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We present a numerical study of thermo-tunable broadband-negative-permeability metamaterial based on

second-order hybridization operating at the THz regime. The conventional metal is replaced by InSb, in

which the temperature-dependent conductivity plays a key role in tuning the separation of second-

order-hybridization magnetic-resonance modes. It is demonstrated that the hybridization in a simple

disk-pair dimer can be tuned by temperature, leading to a significant broadening of the negative-

permeability at THz frequencies. By increasing the temperature of the InSb patterns in the structure from

300 to 450 K, the fractional bandwidth (FBW) of the negative permeability curve varies from 4.4% to

12.9%. The thermally-increased carrier-density of InSb reduces the kinetic inductance, the main

mechanism of the enhanced magnetic-resonance and the stronger activated-hybridization. Moreover,

optimization for the bandwidth of negative permeability is also carried out by changing the geometrical

parameters to have a FBW of 20.9%. The equivalent LC-circuit model and standard retrieval method are

performed to elaborate our proposed idea. Our results would pave the way for the implementations of

diversified semiconductors in tunable broadband-negative-permeability and broadband-negative-

refractive-index metamaterials at THz frequencies.
1. Introduction

In recent years, metamaterials (MMs) have attracted much
attention from the scientic community by their unnatural
electromagnetic (EM) properties.1 MMs can be regarded as
articial materials with sub-wavelength unit cell. These unit
cells function as atoms in common materials. A “meta-atom” is
generally composed of two main components: the electric
component allows a negative permittivity (3 < 0) and the
magnetic component provides negative permeability (m < 0).
These elements can be arranged either in a periodic or disor-
dered lattice. By carefully designing the electric and magnetic
components, one can create exotic properties, for instance,
negative refraction,2,3 perfect absorption,4–6 invisible cloak7 and
electromagnetically-induced transparency.8,9 The unusual
properties of MMs have been theoretically and experimentally
conrmed by numerous studies so far. However, to put the
interesting properties of MMs into real applications, in fact,
many issues need to be studied and explained in a satisfactory
manner. One of the longstanding issues is how to widen the
operating frequency band of MMs.10–15 While a wide negative-
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permittivity band can be easily achieved using the plasma
behavior of a continuous wire medium, a negative-permeability
band is oen narrow due to the intrinsic resonance of MMs.
Therefore, expanding the operating band of negative-
permeability MMs has been a key solution for scientists to
realize a broadband negative-refractive-index (NRI) behavior.
Despite the fact that numerous efforts have been made to
overcome this challenge, most of them have been limited in
applications for certain reasons, for examples, symmetry
breaking, the requirement of rigorous structural adjust-
ments16,17 or complicated structure shapes.10,18 With this moti-
vation, we attempted to propose a simple and effective
hybridization model to extend the operating frequency band of
a negative-permeability and NRI bands.11–13 The underlying
physics of this method is to have additional magnetic reso-
nance, which is split from the original one through a strong
plasmonic hybridization. Importantly, the magnetic-resonance
split occurs when the energies of the internal and the external
couplings are strong and comparable.11,12 To achieve this, there
are two conditions that need to be satised. The rst condition
is the distance between the two monomers (each monomer is
composed of two metallic structures that are separated by
a dielectric spacer) in a dimer must be well dened.11–13 This can
be overcome by an intensive structural optimization. Mean-
while, the second condition requires that the loss factor should
be small or the induced-charge current must be large.13,19,20

Thus, changing this charge current, based on a hybridization
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scheme, effectively affects the efficiency of separating magnetic-
resonance frequencies.

In other words, the dependence of hybridization strength on
structural parameters is further veried using the equivalent
circuit model.21 The efficiency of separating magnetic-
resonance frequencies in hybridization can be determined by
an approximate formula: Du ¼ |u�+i � |u��iz ku0, where Du
is the distance between two separated magnetic resonant

modes, k ¼ M
L

is a coupling coefficient, with L the effective

inductance and M the mutual-inductance. Hence, if one can
control the value of either L or M, the efficiency of separating
asymmetric magnetic-resonance frequencies is tunable. For this
purpose, one can integrate a semiconductor into conventional
MMs. According to the Drude model, the carrier density in
a semiconductor depends solely on temperature. Consequently,
by doping semiconductors into the MM structure, the value of
conductivity of the metallic component can be thermally
manipulated. Consequently, the value of the effective induc-
tance can be thermally controlled. By incorporating the MMs
with an appropriate temperature controller, for instance,
a continuous ow liquid helium cryostat, their thermo-
dependent properties can be realized almost
instantaneously.22,23

Recently, we have shown that a tunable meta-magnetic
resonator (in a disk-pair structure) can be realized by using
InSb as a mutable metal.24 Hence, in this work, to achieve
a tunable broadband negative permeability (where the asym-
metric resonant split in plasmonic hybridization operates
effectively), we doped InSb in a symmetric and simple disk-pair
dimer (DPD) for the two-layer case. It is demonstrated that the
hybridization effect in basic DPD structures is tuned by
temperature, resulting in a signicant broader THz resonant
region.

2. Analytical model and
computational setup

A computational unit cell of the InSb DPD is shown in Fig. 1(a),
which consists of two monomers separated by the TPX™ poly-
methylpentene (PMP) lm with thickness d ¼ 10 mm, dielectric
constant of 2.1 and loss tangent of 0.0008. In order to have
a strong hybridization effect, PMP is chosen because of its
stability in high-temperature and optically transparency in THz
ranges and low dielectric constant like that of air.25,26 The
monomers based on the symmetrical DPD structure aremade of
an InSb semiconductor with thickness tm and arranged on the
top and bottom of a dielectric spacer with thickness td. Pyrex
glass with a dielectric constant of 4.82 and a loss tangent of
0.0054 is chosen as the dielectric material because of its stability
in high-temperature applications.27,28 The arrangement of the
two disk-pair layers and the dielectric layers are consistent with
lithography fabrication techniques in the THz region, including
evaporation and patterning processes.29 In our investigations,
the DPD is embedded in a reference medium, chosen as
a vacuum, and the EM properties of the DPD are simulated by
using a commercial CST Microwave Studio.30 The propagation
28344 | RSC Adv., 2020, 10, 28343–28350
direction of the incident EM wave is perpendicular to the
sample plane, as shown in Fig. 1. The effective permittivity,
permeability and refraction index (3, m, n) were calculated from
simulated transmission and reection by using the standard
retrieval method proposed by Chen.31

Fig. 1(a) shows the DPD structure, which is a modication
from the well-known cut-wire-pair (CWP) dimer.11,12 The
improvement of the proposed structure is a highly symmetric
geometry that makes the MM polarization-insensitive.19 Similar
to EM behaviors in the CWP, the total electromagnetic response
of a single disk-pair can be regarded as a hybridization effect
between the surface plasmons of two individual disks. This
coupling results in two new plasmonic modes: the symmetric
|u+i and the anti-symmetric mode |u�i, corresponding to in-
phase and out-of-phase charge oscillations in the two disks,
respectively. The symmetric mode effectively operates as two
electric dipoles, while the anti-symmetric mode behaves as
a magnetic resonance. In this paper, in order to obtain the
broadband negative permeability, we only focus on the anti-
symmetric mode with the magnetic resonance behavior.
Similar to the CWP dimer,11,12 the EM response of a DPD can
analogously be described by second-order hybridization, as
shown in Fig. 1(c). If two disk-pairs are close to each other, the
interaction between the degenerated anti-symmetric modes
leads to the |u��i and |u�+i modes. Since both the |u��i and
|u�+i modes are magnetic resonances, stronger second-order
hybridization also broadens the bandwidth of the negative
permeability. As shown in previous work, tuning the distance
(d) between two layers or spacer thickness (td) allows us to
manipulate the effectiveness of the second-order hybridiza-
tion.11,12 Besides, the dependence of the hybridization strength
on d and td was further veried using the equivalent circuit
model.21 The magnetic plasmon eigen-frequencies are approx-
imately calculated by:

��u��=�þ
� ¼ u0ffiffiffiffiffiffiffiffiffiffiffi

1� k
p (1)

where k ¼ M
L
; is a coupling coefficient,11,19 and u0 is the reso-

nance frequency of the individual disk-pair monomer. The
mutual-inductanceM between two disk-pair monomers in the k-
direction is approximately calculated by:32

M ¼ m0ðSÞ2
4pr3

�
1þ jk0r� k0

2r2
�
e�jk0r (2)

Here, k0 is the wave number at the resonant frequency of the
disk-pair monomer, r ¼ 3 � td + d is the distance between the
two magnetic dipoles11,32 and S is the magnetic ux area.

It can be noted that, in the THz region, the total inductance L
of the disk-pair is determined by:

L ¼ (Lm + Lmk) (3)

where Lm (disk-inductance) and Lmk (the kinetic inductance for
the disk) are expressed as:22,33

Lm ¼ pmðtd þ 2tmÞ
4

and Lmk ¼ pm*

2tmNe2
(4)
This journal is © The Royal Society of Chemistry 2020



Fig. 1 (a) A unit cell of the disk-pair dimer (DPD) with the polarization of an EM wave. (b) Constituent components of the disk-pair dimer with its
geometrical parameters: a ¼ 62 mm, R ¼ 25 mm, td ¼ 10 mm, tm ¼ 2 mm and d ¼ 10 mm. (c) Corresponding hybridization scheme of the DPD
structure.
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m, N, e and m*are the permeability of the Pyrex glass, the carrier
density, the electronic charge and the effective mass of free
carriers, respectively. Due to k � 1, therefore, the distance
between two separated magnetic resonant modes is calculated
by the approximate formula:

Du ¼ |u�+i � |u��i z ku0 (5)

Duz
M

L
u0 ¼

m0ðSÞ2
�
1þ jk0r� k0

2r2
�
e�jk0r

ð4pr3Þ
�pmðtd þ 2tmÞ

4
þ pm*

2tmNe2

�u0 (6)

In the far infrared region, in principle, the intrinsic carrier
concentration between 200 and 798 K of InSb is very well
described by the following empirical formula:

N ¼ 2:9� 1011ð2400� TÞ0:75�1þ 2:7� 10�4 T
�
T1:5

�exp

	
� 0:129� 1:5� 10�4 T

kT

�
(7)

where T is the absolute temperature and kB is the Boltzmann
constant.34 From eqn (6) and (7), increasing the temperature
results in a raise of charge carrier density N, which eventually
reduces the value of kinetic inductance. In other words, the
increase of Du allows us to effectively enhance the second-order
hybridization.

At the same frequency range, the permittivity of InSb can be
determined according to the Drude model:20,35

3 ¼ 3N � up
2

u2 þ igu
(8)
This journal is © The Royal Society of Chemistry 2020
where 3N, u, g, up are the high-frequency permittivity limit, the
angular frequency, the damping constant and the plasma
frequency, respectively. The plasma frequency is dened as:

up ¼
	
Ne2

30m*

�1
2

(9)

in which 30 is the vacuum permittivity. In fact, the damping
constant (g) of InSb is strongly dependent on the electron
mobility.22,24 However, in the temperature range of interest
(from 300 to 450 K), within a frequency region from 0.1 to 1.7
THz, the electron mobility depends solely on the applied
temperature.36,37 For this reason, the inuence of temperature
on the damping constant can be neglected. The values of the
parameters of InSb are 3N ¼ 15.68, g ¼ 5 � 1010 Hz and m* ¼
1.37 � 10�32 kg.20,35 Aer an optimization process, a periodicity
(a) of 62 mm is chosen to avoid unwanted interaction between
adjacent disk-pairs on the same plane.22,24 The thicknesses of
the Pyrex glass dielectric spacer (td), the InSb semiconductor
(tm) and the radius of the disk (R) are optimized to be 10, 2, and
25 mm, respectively.
3. Results and discussions

From eqn (7) and (9), we can calculate the dependences of
carrier density and plasma frequency on temperature, as shown
in Fig. 2. It can be observed that an increase of temperature
gives rise to an increased carrier density and plasma frequency.
Consequently, InSb has a more-metallic feature, which plays an
important role for separating hybridized-magnetic-resonance
frequencies by temperature.
RSC Adv., 2020, 10, 28343–28350 | 28345



Fig. 2 Calculated carrier density (red solid line) and plasma frequency
(blue dashed line) of InSb according to the applied temperature.
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Substituting these calculated results (in Fig. 2) into the
Drude model for InSb in CST, transmission coefficients at
different temperatures were simulated, as shown in Fig. 3(a).
The DPD structure exhibits transmission dips in the spectra
when an external eld is applied. This phenomenon is well
known as the magnetic resonance induced by the coupling of
the DP monomer to the H eld, leading to the narrow stop-
band. For the DP dimer, similar to the CWP dimer in ref. 11
and 12, this stop-band can be expanded when the hybridization
is activated. Fig. 3(a) shows that there is only one narrow stop-
band at a low temperature (T ¼ 300 K). By increasing the
temperature, the stop band gradually becomes wider and nally
splits into two stop-bands (around 1.27 and 1.3 THz) at T ¼ 450
K. In order to verify the existence of a negative permeability, the
standard retrieval method proposed by Chen is performed by
applying transmission, refraction and phase parameters. The
retrieved values of effective permeability dependent on
temperature are presented in Fig. 3(b). It is clearly seen that
a region of negative permeability is achieved and wider when
the temperature is increased from 300 to 450 K. The ratio of the
bandwidth for negative permeability to operating frequency
Fig. 3 Dependence of the simulated (a) transmission of DPD and (b) rea

28346 | RSC Adv., 2020, 10, 28343–28350
0
@ ¼ 2ðfmaxðm\0Þ � fminðm\0ÞÞ

fmaxðm\0Þ þ fminðm\0Þ

1
A increased from 4.4% to 12.9% as

the temperature changed from 300 to 450 K. The obtained
negative permeability is also evidence of the existence of
magnetic resonance. Importantly, the negative-permeability
band becomes gradually wider and splits into two peaks when
the temperature is increased. The expansion of the magnetic-
resonance region can be explained by the LC circuit model.
Increasing the temperature results in a raise of the charge
carrier density N and eventually reduces the value of the kinetic
inductance [follow eqn (5)], and therefore Du ¼ |u�+i � |u��i
z ku0 is increased. Consequently, the stop-band is expanded
and separated into two new resonance regions, as presented in
Fig. 3(a) and (b).

Besides, the results show that there is a shi of magnetic
resonance region from 1.01 THz to 1.3 THz when InSb is heated
(from 300 to 450 K). The blue-shi of magnetic resonance can
be explained by using the equivalent LC model, as reported in
our previous work,22,24 in which the carrier density is increased
by increasing the applied temperature. However, an enhance-
ment of carrier density reduces the value of kinetic inductance
and increase the original magnetic resonance frequency
|u�i.22,24 The shi of the original magnetic resonance mode
|u�i, leads to the shi of the split-magnetic-resonance modes
(|u��i and |u�+i) caused by the second-order hybridization
effect.

To get more insight into the magnetic resonance mecha-
nism, the distributions of the induced magnetic- and electric-
energies (coordinated plane is selected as (E, H) along the k-
vector direction) for different temperatures, 300 K (at 1.01 THz),
350 K (at 1.15 THz), 400 K (at two split peaks of 1.22 THz and
1.25 THz) and 450 K (at two split peaks of 1.27 THz and 1.3 THz),
are simulated, as shown in Fig. 4 and 5. It can be seen that the
magnetic energy is concentrated around the center area of the
disks, whereas the electric energy is mainly located at the ends
of them (along the E direction), for separated peaks in the
temperature range from 300 to 450 K. This observation conrms
that the nature of these resonances is magnetic resonance.
Owing to the strong coupling between the MM and the
l part of the effective permeability on applied temperature.

This journal is © The Royal Society of Chemistry 2020



Fig. 4 Magnetic-energy distributions according to temperatures of (a) 300 K at f ¼ 1.01 THz, (b) 330 K at f ¼ 1.086 THz, (c) 350 K at f ¼ 1.15 THz,
(d) 400 K at f ¼ 1.22 and 1.25 THz and (e) 450 K at f ¼ 1.27 and 1.3 THz.
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magnetic component of the EM wave, anti-parallel currents are
generated on paired disks along the E direction. Therefore,
charges are accumulated at the ends of each disk that leads to
a strong located electric energy in this region.24 These results
Fig. 5 Electric-energy distributions according to temperatures of (a) 300
400 K at f ¼ 1.22 and 1.25 THz and (e) 450 K at f ¼ 1.27 and 1.3 THz.

This journal is © The Royal Society of Chemistry 2020
also indicate the magnetic origin of the extension resonance
regions based on the second-order hybridization scheme.

By exploiting eqn (1)–(7), the distance between two separated
magnetic-resonance modes (Du ¼ |u�+i � |u��i) of the disk-
K at f¼ 1.01 THz, (b) 330 K at f¼ 1.086 THz, (c) 350 K at f¼ 1.15 THz, (d)

RSC Adv., 2020, 10, 28343–28350 | 28347



Table 1 Calculated and simulated separations between two hybridized magnetic-resonance frequencies of disk-pair structure as functions of T

T ¼ 300 K T ¼ 350 K T ¼ 400 K T ¼ 450 K

Calculated separation 1.13 � 10�3 THz 4.71 � 10�3 THz 1.413 � 10�2 THz 2.986 � 10�2 THz
Simulated separation z0 1.351 � 10�2 THz 1.965 � 10�2 THz 2.67 � 10�2 THz

RSC Advances Paper
pair structure can be calculated as functions of T and simulta-
neously compared with simulated CST results (see Table 1).
Based on the distribution of the induced magnetic-energy in
Fig. 4, the shape of the magnetic ux areas is nearly close to
a rectangle, so themagnetic-ux area in eqn (3) is approximately
estimated by S z c1Rtd (with c1 < 1).

In Table 1, the simulation results were determined from dips
in the negative-permeability curves according to the retrieval
method proposed by Chen et al.31 It should be noted that both
calculated and simulated results show the same tendency for
the separation between magnetic resonances. At T ¼ 300 K,
owing to the large kinetic inductance, the coupling coefficient
of hybridization is small, leading to a near non-separation.
However, |u�i gradually splits when T increases from 300 to
Fig. 6 (a) Simulated transmission according to d. (b) Dependence of ca
parameters are unchanged.

Fig. 7 (a) Simulated transmission according to td. (b) Dependence of c
parameters are unchanged.

28348 | RSC Adv., 2020, 10, 28343–28350
450 K. T ¼ 400 K and ¼ 450 K results in a complete resonance-
split owing to the higher coupling coefficient, which shows
a good coincidence with the hybridization model.

For the hybridization effect, besides, the thickness of the
spacer (td) determines the internal coupling between two meta-
atoms in a monomer while the distance d is responsible for the
external-coupling strength among two monomers.11–13 Hence,
the relation between d and td plays a key role in the effectiveness
of the second-order hybridization. To maximize the bandwidth
of negative permeability and simultaneously prove the
expanded negative permeability is the result of magnetic reso-
nance frequency separation according to the second-order
hybridization scheme, we adjusted the structural parameters
d and td with temperature xed at 450 K. Fig. 6(a) and (b)
lculated permeability on d (td is kept at 10 mm). All other geometrical

alculated permeability on td (d is kept at 5 mm). All other geometrical

This journal is © The Royal Society of Chemistry 2020



Paper RSC Advances
present the simulated transmission spectra and calculated
permeability according to d with td xed at 10 mm at 450 K. It is
shown that when the external coupling is strengthened by
decreasing d, the resonance band is wider. In this case, the ratio
of the bandwidth negative permeability to the operating
frequency enhances from 12.3% to 17.5%, when d reduces from
20 to 5 mm. Then, the optimization is continued by changing the
distance td with d xed at 5 mm. Fig. 7(a) and (b) show the
simulated transmission spectra and calculated permeability
values of the DPD as a function of td. Obviously, the resonance
band with negative permeability is also signicantly wider (from
13.9% to 20.9%) when td is changed from 8 to 12 mm.

The results in Fig. 6 and 7 manifest that the EM response of
the DPD can be expressed via the interplay between the internal
and the external couplings. The broadband negative-
permeability region is activated effectively when these two
interactions are energetically comparable to each other. These
results are entirely consistent with the split of the original
magnetic resonance in the second-order hybridization in ref.
11–13.

The broadband negative permeability was also achieved in
the results of previous work. In the GHz band, negative
permeability bandwidths of 28% (from 15 to 20 GHz) by using S-
shape resonators,38 60% by using a periodic cage of backward-
wave transmission lines39 and 45.3% by using four-cell slabs40

were recorded. In the THz band, a broadband negative perme-
ability was also achieved up to 50% by adjusting the Mie reso-
nance through the structural parameters of a single type of
rod.41 However, to achieve a broadband negative permeability
almost all previous work used the method of optimizing
parameters of the structure and geometry or using contra-
directional coupling between a backward wave guided by
a transmission line and a forward, free-space wave. In another
way, our results indicate that a broadband negative perme-
ability is achieved by thermally-tunable hybridization. Our
results pave the way for the implementations of diversied
semiconductors in tunable broadband negative permeability
metamaterials at THz frequencies.

4. Conclusions

A thermo-tunable broadband-negative-permeability based on
second-order hybridization inMM operating at THz frequencies
was demonstrated numerically. The active tunability of the
broadband-negative-permeability was carried out by thermal
control to enhance the carrier density of InSb in a DPD struc-
ture. The investigation showed that not only is the separation
efficiency of hybridization magnetic-resonances effectively
controlled but also the negative-permeability band is signi-
cantly expanded when the temperature is increased. Our results
pave the way for implementations of negative-permeability
MMs in the next generation of active MM-devices at THz
frequencies.
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