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Recent Progress on the Metacompoistes with Carbonaceous Fillers
Haikun Wu, Xiaoshuai Huang and Lei Qian*

Different from common “Metamaterials”, “Metacomposites” are used to describe random nanocomposites with negative permittivity, which is determined by con-
trolling their microstructures and compositions. Metacomposites with unique negative permittivity show potential applications in superconductors, wave filters, ca-
pacitors, electromagnetic interference shielding or absorbing and other fields. In this review, Drude model, Lorentz model and “double nano wires” model used to
analyze negative permittivity were discussed. Preparation, properties and mechanism of negative permittivity from metacomposites in corporation of carbon nano-
materials as fillers were reviewed and analyzed. Besides, the applications of metacomposites in the field of electromagnetic wave absorption and improving the

performance of the antenna were also discussed.
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1. Introduction

In recent years, metamaterials whose permittivity and permeability
are negative have drawn increasing attention. In the metamaterials,
the Poynting vector determined by macroscopic electric field (E)
and magnetic field (H) is opposite to the wave vector (k), so the
triad of vectors containing E, H and k is left-handed.”? As a result,
the metamaterials are also called left-handed media.® These special
materials exhibit many novel electromagnetic properties such as neg-
ative refractive index, inverse Cerenkov radiation, inverse Doppler
effect and so on.*™'® Metamaterials show potential applications in the
area of magnetic resonance imaging, wireless power transfer, perfect
lens and invisible cloak, etc.! 1714

Generally, metamaterials do not exist in natural materials and
instead are artificially fabricated with special structures.'> Re-
cently, Guo et al.'®!” used the term “metacomposites” to describe
random nanocomposites with negative permittivity. Compared with
metamaterials, metacomposites show many advantages and differ-
ences. For example, the bandwidth of negative permittivity in meta-
materials is narrow, which is determined by the periodic artificial
structures.'® Besides, the negative permittivity in metamaterials is
controlled by the size of periodic unit structures, so it is difficult to
achieve negative index parameters in the high frequency regions
due to the size effect.'® The fabrication of artificial periodic unit
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structures is complex, so negative index parameters are not easy to
be tuned by changing the size of unit structures in metamaterials.>
However, the negative permittivity in the metacomposites is deter-
mined by their microstructures and compositions rather than periodic
unit structures.”® As a result, it is easier to adjust the negative permit-
tivity in metacomposites by controlling compositions and microstruc-
tures.”' Additionally, preparation of metacomposites provides a new
method and route to design and manufacture metamaterials.?*2

Although there are many reviews about metamaterials, the re-
view about metacomposites from carbon nanostructures has not
been reported. In this review, the Drude model, Lorentz model
and double nano wires model which are used to analyze the
mechanism of negative permittivity are introduced in detail. Be-
sides, current research on metacomposites with graphene, carbon
nanotubes, carbon nanofibers and amorphous carbon as fillers is
also discussed.

2. The model for the negative
permittivity
2.1. Negative permittivity fitted with Drude model

At first, the Drude model is mainly used to analyze the negative
permittivity in metal-based negative refractive index materials. The
negative perrmittivity in these materials is observed due to the
plasma-like resonance of free electrons on the metal surface.>**>

In the Drude model, metals are considered as classical gas of
electrons which perform diffusive motion. Assuming that an average
relaxation time T governing the relaxation of the system to equilib-

rium exists in the Drude model, the state with average momentum is
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zero (<p> = 0) when an external field E is removed. The rate equation

is expressed as:?S

dt T

(1)

If an external electric field E is applied, the equation of motion
can be expressed as:>°

dt T

2

where e is the electronic charge. The current density is given by the
formula:*®

_Nep

J= 3)

m

where, J is the current density, m is the carrier mass, N is the den-
sity of charge carriers. When d«<p>/d¢ = 0, the dc conductivity (og4.)
is given:®
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where ca)1,,=(4chez/m)”2 is the plasma frequency, when an ac field

is applied in the form E(#) = E( exp(-iw?), according to the equation

of motion:?®
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And the real part of the permittivity (¢’) is expressed as:
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From equation (10), it is observed that negative permittivity is
obtained when the angular frequency of the applied electromagnetic
field w is lower than the angular plasma frequency w,, and the per-
mittivity becomes positive if the angular frequency w exceeds the
angular plasma frequency cop.32

2.2. Negative permittivity fitted with Lorentz model

The Lorentz model is also a classical dielectric function model.
Lorentz model considers the relaxation, corresponding to the electrons
transferring between bands in the material. The Lorentz model has been
used for many solid materials including metals and semiconductors.*
Under the action of an applied electric field, an electrical me-
dium is able to be polarized, which is described as the dielectric
properties. Placing an electrical medium in an applied electric field,
the electrical charges move from their average equilibrium posi-
tions, causing dielectric polarization (displacement).’ Due to the po-
larizability of the molecules and atoms in the dielectric medium, the

2 . . . . .
dr mdr polarization of materials which show frequency-dependent dielectric
m—— +—— = —eE(t) 5) on o m . _
dt r dt properties is less likely to respond to the applied electric field. In an
applied electric field, a dipole moment is introduced because of the
a complex, frequency dependent conductivity is given:>® charge separation of negatively charged electrons and positively
with the components:*® charged nuclei in molecules and atoms. The force on the electron is
’ o, N& 1 o, 1 .
o (w)=—%—= — =L —=o0,(0)+ic, (o) ©)
l-iot m l/t—io 4nl/7t-iw
expressed by the Lorentz force (F):'~*
ot 1 0T or
o,(w)=—-——= and o,(0)=—"——F= F=-¢(E+vxH) (1
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The relationship between the complex dielectric permittivity and

conductivity is described as:?*%’

i .
—0
W

g =1+ (8)

According to the equation (6), (7) and (8), the Drude model is

. -3
described as:?%3!
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where H is the magnetic field, £ is the macroscopic electric field, e
is the electron charge, and v is the velocity of electrons. Under an
action of the elastic restoring force, the electron in a molecule or
atom is bound to the equilibrium position. As a result, the equation

of electron motion is expressed as eq. (12):"*

mr+myr+mae,r =—eE exp(-iot) (12

where, m is the mass of the electron, 7 is the displacement vector, ¥
is the second derivative with respect to #, t is the first derivative
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with respect to ¢, @ (w=2mf) is the angular frequency of the applied
electromagnetic field and f is the frequency of the applied electro-
magnetic field, wy (wy = 27fy) is the resonance angular frequency
characterizing the harmonic potential trapping of the electron to the
equilibrium position, f; is the resonance frequency, y is the dissipa-
tion parameter, ¢ is the time, myi is the phenomenological damping
force on the electron because of all of the inelastic processes.

The displacement of the electron is obtained by using a trial so-
lution: r=r¢exp(-iw?) and can be expressed as:>?

—eE,/m

L= 13)

w; —o(w+iy)

Compared with the travelled distance of the electrons, the wave-
length of the radiation is larger, so the electrons are more likely to
move along a uniform field. As a result, the dipole moment attrib-
uted to each electron is expressed as: p=-er. The polarization (P) is
defined as the total dipole moment per unit volume, so it is calcu-
lated by the vectorial sum of all the dipoles. If there is one dipole in
per molecule and the average number of molecules per unit volume
is N, the polarization (P) can be expressed as:>

Ne’E/m

P=Np= =&, X.E (14)

where, &, is the vacuum permittivity, y, is the dielectric susceptibil-
ity. The complex dielectric permittivity is expressed as:*>

2
Ne” / mg, o,
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the PANI. When an alternative electric field was applied, the cur-
rent phase lagged behind the phase of electric field for m/2
(Figure 1a). The alternating current was considered as an oscillat-
ing electric dipole, and the oscillating electric dipole phase lagged
behind the current phase for n/2 (Figure 1b). As a result, the os-
cillating electric dipole phase lagged behind the electric field
phase for m, meaning the direction of induced electric field
strength E; (induced charges) was opposite to the direction of
electric field strength E; (free of charge). Due to the multiple ef-
fects, the alternating dipoles could form ) E;. If the sum of ) E;
and polarization electric field strength E, (polarization charges)
was more than E¢ (E;, + E; > Ep), the negative permittivity ap-
peared in the composite (Figure 1c). That was called the “nano
wires” model. In the MWCNTSs-PANI composites, MWCNTs and
PANI were both regarded as inductors, and these two kinds of in-
ductors were equivalent to double nano wires. The generation
mechanism of negative permittivity was similar to above. The re-
searchers proposed that only the MWCNTSs which paralleled to or
less than 45° the direction of external alternating electric field
were considered as inductors generating the alternating current di-
poles and alternating current. Due to the low resistance and regular
shape of MWCNTs, the nano wires of MWCNTSs generated a larger
E;. Furthermore, nano wires of MWCNTSs helped PANI produce a
larger E; by improving polarization of alternating current dipoles.
As a result, MWCNTs/PANI composites achieved a larger negative
permittivity. This is the “double nano wires” model (Figure 2). The
resistivity of PANI and MWCNTSs-PANI composites increased with
the frequency, so the ability of electrons to hop between chains be-

2

=1+ (15)

g(w)=1+y. (0)=1+

where, wpz(Nezlmeg)1/2=(4nNe2/m*) is the angular plasma fre-
quency, m* is the effective mass of the electron,' I;=-1/y is the
damping constant related to the resonance. The equation (15) is
called the Lorentz formula. According to the Lorentz model, the real
part of the permittivity can be expressed as:**™’

o, (a)g —a)z)
g =1+ 5 (16)
(a)j —a)z) +0’T;

It is observed from equation (16) that, when w/w,>1 meaning
that the frequency of applied electromagnetic field exceeds the reso-
nance frequency, the real part of permittivity becomes negative.

2.3. Negative permittivity fitted with “double nano wires”” model

Yao et al.*® constructed a structure model called “double nano
wires” model to analyze the generation mechanism of negative
permittivity in the MWCNTs-polyaniline (PANI) metacomposites.
They simplified the internal conditions of the composite. For ex-
ample, they regarded the PANI long chains as some inductors in

© Engineered Science Publisher LLC 2018

w; —o(w+iy)
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came weak, resulting in the decrease of E;. As a result, the sum of
E, and E; decreased and the permittivity increased with the fre-
quency. When the sum of E; and E; was less than E¢ (E, + E; <
Ey), the permittivity converted from negative to positive.

3. Current research on metacomposites
with carbon nanostructures as
nanofillers

Currently, the metacomposites mainly have been produced by com-
bining the functional characteristics of nanofillers with excellent
electrical and magnetic properties into matrix.>**® Incorporating metal-
lic materials (like alumina and silver) and carbon materials (amorphous
carbon, carbon nanotubes, carbon nanofibers and graphene) into matrix
is more likely to fabricate metacomposites with negative permittivity,
because the negative permittivity behavior is mainly attributed to the
plasma oscillation of delocalized electrons in metallic clusters or the di-
electric resonance of the polarization.*’>!

Carbon materials are distinct from metallic materials, because
carbon materials like amorphous carbon with zero-dimensional (0D)
structure, carbon nanotubes (CNTs) , carbon nanofibers (CNFs)
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Fig. 1 (a) The phase difference between alternating electric field and alternating current, (b) The phase difference between alternating current dipole and alternating
current, (c) The generation of negative permittivity. Reprinted with permission.*® Copyright 2016, RSC.

Fig. 2 (a) “nano wires” model of CPAO (PANI), (b) “double nano wires” model of MWCNTSs-PANI composites. Reprinted with permission.*® Copyright 2016, RSC.

with one-dimensional (1D) structure and graphene (GR) with two-
dimensional (2D) always show good electronic mobility, high mechan-
ical stiffness, large specific surface area, good thermal conductivity
and other extraordinary pI‘OpeI‘tiCS.SZ_SS As a result, these carbon
materials used as effective additives are often incorporated into
matrix to improve the magnetic, optical, electrochromic, conduc-
tive, mechanical and dielectric properties of nanocomposites.”*>° For
instance, the GR-polypyrrole-epoxy composites with enhanced elec-
trical properties,® the GR-poly(benzobisoxazole) nanocomposites
with high thermal stability,®" the graphene nanoplatelets (GNPs)-
epoxy composites with improved tensile and compressive mechan-
ical properties®® have been reported.

20 | Eng. Sci., 2018, 2, 17-25

In metacomposites with metallic materials as nanofillers, the value of
negative permittivity is always very high (the magnitude can reach 10%)
due to plasma resonance of free electrons on metal surfaces. So it is diffi-
cult to achieve the match between permittivity and permeability. How-
ever, the concentration of free electrons on the surface of carbon materials
is low compared with metals, so it is expected to realize the weakly nega-
tive permittivity in metacomposites with carbon materials as nanofillers.

3.1. Metacomposites with GR as fillers

Our group has observed the negative permittivity fitted with the
Lorentz model in the magnetic graphene (FGR)-phenolic resin (PR)

© Engineered Science Publisher LLC 2018
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composites.”® The transition of dielectric constant from positive to
negative (75 to -75) was observed in the FGR-PR composites when
the FGR content reached 91 vol%. According to the Lorentz model,
the negative permittivity appeared when the frequency of applied
electromagnetic field exceeded the resonance frequency, and the
resonance frequency for FGR91 was about 460 MHz. As a result, the
positive was observed when the frequency was lower than 460 MHz
and the permittivity became negative when the frequency exceeded
460 MHz for FGR91. Despite the negative permittivity fitted with
the Lorentz model, the negative permittivity (-75 to -25) over the whole
frequency in FGR98 was consistent with the fitted results from the
Drude model.

Yin et al.** achieved the negative permittivity from the graphene-
alumina (GR-ALL,O;) composites which were prepared by the spark
plasma sintering method. A plasma-like negative permittivity (Figure 3a)
was achieved when GR content reached 15.38 and 18.64 wt%, attrib-
uting to the fabrication of continuous GR networks (Figure 3¢ and d).
Interestingly, a transition of permittivity from negative to positive
(-2000 to 250) was observed in GR;s53g3 and GR g 46, Which was
explained by the LC resonances and agreed well with the Drude
model. Besides, the dielectric loss contained the conduction loss
and the polarization loss in the GR-Al,O3 ceramics, and the £" in-
creased with the increasing GR content (Figure 3b).
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Zhu et al.® prepared the magnetic GR nanocomposites with iron
pentacarbonyl as the precursor by a thermal-decomposition method.
The researcher observed the negative permittivity at about 3000 Hz
when the particle loading increased from 2 to 5 wt%, attributing to
the electronic energy dispersion in surface plasmons. Wu et al.®®
have reported the negative permittivity from flexible GR-acrylic
polyurethane composites. Due to the good dispersion of GR in
acrylic polyurethane matrix, the negative permittivity fitted with
Drude model appeared in low GR content (only 3 vol%). And the
GR-acrylic polyurethane metacomposites showed good flexibility,
extending the applications of metacomposites. Wu et al. ®’ have
also reported the tunable negative permittivity in the GR-phenolic
resin composites.

3.2. Metacomposites with CNTs as fillers

Sun et al.'? obtained the negative permittivity from the flexible polydi-

methylsiloxane (PDMS)-multi-walled carbon nanotubes (MWCNTSs)
membranous nanocomposites with in-situ polymerization process.
When the MWCNTs content reached 5 wt%, the negative permittivity
with a small value (-25 to 0) was found. And the transmission fre-
quency with permittivity from positive to negative was about 933 MHz.
The researchers thought that the negative permittivity was attributed

A (;RI.SH v GR4.74
q GR?.SG > GRI 1.54
o GRIS.JB L4 GRIBAS

100M 1G

Frequency (Hz)

100M 1G
Frequency (Hz)

Hopping
conduction

Fre&'{wncy (Hz) =

e oeees ©
Metal-like
_conduction

Frequgglncy(Hz) ¢

GR/AL,O; ceramic
(High GR)

Fig. 3 (a) Frequency dependences of the real permittivity for GR-Al,O; composites with different GR contents, (b) Frequency dependences of the imaginary
permittivity for GR-Al,O5; composites with different GR contents, (c) FESEM image of the GR-Al,05 composite with GR content of 15.38 wt%, (d) schematic of the
mechanism of negative permittivity in the GR-Al,O5 composite ceramics. Reprinted with permission. ®* Copyright 2018, ACS.
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to a dielectric resonance called the Lorentz model, and the resonance
characteristic was due to the huge damping coefficient. *>¢%

Sun et al.*” prepared the polyimide-multi-wall carbon nanotubes
(PI-MWCNTs) composite films via a water-based method with the
use of triethylamine (Figure 4). The negative permittivity appeared
when MWCNTSs content was 8.1 and 8.7 vol%. The negative per-
mittivity increased with the frequency, changed into positive values

and then remained about zero in the high frequency region.

3.3. Metacomposites with CNFs as fillers

Zhu et al.”® achieved negative permittivity in the polymer nano-
composites (PNCs) with CNFs as fillers and two different elasto-
mers (VM1, VM2) as polymer matrix, which were prepared through
the solvent-assisted casting method. The researchers observed nega-
tive permittivity (-3x10* to 0 and -1.8x10° to 0) in the 3 wt%
CNFs-VM1 PNCs and 5 wt% CNFs-VMI1 PNCs before 10° Hz.
The appearance of negative permittivity resulted from the formation
of a continuous conductive network of CNFs when the CNFs load-
ing increased to 3 wt% and 5 wt%. Li et al.'"® have obtained the
negative permittivity in the CNFs-polyetherimide (PEI) nanocom-
posites which were prepared by the solution-processing method.
They found that the absolute values of negative permittivity in-
creased with increasing CNFs loading from 1 wt% to 5 wt% in the
frequency range of 100 - 3 MHz (Figure 5a). A resonance at 5 kHz
was observed and the negative permittivity was attributed to this
resonance. In order to prove this, the researchers cut long CNFs by
ultrasonic treatment, improving the dispersion of CNFs in the poly-
mer matrix but destroying the continuous CNFs networks. Before
treatment, the electric field could not go through the PEI-CNFs
nanocomposites due to the negative permittivity, but the electric
field could penetrate the nanocomposites after ultrasonic treatment.
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After testing the dielectric property of PEI-CNFs (ultrasonically
treated), the researchers observed that the permittivity was positive
and the resonance disappeared in the tested frequency range, indi-
cating that the continuous 3D CNFs network could introduce nega-
tive permittivity.

3.4. Metacomposites with amorphous carbon as fillers

Cheng et al.”" have reported the amorphous carbon-silicon nitride
(C-Si3N4) metacomposites which were fabricated by a facile
impregnation-carbonization process at low temperature. Negative
permittivity (-600 to 0) consistent well with Drude model was
obtained when the carbon content exceeded 13 wt%. Cheng et al.”?
also investigated how to tune the negative permittivity with differ-
ent heat treatment temperatures (HTTs) and carbon contents in the
C-SizN, metacomposites prepared by a feasible impregnation-
pyrolysis method. They observed that negative permittivity was re-
alized at high HTTs (=850 °C). The negative permittivity agreed
well with the Drude model. So the researchers believed that nega-
tive permittivity resulted from the low-frequency plasmon of free
electrons in the conductive carbon networks.”' A lot of free carriers
in the C-SizN, metacomposites could offer the plasmonic state, and
negative permittivity was achieved when the frequency of external
electric field was below the plasma frequency of free electron.'””

3.5. Metacomposites with two or more kinds of carbonaceous
materials

Qian et al.”* have fabricated the carbon nanotubes-graphene-phenolic
resin (CNTs-GR-PR) metacomposites by using the mechanical press-
ing method, in order to investigate synergistic effects of CNTs on
negative dielectric properties of GR-PR composites. The researchers
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Fig. 4 Frequency dependence of dielectric permittivity and loss tangent of PI-MWCNTSs composites with different MWCNTSs contents: (a) 8.1 vol%, (b) 8.7 vol%,
(c) SEM image of cross section of PI-IMWCNTSs composites with MWCNTSs content of 8 vol%. Reprinted with permission.®® Copyright 2015, AIP.
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Fig. 5 Frequency dependence of the real permittivity of PEI-CNFs nanocomposites, (a) before the ultrasonic treatment, (b) after the ultrasonic treatment, (c) SEM im-
age of PEI-CNFs (2 wt%, as-received) nanocomposites. Reprinted with permission.'® Copyright 2009, Wiley.

found that negative permittivity appeared in CNTs-GR-PR compos-
ites when the total content of CNTs and GR was 6.6 wt%. However,
negative permittivity in GR-PR composites began to appear when
GR content was 10 wt%. So the addition of CNTs in GR-PR com-
posites is beneficial for the realization of negative permittivity.

4. The potential applications of
metacomposites
4.1. Applications in the field of electromagnetic wave absorption

Metacomposites show great potential applications in the field of
electromagnetic wave absorption. Electromagnetic wave absorbing
materials have attracted much attention because they can greatly re-
duce the chance of an aircraft being discovered by radar and thus
improve its survivability. According to the absorption mechanism,
electromagnetic wave absorbing materials can be classified into
magnetic wave absorbing materials, electronic wave absorbing ma-
terials and chiral absorbing materials, etc.”” Metacomposites with
carbon materials as fillers mainly rely on good conductivity and
high dielectric loss to absorb the energy of electromagnetic waves,
exhibiting advantages of light weight and easy adjustment.’®

4.2. Applications in the area of improving the performance of
the antenna

In addition, metacomposites are often used to improve the perform-
ance of the antenna, such as improving the radiation efficiency of

© Engineered Science Publisher LLC 2018

the antenna, reducing the size of the antenna structure, broadening
the operating frequency band of the antenna, and achieving antenna
direction control. In the metacomposites, the appearance of negative
permittivity is often accompanied by the appearance of an inductor
in the equivalent circuit model, so metacomposites exhibit an induc-
tive characteristic. By covering the antenna with metacomposites,
the radiation impedance of the antenna possibly is converted from a
capacitive characteristic to an inductive characteristic, which makes
it easier for the antenna to achieve impedance matching, thereby im-
proving the radiation efficiency of the antenna.”’

5. Conclusions and Perspective

In conclusion, the review about negative permittivity in meta-
composites filled with carbon nanostructures was introduced in this
article. The main models which were the fundamental theories for
negative permittivity were discussed in detail. And the present re-
ports on carbon nanofillers metacomposites with negative permittiv-
ity were introduced. The mechanisms for negative permittivity from
different metacomposites were also presented. In the metacomposites
with carbon nanofillers, the microstructures and compositions of con-
ductive phases played an important role in the negative permittivity.
But how to make carbon nanofillers dispersed more evenly in the ma-
trix is still a challenge. Besides, due to the lack of magnetic properties
in metacomposites compared with common metamaterials, applications
of these metacomposites are limited in some fields like computer mem-
ory, magnetoresistance sensors and magnetic recording systems.”® %>

Eng. Sci., 2018, 2, 17-25 | 23
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The negative permittivity of metacomposites possibly are tuned by
surface modification of carbon materials. Although the research on
metacomposites is on the starting stage, the applications of meta-
composites in electromagnetic interference absorbing and shielding,
sensors, machine intelligence and other fields are potential.>*™ In
addition, the preparation of metacomposites also provides a novel
idea to design the next-generation metamaterials.
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