Frequency (GHz)

FIG. 3. HMEP particle, different directions of the incident plane wave.
Numerical values of the total scattering cross section (a) and the forward
scattering (b) spectra. Propagation direction on panels (a) and (b) is indistin-
guishable. (c) Numerical spectra of backscattered field. Insets—scattering
patterns (polar plots) for different directions of incidence at 4 GHz. (d)
Experimental spectra of the backscattered fields.
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measures remain the same. Those numerical results underline
the validity of the optical theorem, relating forward scattering
to the RCS. As it could be explicitly seen, the theorem is sat-
isfied, and no distinction on the propagation direction could
be made. Figs. 3(c) and 3(d) show the main result, showing
that the backscattering on the z axis at a large distance away
from the HMEDP, strongly depends on the direction of incident
field propagation. In the forward direction (+k), the field is
strongly reflected around 4 GHz, whereas in the backward
direction (-k) there is almost no backscattering at the same
frequency range. In order to satisfy the optical theorem, the
scattered radiation should be redistributed along other direc-
tions in space. This behavior is explicitly shown in the inset
of Fig. 4(c), where the polar plots of scattering diagrams
appear. As it may be seen in the +k case, the backward scat-
tering is quite significant, and it vanishes once the incidence
direction is flipped. Scattering to sides of the HEMP increases
on the expense of the backscattering. Fig. 3(d) shows the
experimental data on the asymmetric scattering, and it is in
an excellent agreement with the numerical investigations.
Furthermore, the numerical results (geometry that includes
the substrate) and theoretical predictions (Fig. 2) are in a very
good agreement either—spectral behavior of curves is alike
apart from a resonance shift, caused by the substrate. This
effect suggests this meta-particle to be a valuable building
block for different metamaterials that could benefit from
asymmetric response to different incident field propagation
directions.

Fig. 4 shows the numerical simulations of the scattered
fields from the HMEP. It may be seen that at the maximal
asymmetry case (at 4 GHz), the backscattered field is almost
vanished for one direction (Fig. 4(a)), whereas in the opposite
case it even predominates the forward scattering (Fig. 4(b)).
Boundaries of wire, ring, and the substrate could be clearly seen
on the fields map. It is worth noting that the asymmetry is pre-
served with changing the particle’s rotation angle. The maximal
ratio, however, is obtained for the case, when the k-vector of
the incident wave is co-planar with the particle major axis (line,
connecting the wire and the ring) (supplementary material,
Section 3 for further information).

For summary, the HMEP meta-particle was analyzed
analytically, numerically, and experimentally, and was shown
to have strong asymmetric response—being illuminated from
opposite directions, it has completely symmetric forward
scattering, while maximum asymmetry was achieved in the
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FIG. 4. Color maps of the scattered fields (real part of phasors) for opposite
propagation directions (a) and (b). HMEP dimensions are the same as in
Fig. 3, operation frequency is 4 GHz. White dashed lines represent physical
boundaries on the wire and the ring.
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backward direction. The backscattering from the particle may
be as low as O for one direction of the incident wave, while
being maximal at the same frequency range for the opposite
direction of propagation. It should be underlined that the opti-
cal theorem is not violated, and the scattered signal is merely
redistributed between the other directions in space.

One of the fundamental properties of Maxwell’s equations
is that they are frequency scalable—this means that scattering
from meta-atoms designed for the optical frequencies would be
analogous to scattering from a similar meta-atom designed for
radio frequencies (RF), provided that the material parameters u
and ¢ are the same.>' This scalability enables the emulation of
optical metamaterials, which are often difficult to fabricate due
to their small dimensions, with the relatively easily manufactur-
able metamaterials in the RF range.***® Therefore, the pro-
posed structure could be employed for approaching a range of
applications in the optical domain. Consequently, HMEP could
be used as a building block for asymmetric metamaterials
assembling parts of solar cells, optical diodes, and many others.

See supplementary material for three sections—"Phase
relation of the electric and magnetic dipoles,” “Numerical and
experimental retrieval of polarizabilities of standalone parti-
cles,” and “Angular dependence of scattering characteristics,”
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