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ABSTRACT

According to the Babinet principle, the diffraction pattern from an opaque body is identical to that from a hole of the same shape and size.
Intuitively, placing two complementary structures such as an opaque metal body and its transparent counterpart one by one may result in
destructive or constructive interference leading to unexpected electromagnetic response. We propose a Babinet principle-based metamaterial
made of two complementary metal/hole checkerboards. The unit cell of each layer is either a metal square with 1/4 of 8 neighboring squares,
four of which are made of metal, whereas the other four are square holes, or vice versa. Being placed complementary at optimal distance
equal to three-unit cell length, the compound bi-layered Babinet structure demonstrates absolute transparency in a very broad frequency
range. The observed absolute transparency of the bi-layered Babinet metasurface is the result of the modified multipole interaction of layers
with shifted centers of radiation. We demonstrate both theoretically and experimentally absolute transmission of 0 dB for the Babinet meta-
material made of 3 cm sized Cu squares and complementary holes in the broad frequency range from 4.5 to 6.62 GHz in simulations and
from 4.6 to 6.4 GHz in the experiment when the distance between two layers is 1.2 cm. Moving layers toward each other leads to blurring of
the resonances. The proven concept of simple, reproducible, and scalable design of the Babinet metamaterial paves the way for the fabrication
of broadband transparent devices at any frequency, including THz and optical ranges. The main advantage of broadband Babine metamateri-
als is applications in optical switching, sensing, filtering, and slow light devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152841

The ability to induce transparency of electromagnetic waves and
invisibility is a powerful concept that has been a goal of numerous inves-
tigations in photonics and metamaterials including effects from cloaking
to anapole states." Recently investigated methods to achieve the trans-
parency, such as Fano-resonance,” " classical analog of electromagneti-
cally induced transparency” ’ (EIT), and anapole states,”” are always
based on the interaction of two destructively interfering modes excited
in metamolecules. In particular, Fano resonance arises due to the strong
interaction of the bright mode, that is the direct interaction of the inci-
dent wave with one oscillator, and the dark mode of another oscillator,
that is the result of the interaction with near fields of the first oscillator.”
If resonant frequencies of both oscillators are identical, the EIT effect is

associated with symmetrical total transmission peak spectra.” Moreover,
the anapole state is determined as a system of two multipoles with iden-
tical radiation patterns at the same frequency and, depending on
engaged particles nature, they are electric anapole,'”'" magnetic ana-
pole,"” or hybrid anapole."”"> Furthermore, bound states in the contin-
uum (BIC) effect possesses an infinite quality factor originated from
trapped modes in scatterers due to the asymmetry of its geometry. On
the other hand, all the above effects have a high-quality factor due to
narrowband response and find applications as narrowband filters, slow
light devices, sensors, and for enhancement of near-fields.

In contrast, in this Letter, we demonstrate a broadband transpar-
ency effect in Babinet checkboard complementary metamaterials on
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the base of modified multipole approach and perform proof-of-con-
cept experiments in the microwave regime.

Reflection and transmission of electromagnetic waves in meta-
materials can be conventionally described by considering secondary
waves radiated by currents, which have been induced in the object by
the incident wave. In the long wave approximation, when the distance
between observation point is much larger than the size of the object,
the electric field of the wave at frequency w generated by current den-
sity j(r) is conventionally presented in the following form:"®

ﬂkR

E.g= iwuoj nx [j(r') x n] &, (1)
v

where R = |#/ — r| is the distance between point 7’ inside the scatter-
ing volume and observation point r, # is a unit vector toward the
observation point, V is the medium volume, i is the vacuum mag-
netic permeability, and k = w/c is the wave number. We consider the
normal incidence of the plane wave at a planar metamaterials com-
prising two thin parallel checkerboards separated by distance D = 24.
We assume that the incident wave propagates along the checkerboard
normal, which coincides with the z axis of the laboratory Cartesian
frame (see Fig. 1).

The reflected and transmitted waves are determined in Eq. (1) at
n = —z and n = +z, respectively. If the checkerboards comprising
the metasurface coincides with z = = d planes, Eq. (1) yields for the
field at the z= z, plane,

th+ 1kR_
Bt — oot ” @)% dxdy+”szjz< ) Sy

()

FIG. 1. Babinet metamaterial comprises metallic checkerboard-like surface “S1”
and its complementary surface “S2” on the distance D = 2d. A normal incidence of
plane wave polarized along x axis is assumed. The left inset shows Cu based
experimental sample. The top right inset demonstrates the distance of surfaces
from the origin of multipole decomposition. Bottom right insertion defines unit cell
configuration.
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where j; , are surface densities of the currents flowing in the planes

z=—dandz = +d, respectively, and R+ = \/x/2 +y2 + (20 £ d)%.

In the Fraunhofer limit,'” when the distance to the observation
point is much higher than the wavelength and size of the checkerboard
unit cell, Eq. (2) can be reduced to the integration over the unit cell.
Conventionally, in the long wavelength approximation, the radiated
field can be presented in terms of the multipole moments of the meta-
surface unit cell, which are determined by the current densities j -
flowing in each checkerboard. In particular, the radiated field propa-
gating along the direction n = —z describes reflection from the meta-
surface and can be presented in the following form:™""'

Fu =15 (1 x 2 ] — e

2
R Ex @Sl x Qe )et @
where P is the electric dipole, M is the magnetic dipole, and Q° is the
electric and Q™ is the magnetic quadrupoles. In the Cartesian frame
having origin in the center of the unit cell, the multiple moments,
which contribute to the radiated field in the frequency range of inter-
est, can be presented in the following form of modified multipoles:'*

1
P= JJjﬁkﬂ/+ﬁ—Jijkﬁﬂ

JJ v —zd) x]l}dx’dy+ JJ (F' + zd) x j,)dx'dy',
2
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where the integration of current density j is carried out over the entire
volume of the unit-cell and ¢ is the Kronecker symbol, and o, f = x, y
or z. S1 and S2 are the area of unit cells of the first and second layer,
respectively (Fig. 1). We analyze the definitions for multipoles for
layers shifted from the coordinate center and consider it by translation
vector d."* We note, that multipole moments should be calculated rel-
ative to the center of mass of the system.'® >’ Higher multipoles do
not contribute to the response of our metamaterial and are not
included in Eq. (3).

Thus, the full transparency of the metamaterial can be realized
contributions from the first and second layers in Eq. (4) compensate
each other. In contrast, transparency should be suppressed.

That is in the framework of the multiple decomposition, the radi-
ated field may vanish if the multipole moments originated from the
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integrals from the first layer p, and second layer p, compensate one
another. For example, if p; + p, = 0, the dipole mechanism does not
contribute to the radiated field and one may expect that reflection will
be considerably suppressed. Here, p, and p, are the main intensive
multipoles defined response of the system and have opposite phases.
However, it is worth noting that if the unit cell size is comparable with
the wavelength, the magneto-dipole and quadrupole radiation mecha-
nisms may essentially affect transmission and reflection.

In this sense, two Babinet checkboard complementary layers’
with opposite directed multipoles can be promising candidates for
demonstration of full transparency effect arising due to shifted multi-
poles excited in different layers.

Indeed, the Babinet principle says that the diffraction pattern
from an opaque body is identical to that from a hole of the same shape
and size. The textbook'® example is a narrow slot cut in an infinite
plane conducting sheet and linear antenna of the same size. When the
slot is illuminated with a normally incident plane wave having the
electric field perpendicular to it, the radiation pattern will coincide
with that of the with electric field along the antenna. It is worth noting
that polarization of the electromagnetic waves scattered by the slot and
antenna will be opposite in sign, but of the same amplitude. When we
replace them with a square hole and a free-standing square metal sheet
of the same size and orientation, the square symmetry implies that ori-
entation of the electric field in scattered waves will be opposite; how-
ever, their polarization will be the same. In such a case, one may
expect that when two such complementary—in the Babinet sense—
objects are irradiated by the same electromagnetic wave, the waves
scattered by each object will interfere, ie., the diffraction pattern will
depend on their mutual arrangement. This approach can be extended
to a periodic structure, for example, to a pair of complementary paral-
lel checkerboard layers made of the same metal. When the distance
between checkerboards is zero, we arrive at a continuous metal sheet.
When we shift them with respect to one another, there appears a phase
shift between waves scattered by each checkerboard layer. If they are
shifted by a distance much smaller than the wavelength, the phase dif-
ference between waves scattered by each checkerboard is small and
they nearly compensate one another and 100% of the incident radia-
tion will be reflected. However, when shift increases, the interference
effects should manifest themselves in the distortion of the diffraction
pattern, i.e., it should essentially influence both reflection and trans-
mission. It is worth noting that when the distance between checker-
board layers is comparable with the wavelength, the electromagnetic
coupling between them driven by near-field effects will also modify
the diffraction pattern providing additional tools to control the trans-
mitted and reflected waves. Recently, the Babinet principle was
applied to inverse design of artificial metamaterials based on concave
split ring resonators, exhibiting that the complementary split ring res-
onators (SRR) and c-SRRs demonstrate complementary spectral
responses.” ~’ Moreover, complementary metamaterials were used
for metalenses applications” and dynamically Babinet-invertible
meta-filters.”” Babinet principle formulated for patterns composed of
rounded nano-object miniarrays has been discussed in Ref. 26.

In order to demonstrate that bilayer metamaterial allows us to
manipulate transmittance spectrum in a wide spectral range, we theo-
retically and experimentally study the metallic Babinet metamaterial
based on the spatially separated two parallel planes having
checkerboard-like patterns, which are shifted with respect to one

9
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another by half-period (see Fig. 1). That is, if the distance between
planes is zero, one arrives at the continuous nontransparent screen.

We perform a simulation of the Babinet metamaterial in the
Comsol multiphysics simulator using the Time domain modeling
approach with periodic boundary conditions. The period of the unit
cell is a = 6 cm, the thickness of copper layer is 2 mm, and the distance
between screens D = 2d = 12 cm. In the result of the simulation, trans-
mission spectra have shown ultra-broadband absolute transmission
from 4.5 to 6.62 GHz with 0 dB that is a result of great practical inter-
est (Fig. 2).

Furthermore, we consider interpreting the nature of the transpar-
ency effect by multipoles contribution [Eq. (4)]. For this aim, the direct
calculation of the Cartesian multipole moments can be obtained via
integrating the induced density of displacement currents j over the
whole volume of the unit cell, as depicted in the inset of Fig. 1. Here,
we consider the monochromatic time dependence in the view of e/,
The multipole moments are considered in terms of dipoles and quad-
rupoles of electric and magnetic nature that is more intensive among
all multipoles in the system, by using Eq. (4). For clarity, let us con-
sider the intensity of multipoles separately for the case of first layer
“81” in the coupled system of second layer “S2” [Fig. 3(a)], the case of
second layer S2 in the coupled system of first layer S1 [Fig. 3(b)], as
well as the case of irradiation from the system of both coupled layers

Transmission, dB
=

4.0 4.5 5.0 55 6.0 6.5 7.0

Frequency, GHz

FIG. 2. Simulated and measured transmission spectra (S21) dependence on fre-
quency (black curve, Comsol Multiphysics) and measured (red curve) spectra for
different distances D =6, 12, and 30 mm.
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S1, 82 [Fig. 3(c)], by taking into account the shift d of each layer rela-
tive to coordinate origin by using Eq. (4).

The origin of the strongly pronounced wide peak at 4-6.5 GHz
(Fig. 2) cannot be explained directly by multipoles contribution of
whole metamaterial, Fig. 3(c). Comprehension of the effect may be
obtained only by using modified multipoles and by method of second-
ary multipole analysis.“'””"** We can present every multipole
moment of metamaterial as a sum of the same order multipole
moments of the layer (the layer S1 and layer S2) calculated with
respect to the same center of mass. For this aim, we consider the cur-
rent densities of each layer separately (but in the case of irradiation of
the whole system), Eq. (4). For the case of multipoles of the first layer
S1 within the resonance frequency band 5-6.5 GHz, the transmission
is mostly defined by magnetic quadrupole, while dipole irradiation is
resonantly suppressed [Fig. 3(a)] and defined by the electric dipole
moment beyond resonance. In the case of second layer S2 multipole
radiation of quadrupoles as well as electric dipole moment is reso-
nantly suppressed, Fig. 3(b). Therefore, in the system of both screens
S1 and S2, we observe that overall radiation from multipoles is sup-
pressed down to 100 times whereas the multipole interaction is also
differing, Fig. 3(c). The resonant transmission behavior is underpinned
by resonant suppression of electric dipole moment with a smooth
intensity of other suppressed multipoles for frequencies within the
5.5-6.5 GHz band and defined by electric dipole moment beyond this
resonance. According to these figures, we may conclude that resulting
transparency effect occurs due to interaction between multipoles from
both screens that also leads to a decrease in overall intensity. It is worth
noting that in the case of combination of screens, the total transmis-
sion are defined as a sum of multipoles of each screen, Fig. 3(c). The
reason for this destructive interaction between multipoles of metama-
terial is oppositely directed currents in each layer forming multipoles

dipole moment, M stands for magnetic
dipole moment; Q¢ and Q™ stand for
quadrupoles of electric and magnetic ori-
gin, respectively. (a) The intensity of multi-
poles separately for the case of first layer
“S1” in the coupled system of second
layer “S2,” (b) the case of second layer
“S2” in the coupled system of first layer
“S$1,” and (c) the case of irradiation from
the system of both coupled layers.

that are mutually compensated. We also plot total transmission Fig.
3(c) calculated as a sum of multipoles (total trans. curve) and com-
pared it with transmission obtained directly in Comsol Multiphysics
simulation (Comsol Trans.), Fig. 3(c). The curves coincide with each
other, which confirm that our choice of multipoles families up to
quadrupoles is enough and correct.

In order to identify the origin of the broadband peak, we calcu-
lated the transmittance of the metamaterials by gradually increasing
the distance from D=0 mm up to D=30mm (Fig. 4). As we already
negotiated, each layer determined by its own set of multipoles that cor-
responds to particular resonances in transmission, which depends on
the interlayer distance. The overlap of both complementary layers
leads to 0 dB transmission (Fig. 4). Gradually increase in the distance
between surfaces (D=0.002mm) results in the appearance of two
main intensive multipole resonances in system p; and p, with oppo-
site phases that govern transmission spectrum. Further separation of
the surfaces corresponds to the shift of resonance p; toward another
p, until there is total transmission at the distance D= 12 mm. One
can observe from Fig. 4 that there appears a gap in the transmittance
spectrum in the vicinity of 6 GHz when the distance between layers is
D=30mm.

To prove our concept and observe experimentally the total trans-
parency effect, we fabricated the microwave Babinet metamaterial
sample. The experimental specimen was fabricated from copper sheets
and their pattern was cut out by laser cutting method. The parameters
of the sample are the same as for the simulation model. Obviously,
then it can be rescaled up to higher frequencies.

We use an anechoic chamber with dimensions equipped by
ECCOSORB absorbers and two wideband horn antennas. S21 param-
eters (transmission spectra) were measured by two horn antennas
method. Two broadband horn antennas for electromagnetic radiation
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FIG. 4. The evaluation of transmission spectra dependence on distance between
layers D. Dashed lines indicate the sign of main intensive multipoles p1 and p, on
the distance between them.

and detection were located at a distance 5 m one from the other; the
metamaterial sample has been located at the midway between the two
horns. In particular a tinfoil-covered plywood screen with a 40 x49 cm®
in it has been used. The transmission spectra of the electromagnetic
waves through the metamaterial sample were measured by a Rohde
and Schwarz SVB20 vector network analyzer. Measurements have been
carried out in the 4-7 GHz frequency band. Measured transmission
spectra were compared with simulated data, Fig. 2, and the same result
of total transmission was revealed. Moreover, we measured transmis-
sion spectra for D=6, 12, and 30 mm in order to evaluate the changing
of broad resonance with the distance between layers.

In conclusion, we presented Babinet principle based metamate-
rial exhibiting ultra-broadband absolute transmission in the
4.5-6.62 GHz band in simulations and the 4.6-6.4 GHz in experiment
frequency ranges. The aim of this study is twofold. First of all, we dem-
onstrated the sustainability of modified multipole decomposition as a
reliable tool for electrodynamic analysis of structures with shifted mul-
tipole centers. Second, we demonstrated ultra-broadband absolute
transmission with 0 dB that itself is an advantage for photonics, espe-
cially in the case of high-sensitive sensors, broadband filters and
others. Broadband transmission are always associated with destructive
interference between multipoles leading to suppressing of far-field
irradiation and enhancing of the near field irradiation between layers.

pubs.aip.org/aip/apl

Thus, placing any scatterer between the layers leads to an increase in
transmission or vice versa suppression depending on whether the
object is placed in the antinode or in the field maximum. Such a mis-
configuration of the multipoles will lead to ultra nearband spectral fea-
tures in the transmission spectrum of the metamaterial. Regarding the
comparison between the anapole concept and method of total trans-
mission presented in this paper, one can state that they are the same
from the point of view of suppression of radiating losses. However, the
anapole mode is result of destructive interference between electric and
toroidal multipole moments excited in the same particle. Here, we pre-
sent an alternative approach to anapole mode, where the radiating
losses are compensated due to destructive interference between any
multipoles excited in two different layers of metamaterial. In case the
unit cell is extended to incorporate 2D pieces from the two surfaces,
the compensation mechanism can be seen as corresponding to the
anapole concept.

This effect is provided by such a simple design that in advantage
and can be easily reproduced in more appreciated THz and optical fre-
quency range.
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