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We theoretically present a concise and tunable dual-band metamaterial absorber composed of a typical metal-
dielectric-metal structure in the terahertz regime. The dual-band absorption originates from two different res-
onance modes induced in one square ring, which is different from the common dual-band absorber composed of a
super unit with several different-sized structures. The proposed absorber can realize dynamic tunability through
changing the permittivity of the dielectric layer by applying different temperatures. Other good performances,
such as a wide incident angle and polarization insensitivity, are also available for the proposed absorber. Such a
metamaterial absorber is a promising candidate for terahertz imaging and detection.
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Metamaterials (MMs) consist of a patterned subwave-
length metallic unit cell whose electromagnetic properties
originate from oscillating electrons. Due to their exotic
properties that are unavailable in nature such as negative
refractive index[1], perfect lens[2], invisible cloaks[3], and per-
fect absorption[4], MMs have been extensively studied over
the past decade at wavelengths from the visible light to the
microwave band. Among many applications of MMs, the
perfect MM absorber (PMA) currently has provoked a
comprehensive interest owing to its ultrathin and flexible
characteristics compared to conventional absorbers.
The first PMAmade of a metallic electric ring resonator

(ERR) and a cut wire separated by a dielectric layer was
proposed by Landy[4], which has realized the experimental
absorptivity of 88% at the microwave band. Ever since
then, the PMA has attracted intense attention, and a
great deal of MM absorbers have been proposed. The op-
erating wavelength extends from the microwave to visible
light[4–7] regions. In addition, performances of the PMA
have been improved significantly. On the one hand, the
absorption band changes from a single band to dual
band[8–10], multiband[11–14], and broadband[15–17]. For exam-
ple, Ma et al. proposed a dual-band polarization-insensi-
tive terahertz absorber based on double closed ring[18],
Liu et al. demonstrated the broadband absorber by using
a multilayer stacked structure[12], and Shen et al. presented
a triple-band absorber[13]. On the other hand, the absorp-
tion frequency becomes tunable instead of being fixed. For
instance, Padilla et al. put forward a liquid crystal tunable
PMA[19]. Zhang et al. proposed an MM absorber based
on a graphene membrane[20]. Wang et al. demonstrated a
temperature-controlled tunable deep-subwavelength MM

absorber[21]. Furthermore, other additive functions like
wide incident angle and polarization independency are
also achieved in these references[22–25].

In this Letter, we demonstrated a concise dual-band
tunable MM absorber with three layers made up of a met-
allic square ring, a strontium titanate (STO) crystal, and a
metallic plate. The dual-band absorption was realized by
utilizing the fundamental resonant mode and a new reso-
nant mode existed in the metallic square closed ring. The
mechanism of the absorption is explained by electromag-
netic dipole resonance. Moreover, compared with the
common frequency-fixed absorber, the proposed absorber
can easily implement the dynamic absorption frequency
by exerting different temperatures on the STO dielectric
layer. Furthermore, excellent properties, such as polariza-
tion insensitivity, wide incident angle, and deep subwave-
length scale (thickness less than λ∕30), are also available
for this symmetric structure. We believe that the proposed
absorber will be valuable in selective thermal emitters,
detectors, and sensors.

The unit cell and array of the proposed absorber are
shown in Fig. 1. It can be seen from Fig. 1(b) that the
absorber consists of a metallic square ring and substrate
separated by a dielectric layer. The top and bottom metal
are Au whose conductivity can be treated as constant
σ ¼ 4.09 × 107 Sm−1 in the terahertz band[6]. Generally,
the material of the middle layer has a low dispersion with
almost constant permittivity in the simulated frequency
range, such as SiO2, polymer, and Al2O3 etc. However,
the intermediate material of the proposed absorber is a
thin STO crystal whose permittivity is temperature
dependent[26], which is critical to realizing the tunable
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characteristics of the proposed absorber. We will discuss
this in detail in the following chapter.
In our simulation, we used commercial simulation soft-

ware, the frequency solver of CSTMicrowave Studio 2011,
which is based on the finite element method (FEM). In the
boundary condition setup, a unit cell boundary is applied
in the x and y directions while an open boundary is as-
sumed to be in the z direction. The propagation direction
of the terahertz wave is along the z axis with the electric
and magnetic field parallel to the x and y axis, respec-
tively. As shown in Fig. 1(b), the lattice constant is P ¼
80 μm along the x and y direction. The length and width of
the square ring are L ¼ 40 μm and W ¼ 6 μm, respec-
tively. The thickness of the STO is set to 17 μm after
optimizing. The thickness of gold is 0.4 μm, much greater
than the skin depth of the terahertz wave, which will
block the transmission wave. Hence, the absorptance
can be obtained by A ¼ 1− R− T ¼ 1− R (T ¼ 0),
where T , R, and A are the reflectance, transmittance, and
absorptance, respectively. By designing the proper param-
eter of the absorber, the perfect absorption can be realized
(i.e., the effective impedance of the absorber is matched to
the free space).
Figure 2 shows the calculated absorption spectrum of

the proposed absorber at room temperature (300 K). It
should be noted that the absorption spectrum contains
two obvious absorption peaks located at 0.15 THz (f m1)
and 0.30 THz (f m2); the absorptance of the two peaks
are 97.97% and 95.92%. The absorption bandwidth,

defined as the full width at half-maximum (FWHM),
are 0.01 and 0.02 THz, respectively.

In order to understand the nature of absorption, the dis-
tributions of the electric field and magnetic field at two
peak frequencies are illustrated in Fig. 3. As shown in
Fig. 3(a), it is obvious that the electric field at frequency
f m1 is mainly concentrated on both sides of the square
ring, indicating the existence of an electric dipole reso-
nance on the square ring, as reported by Yao et al.[27].
Additionally, the y componenta of the magnetic field at
frequency f m1 are mainly focused on the middle of
STO layer, which means that there exists a magnetic
dipole resonance[28], as shown in Fig. 3(c). The resonant
phenomenon at low frequency f m1 is the fundamental
electromagnetic dipole resonance that appeared in some
literature[15,21,27–29]. As for the frequency f m2, it can be seen
from Figs. 3(b) and 3(d) that the electric field is distrib-
uted not only on both inner ends of the square ring but
also on the adjacent area between the unit cell; the y com-
ponent of the magnetic field gathers in the middle and
both sides of the STO dielectric layer, which indicates that
there exists two kinds of different magnetic dipole reso-
nance. Referring to the similar report[28,29], we deduce that
the resonance absorption at high frequency f m2 is caused
by a new coupled mode, which combines the fundamental
electromagnetic dipole mode with the electromagnetic
mode caused by the neighboring square ring. We will dis-
cuss this in detail later when analyzing the influence of the
geometric parameter.

To further reveal the underlying mechanism of absorp-
tion quantitatively, we restored the relative effective
impedance of the proposed absorber according to the
equation[30,31]

Z eff ¼
�����������������������������������
ð1þ S11Þ2 − S2

21

ð1− S11Þ2 − S2
21

s
; (1)

where S11 and S21 are the scattering parameter, i.e., com-
plex reflection and transmission coefficients. The retrieved
relative effective impedance is normalized to the imped-
ance of free space. The real and imaginary parts of the
impedance are plotted in Fig. 4. For the first absorption

Fig. 1. Schematic of MM absorber. (a) The front view of the MM
absorber array, (b) the perspective view of the unit cell.

Fig. 2. Calculated absorptance and reflectance spectrum of the
proposed absorber at temperature T ¼ 300 K.
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peak at 0.15 THz (f m1), the relative effective impedance
Z eff1 ¼ 0.718þ 0.006i; for the second absorption peak
at 0.3 THz (f m2), the relative effective impedance
Z eff2 ¼ 0.700þ 0.015i. The real part of the impedances
of both absorption peaks is close to one while the imagi-
nary part is nearly zero, which means the low reflection
(i.e., high absorption) is in accordance with the impedance
matching theory[4].
The tunability of the proposed dual-band absorber was

further investigated by changing the geometric parameter
of the structure. The influence of various lengths on the
absorption spectrum is shown in Fig. 5(a). It can be seen

from Fig. 5(a) that the frequency f m1 shifts toward a lower
frequency with increasing of the length of the square ring,
but the frequency f m2 remains unchanged. For the electro-
magnetic dipole resonance, the LC circuit model is quite
suitable for predicting the resonant frequency qualita-
tively[32]. The formula of the LC circuit model can be ob-
tained by[33]: f m ¼ 1∕ð2π �������������

LC∕2
p Þ ∝ 1∕ðleff �����

εr
p Þ, where leff

is the effective oscillating length of the dipole and εr is the
relative permittivity of the STO. Hence, the redshift phe-
nomenon for resonant frequency f m1 can be easily under-
stood according to the LC circuit model where resonant
frequency is inversely proportional to effective oscillating
length leff , which is proportional to the length of the square
ring. However, as mentioned before, the second resonant
frequency f m2 is caused by the coupling of the fundamen-
tal electromagnetic dipole resonance and the electro-
magnetic dipole resonance of the neighboring unit cell.
According to the LC model, on the one hand, the
neighboring-unit resonance mode pushes the frequency
f m2 toward higher frequencies owing to the narrowing
distance of neighboring unit d, i.e. the oscillating length
leff decreases, as shown in Fig. 1(a). On the other hand,
the fundamental resonance mode attracts frequency f m2
to a lower frequency. So the total result is that the
coupling of the two modes keeps the frequency f m2
unchanged.

Fig. 4. Real part and imaginary part of the retrieved relative
effective impedance at 300 K (normalized to free space
impedance).

Fig. 5. Absorption spectra for different lengths (unit μm) of
square at 300 K.

Fig. 3. Distributions of the electric field in the cross section of
z ¼ 17.4 μm at (a) 0.15 THz (f m1) and (b) 0.3 THz (f m2); dis-
tributions of the y component of the magnetic fields in the cross
section of y ¼ 0 μm at (c) 0.15 THz (f m1) and (d) 0.30 THz (f m2).
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Although the resonance frequency can be tuned by
changing the geometric size of the square ring, it is still
an unfeasible way for a fixed structure to revise its geomet-
ric dimension. As mentioned before, the permittivity of
the dielectric STO can be dynamically tuned by applying
different temperatures on the STO, which provides an-
other simple way to achieve agile tuning of the resonance
frequency. The permittivity of the STO is plotted in Fig. 6
according to the equations in references[26,34]. It can be seen
from Fig. 6(a) that the real part ReðεÞ of the STO de-
creases with increasing of the temperature T. However,
at each fixed temperature the dispersion is very small.
Conversely, the loss tangent of the permittivity (i.e.,
the loss tan δ) is insensitive to the temperature, and it
is less than 0.08 in the frequency of interest, as shown
in Fig. 6(b). These special characteristics of permittivity
lead to the tuning of the resonance absorption frequency,
which will be analyzed later on.
Figure 7(a) displays the absorption spectra at several

different temperatures T (from 200 to 400 K). The reso-
nance frequencies of two absorption peaks undergo a
gradual redshift simultaneously as well as maintaining
more than 90% absorption. The tuning ranges of peak I
and peak II are about 52% and 80%, respectively, com-
pared to the central resonance frequency at 300 K. These
results show that our absorber has a performance of good
dynamic tuning with temperature. To get further insight
on the underlying mechanism of frequency shift, the

Fig. 6. Permittivity of the STO single crystal at different tem-
peratures (from 200 to 400 K). (a) Real part of permittivity and
(b) the loss tangent of permittivity (tanδ).

Fig. 7. (a) Absorption spectrum and (b) the retrieved effective
impedance at different temperatures (200 to 400 K). The real
part is expressed by the solid line, and the imaginary part is
indicated by the dotted line.

Fig. 8. Absorption and impedance at (a) peak frequency f m1 and
(b) peak frequency f m2 with the temperature increasing from 200
to 400 K.
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relative effective impedances at different temperatures are
shown in Fig. 7(b). The real parts of the relative effective
impedances at peak frequency f m1 and peak frequency f m2
are always the maximum value (close to one) with change
of temperature, but the imaginary part is almost zero. It
indicates the impedances of the absorber at peak fre-
quency f m1 and f m2 are matched to free space[35], which
results in the perfect absorption. Hence, the frequency
shift can be attributed to the temperature-dependent per-
mittivity that results in the relative effective impedance of
the absorber matched to the free space impedance in dif-
ferent resonance frequencies at various temperatures. In
order to explain the mechanism explicitly, the relationship
between impedance and absorption at peak frequencies
f m1 and f m2 at different temperatures are shown in
Figs. 8(a) and 8(b). For peak frequency f m1, the tendency
of enhanced absorption for different temperatures is in
agreement with the relative effective impedances. For
peak frequency f m2, the trend is the same as f m1. Accord-
ing to the impedance matching theory, better matching to
free space leads to lower reflectance and higher loss, and it
exactly explains the enhancement of absorption with in-
creasing temperature T in Fig. 7(a). Except for the good
tunability property, the proposed absorber is also polari-
zation independent for both TE and TM polarization due
to its four-fold symmetry, as shown in Figs. 9(a) and 9(b).
Furthermore, as shown in Figs. 9(c) and 9(d), the absorp-
tion can stay more than 80% even when the incident angle
increases to 50° in both the TE and TM configuration,
which implies the good property of a wide incident angle.

In conclusion, we present a temperature-controlling
dual-band MM absorber in the terahertz band composed
of a metallic square ring and a metallic mirror plane sep-
arated by an STO dielectric layer. Dual-band absorption
is achieved by a simple square ring instead of a traditional
complex two-square ring. The mechanisms of the two
absorption peaks are quite distinct. The low frequency
f m1 is the common fundamental electromagnetic reso-
nance (fundamental mode), however, the high frequency
f m2 is a new resonant mode that originated from the
coupling of the fundamental mode and electromagnetic
resonance of the adjacent unit. In addition, the tuning
range of the two peaks are 52% and 80% when the temper-
ature changes from 200 to 400 K. The tunability is attrib-
uted to the change of permittivity of the STO, which leads
to the relative effective impedance of the absorber
matched to the free space impedance at different resonant
frequencies for different temperatures. Moreover, the
properties of polarization independence and wide incident
angle can also be realized in this symmetric structure. The
proposed absorber can be applied to tunable terahertz de-
vices, thermal emitters, and terahertz imaging systems.

This work was supported by the National Basic
Research Program of China (No. 2015CB755403), the
CAEP THz Science and Technology Foundation
(No. AEPTHZ201402), and the CAEP THz Science
and Technology Foundation (No. AEPTHZ201407).

Fig. 9. Absorption spectra as a function of azimuthal angle φ for
(a) TE polarization and (b) TM polarization, when incident
angle θ ¼ 0; absorption spectra with different incident angles
θ for (c) TE polarization and (d) TM polarization, when azimu-
thal angle φ ¼ 0.
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