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Abstract

Anti-oscillating plasmas have been the key to perfect absorption induced by magnetic resonance.
This is an achievement in recent research on metamaterials (MMs), especially in GHz and the
lower-frequency regions of electromagnetic waves. Here, a comprehensive view of perfect
absorption is introduced by means of both magnetic resonance and electric resonance in meta
molecules. A conventional metal-dielectric-metal MM absorber is proposed to obtain dual-band
perfect absorption. It is clariﬁed that the mechanism of dual-band absorption is due to
fundamental (at 7.2 GHz) and third-order (at 18.7 GHz) magnetic resonances. Finally, we
develop triple-band absorption by integrating resistors in to the MM absorber. The electric
resonance, under the presence of resistors, matches the impedance of the MM absorber with the
air at 13 GHz and gives rise to the new absorption band, with absorption higher than 90%.
Keywords: electric resonance, perfect absorber, multi-plasma, metamaterial
(Some ﬁgures may appear in colour only in the online journal)
Perfect-absorption (PA) metamaterials (MMs), which are
electromagnetic (EM) blackbodies under the concept of artiﬁcial subwavelength materials occupy an important position
in EM and photonic research [1, 2] because of their possible
applications in plasmonic sensors [3, 4], capturing solar
energy [5], wireless power transfer [6], EM-wave camouﬂage
[7], and so on. The ﬁrst metamaterial absorber (MA) proposed
by Landy et al was exploited for both magnetic and electric
resonances to manipulate the effective parameters, which
simultaneously satisﬁed impedance matching with the outside
environment and proper loss enhancement [8]. However, the
existence of transmission is a disadvantage of the single-layer
MM. Therefore, MAs using the conventional scheme have
effectively used a sandwich structure consisting of a periodic
metallic pattern, a dielectric substrate, and an EM-wave-preventing metallic plane [1–3, 5, 6, 9, 10]. A typical MA sheet
was used for the magnetic resonance induced in the capacitive
2040-8978/15/045105+05$33.00

portion of the unit cell, leading dominantly to the dielectric
loss [11]. It is well known that the meta-atoms, such as cutwire pairs (CWPs) and split-ring resonators, produce two
fundamental resonances: the magnetic resonance at lower
frequencies and the electric resonance at higher frequencies
[12, 13]. The electric resonance has not been applied to
manipulate the perfect absorber because of inconvenient heat
enhancement of the parallel induced currents. However, it
becomes necessary to develop MMs that exploit the electric
effect. The expected broadband of absorption and the
advantage of parallel induced currents can be noticeable
properties of electric-resonance-induced perfect absorbers.
The electric resonance was mentioned in [14], but the
mechanism was not clariﬁed and property control was not
obtained. Recently, by controlling the dispersion of an MM,
Ye et al achieved PA at both the electric and magnetic
resonances,[15] but this is restricted more or less for practical
1

© 2015 IOP Publishing Ltd Printed in the UK

N V Dung et al

J. Opt. 17 (2015) 045105

Figure 1. Design of the unit cell (a) without and (b) with embedded resistors.

applications owing to the multilayer structure. In this paper,
we investigated the MM PA using a chip resist to provide
not only magnetic resonance, but also electric resonance. A
simple conventional CWP-like structure was designed, but
with embedded resistors at the positions of equivalent
electric capacitors to observe the absorption peaks at both
magnetic and electric resonances. We realized the tripleband MM PA, which was both numerically and experimentally demonstrated. The origin of triple-band absorption
is also clariﬁed.
We introduce a simple but powerful unit cell, shown in
ﬁgure 1, consisting of three layers: metallic squares connected
by two resistors (ﬁgure 1(b)) at the front and a metallic plane
at the back, separated by a dielectric layer. The unit cell has
periodic dimensions of a = 11 mm in the E−H plane and
td = 0.4 mm in the k direction. The size of the metallic square
is l = 9 mm. Chip resistors of 200 Ω were attached on conducting straps using the surface mounting technique with
solder. The numerical simulations were performed with a
commercial software, CST Microwave Studio, based on the
ﬁnite integration technique [16]. To calculate the S-parameters, the unit cell was set to experience periodic boundary
conditions in the E−H plane, and open for the k direction. The
transverse-electromagnetic mode of a normally-incident EM
wave was polarized so that the electric ﬁelds and magnetic
ﬁelds were conﬁgured as in ﬁgure 1(a). The metal was copper, with a conductivity of 5.8 ∗ 107 S m−1, and the dielectric
layer was FR-4, with a dielectric constant of 4.3 and a loss
tangent of 0.025. In case of the conventional MM absorbers,
the EM wave was blocked owing to the back metallic plane.

Therefore, the absorbed power, A(ω), is related to the
reﬂected power, R(ω), and the reﬂected coefﬁcient, S11, by
A (ω) = 1 − R (ω) = 1 − ∣S11∣2 . For the experimental process, the PA structure was fabricated using a conventional
printed-circuit-board process with copper patterns (36 μm
thick) on both sides of a dielectric substrate. The reﬂection
measurements were performed in free space using a Hewlett–
Packard E8362B network analyzer. To avoid the near-ﬁeld
effects, the height of the system and the distance between the
antennas and the sample were set at 1.5 m and 0.49 m,
respectively. The source and the receiver horns were each
inclined at an angle of 5o with respect to the normal direction
of the sample surface.
Since the thickness of the dielectric layer is much less
than the square size (td ≪ l), as seen in ﬁgure 1, the resonance modes for only the lower frequency can be derived
by [17]
k nm =

ωmn ϵ
π 2
=
n + m2 ,
c
l

(1)

where n, m are integers (0, 1, 2...), and n 2 + m2 ≠ 0.
c n 2 + m2

are the resonance
ωmn = 2πfmn , where fmn = 2 l ϵ
frequencies of the classical patch antenna. First, we elucidated
the properties of the MA without connecting the chip resistor,
as depicted in ﬁgure 2. Two absorption peaks are evident: the
ﬁrst peak with an absorption of 94% (at 7.2 GHz), and the
second one with an absorption of 98% (at 18.7 GHz). The
experiment result is in agreement with the simulation. To
understand the mechanism of two resonances, ﬁgures 2(c) and
(d) present the distributions of the surface current at those
2

N V Dung et al

J. Opt. 17 (2015) 045105

Figure 2. (a) Photograph of the fabricated samples without connecting resistors. (b) Simulated and experimental frequency-dependent

absorption for the MA without connecting resistors. (c) and (d) Induced surface currents at the two resonance frequencies.

magnetic resonance can be calculated by
c
fm ≈
.
2πw ϵr c1

frequencies. The antiparallel currents at the front and back
plates at 7.2 GHz indicate that the absorption is induced by
the fundamental magnetic resonance (n = 1, m = 0). On the
other hand, the surface currents at 18.7 GHz are composed of
three sub-anti parallel currents, which correspond to the thirdharmonic magnetic resonance (n = 3, m = 0) [13, 18]. For the
next investigation, we connected the two unit cells with a chip
resistor, as in ﬁgure 1(b). Interestingly, an absorption peak
appears additionally at 13 GHz, and the total power absorption turns out to be higher than 90% in a band of 1.3 GHz
from 12.3 to 13.6 GHz in both the simulated and
experimental results. In comparison with two other magnetic
resonance peaks (with the bandwidth of 0.4 and 0.6 GHz at
7.2 and 17.2 GHz, respectively), the additional absorption
peak turns out to have broadband properties (ﬁgure 3(b)). To
understand the mechanism, the distribution of surface
current around the new absorption peak (at 13.6 GHz,
slightly away from the peak position of 13 GHz) is shown in
ﬁgure 3(c), revealing that the surface currents at the corners
of the front and the back plates are antiparallel. At the same
time, the strong parallel currents at the two edges of the
front and back plates indicate that the absorption is induced
by the electric resonance and can be broad in frequency.
Consequently, the mechanism of the absorption peak at
13.6 GHz is elucidated to be a mixture of the magnetic and
the electric resonances.
The resistor, basically, plays an important role in tuning
the impedance of the MM surface to match that of the air, but
it does not inﬂuence the resonance frequency. Based on the
calculation method in [19], we can calculate the inductorcapacitor (LC)-circuit properties of the square structure. The

(2)

ϵr = 4.3, c is the speed of light, and c1 is a numerical factor
for a range of 0.2 ⩽ c1 ⩽ 0.3. The electric resonance is
calculated by
c
fe ≈

b
td

2π ϵr wg ( w )

.

(3)

g(w) is a function which, for w → 0 , behaves as −ln (w ), and
b is the distance between two neighboring squares. In [20],
the third-order resonance is responded to by multiple
localized surface plasma; in other words, the third-order
resonance can be expressed by
fn = 2 ≈ 3fm .

(4)

From equations (2)–(4), the magnetic, electric, and third-order
resonance frequencies are nearly unchanged even when we
add a resistor, R. On the other hand, when we add the resistor,
R, to our structure, the impedance of the LC circuit is
changed. The impedance-matching frequency is also changed,
which slightly shifts the absorption frequency. Figure 4 shows
the absorption spectra for various resistance values. When the
resistance is equal to 0 (no resistor), the electric resonance
erupts around 14 GHz but with very low absorption; the EM
wave is reﬂected because of the mismatched impedance with
the air. When the resistance increases, as previously
mentioned, the impedance is matched with the air around
the electric resonance, and the EM wave can be absorbed.
3
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Figure 3. (a) Photograph of the fabricated samples with connecting resistors. (b) Simulated and experimental frequency-dependent absorption
for the MA with connecting resistors. (c) Induced surface currents around the electric resonance frequency.

According to ﬁgure 4, the magnetic resonance is nearly
unchanged, but the third-harmonic peak is more sensitive
since the high-order resonance shifts from 18.7 to 17.2 GHz.
To have a deeper understanding of the nature of the
additional absorption band, the simulated transmission of an
MA without the back metallic plane is presented in
ﬁgure 5(a). The fundamental and third-harmonic magnetic
resonances no longer exist owing to the absence of the
metallic plane, which provides the anti parallel currents for
the magnetic resonance. The MM structure in ﬁgure 5(a) can
yield only an electric resonance at 14 GHz, which is very
close to the new absorption band in ﬁgure 3(b). Therefore, the
absorption band is due to the electric resonance which is
associated with the effect of the resistors, making the MA
impedance match with the air, as shown in ﬁgure 5(b). When
the impedance of the structure matches with the air, the EM
wave propagates through the MA surface without reﬂection

Figure 4. Absorption spectra of MA structure without and with

connected resistors, simulated by changing the resistance.
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Figure 5. (a) Transmission spectrum of the MA structure without metallic plane. (b) Surface-impedance spectrum in the vicinity of electric

resonance frequency.

and is dissipated by the electric dipole mode. The surface
impedance was retrieved from the S-parameters, as in [21].
This result demonstrates that both the electric resonance and
the magnetic resonance can induce the PA. Our research
could lead us to make a device with broadband absorption,
and to apply the infrared and the optical bands together with
the recent research on optical nanocircuits [22].
A triple-band MA was numerically and experimentally
demonstrated by integrating resistors. The MA can be
obtained not only by the magnetic resonances, but also by the
electric resonances. The combination of electric resonance
and resistors leads to the impedance matching of the MA with
the air, which yields another high absorption at the electric
resonance. Our work promises advanced applications, especially in broadband absorption devices.
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