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Abstract. A comprehensive review of the fundamentals and applications of epsilon-negative materials is
presented in this paper. Percolative composites, as well as homogeneous ceramics or polymers, have been
investigated to obtain the tailorable epsilon-negative properties. It’s confirmed the anomalous epsilon-negative
property can be realized in conventional materials. Meanwhile, from the perspective of materials science, the
relationship between the negative permittivity and the composition and microstructure of materials has been
clarified. It’s demonstrated that the epsilon-negative performance is attributed to the plasmonic response of
delocalized electrons within the materials and can be modulated by it. Moreover, the potential applications of
epsilon-negative materials in electromagnetic interference shielding, laminated composites for multilayered
capacitance, coil-less electric inductors, and epsilon-near-zero metamaterials are reviewed. The development of
epsilon-negative materials has enriched the connotation of metamaterials and advanced functional materials,
and has accelerated the integration of metamaterials and natural materials.
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1 Introduction

Permittivity and permeability are two basic physical
parameters of materials, which characterize the response
of materials in electric, magnetic, or electromagnetic
fields [1–3]. According to the sign of permittivity and
permeability, materials are classified into four quadrants,
including common materials, double-negative materials,
mu-negative materials, and epsilon-negative materials, as
shown in Figure 1 [4,5]. Common materials with positive
permittivity and positive permeability are transparent to
the incident electromagnetic waves, and electric vector (E),
magnetic vector (B), and the wave vector (k) correspond to
right-handed rule. For materials with double negative
parameters, like metamaterials, electromagnetic waves can
also propagate within them but the relationships among E,
B, and k are left-handed. Electromagnetic waves decay
evanescently in materials with only negative permittivity
or negative permeability. Mu-negative materials could be
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realized with some ferrites at their magnetic resonance
frequency, while the modulation of epsilon-negative
properties was firstly realized in metamaterials [6].
Metamaterials are a kind of artificial materials composed
of periodic building blocks with a series of novel physical
properties which are rarely seen in natural materials [7,8].
The construction techniques of metamaterials provide
approaches to obtain new kinds of electromagnetic medium
with anomalous negative physical parameters. Arrays of
the periodic metallic units are essential to achieve negative
electromagnetic parameters [9]. The realization and
regulation of the performance of metamaterials are
dependent on the excogitation of the geometries and
configurations of the building blocks, which is almost
independent on the composition of the components. It can
also be considered that the unique propertiesof metama-
terials are artificially designed electromagneticproperties,
rather than being determined by the composition and
microstructure of the materials.

From the perspective of materials science, the physical
properties of a material must depend on its composition
and microstructure, which explains the structure-activity
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Fig. 1. Categories of materials according to their permittivity
(e) and permeability (m) [4,5].
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relationships of materials and enlightens researchers to
improve the properties of the materials through altering
composition and tailoring microstructure of the constitu-
tive components within materials [10,11]. So, can the “real”
materials realize the properties of metamaterials, such as
the negative permittivity and/or the negative permeability?
At the beginning of the research of metamaterials, only a
fewmaterialsstudiesfocused on whether conventional mate-
rials have the unique properties of metamaterials, and
composites with advantage of integrating multi-component
properties provided a convenient method to achieve
negative electromagnetic parameters [12,13]. The meta-
performance of conventional materials is realized and
tailored based on the modulation of chemical composition
and microstructure by typical materials preparation meth-
ods. Studies of the negative electromagnetic parameters,
including negative permittivity and negative permeability,
have recently become a research hotspot in the field of
materials science, and these relevant studies become
important supplements to the research of metamaterials.

Negative permittivity has attracted widespread atten-
tion inthe optical dielectric function of metals and
semiconductors [14,15]. In metamaterials, negative per-
mittivity is essential for the meta-performance like
negative refraction, negative phase velocity, reverse
Doppler effect and Cerenkov effect, etc. [16–18]. Inves-
tigations carried out from the perspective of materials
science have revealed that the negative permittivity can be
realized in radio-frequency band which is much lower than
the optical frequency [19–21]. Materials with negative
permittivity are described as epsilon-negative materials
(ENMs). ENMs realized by composites are classified as
metacomposites, which defines the composites with novel
and unique properties that different from other conven-
tional materials [22–24]. Thus, ENMs can divided into
metamaterials and metacomposites, while metacomposites
are classified into ceramic matrix composites and polymer
matrix composites according to their different composition.
In addition, ENMs also consist of homogeneous ceramics or
doped polymers. Moreover, ENMs have shown great
potential in various electromagnetic and electronic appli-
cations, such as electromagnetic shielding, wave absorbing,
laminated capacitors, and coil-less inductors [25–28]. In
this paper, the research progress of materials with negative
permittivity was reviewed. The research methods, prepa-
ration processes, mechanism of negative permittivity, as
well as the potential applications for of ENMs were
outlined from the perspective of materials science.

2 Realization of epsilon-negative materials

2.1 Metamaterials for ENMs

In 1968, V. G. Veselago firstly envisaged the substances
with simultaneous negative permittivity and negative
permeability, and expounded the rule of propagation for
electromagnetic wave in media with negative electromag-
netic parameters [17]. Until 1996, J. B. Pendry proposed
metallic mesostructures that constructed by thin metal
wires to realize the negative permittivity in GHz bands [6].
In fact, metals exhibit plasma behaviors under the action of
electromagnetic waves, and of which the frequency
dependence of permittivity is described as [4]:

e ¼ 1� v2
p

v2 � jvg
ð1Þ

where vp is the plasma frequency, which is determined by
the effective electron concentration (neff) and effective
mass (meff) of electrons. g is the damping factor that
represents the dissipation of energy into system. For simple
metals, g is much smaller than vp, so it can be considered
that the sign of permittivity ismainly determined by plasma
frequency that given by vp=neffe

2/meffe0. Generally, vp of
commonmetals is inultraviolet band, and thepermittivity is
usually negativewhen frequency is belowvp.With frequency
decreasing, the real part of permittivity decreases rapidly
and simultaneously the imaginary part increases dramati-
cally. In Pendry’s work, the realization of negative
permittivity in GHz band is based on the array structure
of thinmetalwires.As shown inFigure 2a, assuming that the
thin metal wires with diameter of d=2r are arranged into
cubic structures, the space between two wires is a, the
effective average concentration (neff) of this cubic lattice is
deduced as:

neff ¼ n
pr2

a2
ð2Þ

where n is the electron concentration in metal wires.
Meanwhile, affected by the self-inductance of the wire
structure,meff of electrons in the wire arraysis expressed as:

meff ¼ m0pr
2e2n

2p
ln

a

r
ð3Þ



Fig. 2. Schematic diagram of lattice of periodic metal wires proposed by J. B. Pendry. (a) [6] Copyright © 1996, American Physical
Society; Photograph of metamaterial sample composed of metal wire and split ring resonator arrays by Padilla et al. [18]. (b) Copyright
© 2006, Elsevier.
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Therefore, vp of the metal wire array is:

v2
p ¼

2pm0e0
a2 ln ða=rÞ ð4Þ

which is related to the arrangement, the thickness, and the
electron concentration of the metal wires. Therefore, the
plasma frequency could be shifted to microwave band that
is far below than the ultraviolet band and the negative
permittivity can be easily tailored through modulating the
wire arrays [6]. Afterwards, periodic split ring resonators
were introduced and negative permeability was realized
due to LC resonance of the induced currents in metal split
rings [18,29,30]. The artificial metamaterials are confirmed
to be epsilon-negative and mu-negative media that realized
on the basis of structural design. Moreover, metamaterials
with simultaneous negative permittivity and negative
permeability were verified to possess negative refraction
and left-hand performance [9,16].

2.2 Ceramic matrix composites (CMCs) for ENMs

Composites are composed of two or more different
componentsto obtain novel properties that different from
those components [11,31]. The principles of composites
preparation provided a more convenient methodfor
designing and realizing various novel properties that are
rarely seen in elementary substances. Thus, a variety of
versatile composites with improved physical/chemical
properties have been developed and widely used in
electrical, magnetic, acoustic, optical, thermal, and other
applications or devices [32,33]. CMCs are those composites
with ceramics as matrix and they possess the advantages of
high hardness, high strength, and high wear resistance of
ceramics. CMCs composed of metal fillers and high
dielectric constant matrix have attracted much attention
in the field of dielectrics [34]. Copper (Cu), nickel (Ni), and
even molybdenum (Mo) were introduced into dielectric
ceramic (like BaTiO3) matrix to increase the dielectric
constant of the composites, which is of great significance
to the development of high dielectric constant materials
[35–37]. Generally, dielectric constant of metal/ceramic
composites increases with metal content increasing below
the percolation threshold, and turns into negative when
filler content exceeds the percolation threshold [38,39]. The
percolated CMCs with the metal content beyond percola-
tion threshold have been verified to be ENMs in the radio-
frequency band, and the negative permittivity isclosely
associated with the composition and microstructure of
CMCs.

Fan et al. proposed a simple impregnation-reduction
process to prepare metal/ceramic composites [40–43]. As
shown in Figure 3, porous ceramic matrix is impregnated
into the solutions of metal precursors, then the dried and
calcined ceramics that attached with metal oxides are
reduced to obtain elementary metals within the ceramic
matrix. The reduction reactions are carried out at several
hundred degrees centigrade that is much lower than
ceramics’ sintering temperature, which have affectively
avoided the side reactions between metal fillers and
ceramic matrix. The final content of metal fillers in
ceramic matrix can be easily tuned via repeating the steps
of impregnation and reduction. The microstructure of the
composites and morphology of the metal fillers inside the
ceramic matrix can be modulated by changing the
conditions of reduction reactions. SEM images of some
typical morphologies of the metal/ceramic composites
prepared by this process are shown in Figure 4. With the
increase of metal content, the metal fillers gradually
become interconnected and finally form networks within
the ceramic matrix. At the same time, the electric and
dielectric properties change dramatically. The electric
conductivity is obviously enhanced with metal content
increasing and the dielectric permittivity changes from
positive to negative with the formation of the intercon-
nected metallic networks. The morphologies of the filled



Fig. 3. The impregnation-reduction process for the preparation of metal/ceramic composites [40] Copyright © 2012, John Wiley and
Sons.
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metals are influenced by the different precursor solutions
and reduction reactions. The metal fillers can be particles
and particle clusters, networks, and flower-like flakes.
Therefore, the diversified design of microstructure for the
metal/ceramic composites is realized and the epsilon-
negative properties is confirmed to be influenced by the
composition and microstructure of the composites.
Researches in this area have established cases to prepare
epsilon-negative materials with composites, andit contrib-
uted to the electromagnetic functionalization of conven-
tional structural cermets.

In addition to metal/ceramic composites, multiphase
ceramics are also a class of composites that can achieve the
epsilon-negative properties. One kind of these ceramics
uses conductive ceramics (such as TiN and TiC) and
insulating ceramics like Al2O3 to prepare the ceramic
composites, and the other kind selects BaTiO3, SrTiO3,
BiFeO3 and other ferroelectric materials as functional
fillers [44–48]. The difference is that the former is similar to
metal/ceramic composites, of which the negative permit-
tivity behavior is plasma-like, while the negative permit-
tivity behaviorobserved in the latter is mainly caused by
dielectric resonance. The plasma-like negative permittivity
shows negative values in a wide frequency range that below
the plasma frequency, while resonance-type negative
permittivity only shows negative values in a narrow band
near the resonant frequency. As shown in Figure 5,
negative permittivity for composites containing ferroelec-
tric components is observed near the resonance frequency.
Negative permittivity in metal/ceramic composites are
attributed to plasma oscillations of free electrons, while in
the ceramic composites of ferroelectrics, no free electrons
are introduced, the resultant epsilon-negative performance
is caused by the resonance of dipoles under the action of
electric field. Dielectric properties of these ceramic
composites are also influenced by composition, from which
the frequency band and the strength of the resonance could
be regulated in order to realize negative permittivity in a
specific frequency range [45,49].

CMCs containing carbonaceous fillers can also be used
as advanced electromagnetic materials [50–52]. Carbon
aceous materials, such as graphene, carbon fibers, and
carbon nanotubes, possessing high electric conductivity,
high oxidation resistance, low density and high strength,
have been widely used to improve the toughness, strength,
and electrical properties of ceramic materials [53–56].
Cheng et al. prepared carbon/silicon nitride (Si3N4)
composites by an impregnation-carbonization approach-
similar to the process shown in Figure 3 [57,58]. The porous
Si3N4 ceramics were impregnated with sucrose aqueous
solutions and then carbonized to obtain amorphous carbon
within the ceramic matrix. On the one hand, with carbon
content increasing, dielectric permittivity of the compo-
sites changed from positive to negative. As shown in
Figure 6a and b, the pyrolytic carbon gradually becomes
interconnected in the ceramic matrix, and the transition of
permittivity changing from positive to negative occurs with
the evolution of microstructure. The observation of



Fig. 4. Morphologies and negative permittivity spectra of the metal/ceramic composites prepared impregnation-reduction process.
SEM images of Cu/YIG composites with 7wt% Cu (a), 13wt% Cu (b), 19wt% Cu (c), and 24wt% Cu (d); Permittivity spectra of
Cu/YIG composites (e, f) [42] Copyright © 2015, Elsevier.
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negative permittivity is attributed to the formed continu-
ous carbon networks in the ceramic matrix. On the other
hand, epsilon-negative properties of the C/Si3N4 compo-
sites are also influenced by the carbonization temperature.
As shown in Figure 6c, the pyrolytic carbon obtained from
higher treating temperature possesses higher graphitiza-
tion degree, with which the highly crystalline carbon
clusters forms conductive pathways, leading to the more
significant epsilon-negative performance. From this point
of view, CMCs with conductive carbon materials as fillers
are similar to the metal/ceramic composites, in which the
negative permittivity properties are all attributed to the
percolating pathways of conductive fillers within the
ceramic matrix. In addition, negative permittivity proper-
ties have also been studied in somedense ceramics with
graphene, multi-wall carbon nanotubes (MWCNTs) or
carbon blacks as fillers [59–62]. It’s noteworthy that both
resonance-type and plasma-like negative permittivity
spectra were observed in MWCNTs/Al2O3 composites.
The induced electric dipoles in isolated MWCNTs caused
the dielectric resonance for composites with low filling
content, and the formed conductive networks of MWCNTs
within insulting Al2O3 matrix resulted in the plasma-like
negative permittivity behavior, similar phenomena have
been also observed in some metal/ceramic composites [38].
Moreover, it’s interesting to found that negative permit-
tivity of CMCs with carbonaceous fillers hold smaller
absolute values than that of metal/ceramic composites,
whichmay be related to themoderate carrier concentration
of the carbonaceous fillers [58,63]. In short, CMCs provide



Fig. 5. Morphologies and dielectric resonance spectra of multiphase ceramics. SEM images of ceramic composites of
0.8Pb(Ni1/2Nb2/3)O3-0.2PbTiO3(PNNT)/Ba2Zn1.2Cu0.8Fe12O22 (a), and PNNT/Ba2Co1.2Cu0.8Fe12O22 (b); Permittivity spectra of
PNNT/Ba2Zn1.2Cu0.8Fe12O22 composites (c) [46] Copyright © 2006, AIP Publishing; Permittivity spectra of BiFeO3/Bi2Fe4O9

composites (d) [47] Copyright © 2018, Elsevier; Permittivity spectra of BaTiO3/SrTiO3 composites (e) [48] Copyright © 2019, John
Wiley and Sons.

6 G. Fan et al.: EPJ Appl. Metamat. 8, 11 (2021)
an alternative for the preparation of epsilon-negative
materials, of which the negative permittivity can be
tailored by the research methods of materials science.

2.3 Polymer matrix composites (PMCs) for ENMs

PMCs are composites with polymer materials as matrix,
and the functional fillers can be carbonaceous materials,
polymers, metals, and ceramics [65–67]. Similar to CMCs,
negative permittivity could also be realized in PMCs with
enough conductive fillers. Compared with ceramic matrix,
polymer materials as matrix could make PMCs flexible and
stretchable [68]. Sun et al. fabricated MWCNTs/PDMS
composites with a simple tape casting method [69]. As
shown in Figure 7a–d, due to the large aspect ratio of
MWCNTs, negative permittivity is observed in the
composites with only 5wt% MWCNTs owing to the very
low percolation threshold, and graphene as fillers also
makes the PDMS composites show negative permittivity at
very low filling content [70]. A more convenient process of
mixing and curing was used to prepare PVA matrix
composites, as shown in Figure 7e and f, the filling of
graphene or conductive carbon fibers ensures the compo-
sites show out epsilon-negative performance [71,72]. The
composites with PDMS or PVA as matrix are flexible and
stretchable despite the addition of carbonaceous fillers,
which makes the polymer matrix-ENMs have potential
application in some wearable devices. PMCs with negative
permittivity have more design possibilities. The epsilon-
negative properties realized with Ag-nanowires/polyure-
thane sponge was influenced by the elastic deformation of
polymermatrix, suggesting the compressible ENMsmay be
used as deformation sensors by testing the variation of
negative permittivity versus to the applied external force
[73]. The epsilon-negative performance of PMCs has been
realized in kHz, MHz, and GHz frequency bands, polymer
composites with negative permittivity are gradually
becoming a new branch of epsilon-negative metamaterials
[74–76].

The preparation of PMCs usually doesn’t involve a
high-temperature sintering process, so the reactionsare
relatively mild. Therefore, epsilon-negative performance of
the PMCs can be easily tailored with the modification of
the functional fillers. In P. Xie’s works, negative permit-
tivity is realized with epoxy-based composites with Fe and
Fe-alloy particles as conductive fillers [77,78]. The epsilon-
negative properties are attributed to the percolating
networks formed by interconnected metal particles. Then
they proposed a method to tailor negative permittivityvia
coating the conductive fillers with insulating SiO2. As
shown in Figure 8, when the fillers of PMCs are both bare
and coated metal particles, the coated fillers would cut off



Fig. 6. CMCs containing carbonaceous fillers for epsilon-negative metacomposites. Schematic preparation process (a) (Copyright ©
2016, The Royal Society of Chemistry) and permittivity spectra (b) (Copyright© 2016, Elsevier) of C/Si3N4 composites with different
carbon content [57,64]; Schematic diagram of microstructure and permittivity spectra of C/Si3N4 composites carbonized at different
temperature (c) [58] Copyright © 2017, Elsevier.
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the interconnected networks, leading to effective electron
concentration of the composites changed. As a result, the
absolute values and frequency dispersion of the negative
permittivity are both influenced by the addition of coated
particles. With the increase of coated fillers, negative
permittivity decreases and at same time the frequency
point for permittivity changing from negative to positive
shifted to low frequency. The coated particles are electric
capacitive (C) and the interconnected bare particles are
inductive (L), as a result, negative permittivity of these
ternary composites are influenced by LC resonance [78]. In
addition, influence of the synergistic effect of 1-dimensional
CNTs and 2-dimensional graphene flakes on the epsilon-
negative properties of phenolic resin compositeshave also
been investigated, suggesting the addition of CNTs is
beneficial to the appearance of negative permittivity for the



Fig. 8. Microstructure (a), electric conductivity (b), and permittivity spectra (c) of (FeSiBxcoated-FeSiB1-x)0.6Epoxy0.4 [77]
Copyright © 2017, Elsevier;Microstructure (d), schematic diagram of the microstructure (e), and permittivity spectra (f) of
(Fexcoated-Fe1-x)0.7Epoxy0.3 [78] Copyright © 2017, AIP Publishing.

Fig. 7. Flexible PMCs for epsilon-negative metacomposites. Permittivity spectra of MWCNTs/PDMS composites (a, b) [69]
Copyright © 2017, Elsevier; Permittivity spectra of graphene/PDMS composites (c, d) [70] Copyright © 2019, American Chemical
Society; Permittivity spectra of graphene/PVA composites (e, f) [71] Copyright © 2020, John Wiley and Sons.
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ternary composites [79]. The modification of conductive
fillers orthe introduction of another conductive compo-
nents aims to tailor the microstructure of PMCs in order to
modulate the epsilon-negative properties [80].
Thus it can be seen that the processes commonly used
to prepare CMCs and PMCs can be employed to prepare
the epsilon-negative materials by adding conductive fillers.
The modulation of negative permittivity of the composites



Fig. 9. Negative permittivity of doped ceramics. (a, b) Frequency dependence of the real and imaginary part of permittivity for
La1-xSrxMnO3 (x=0.1, 0.2, 0.3, 0.4, 0.5) ceramics [81] Copyright© 2015, Elsevier; (c) Negative permittivity spectra of La0.5Sr0.5MnO3

ceramics at different temperature [83] Copyright © 2020, Elsevier; (d) Negative permittivity spectra of tin-doped indium oxide
ceramics at different temperature [85] Copyright © 2021, Elsevier.
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can be achieved through composition design and micro-
structure adjustment, which is in line with the research
method and standpoint of materials science. Compared
with ceramic-based ENMs, the preparation process of
polymer-based ENMs is much simpler and more diverse.
The prepared composites can be not only blocks, but can
alsobe flexible films or sheets, which greatly enriches the
diversity of ENMs.

2.4 Doped ceramics or polymers for ENMs

It can be considered that the functional components are
ordered in metamaterials, while the conductive fillers in
composites are random and disordered. Except for the
negative permittivity accompanied with dielectric reso-
nance, appearance of the plasma-like negative permittivity
behavior in CMCs and PMCs is closely related to the
formedconductive networks in the insulating matrix. From
another perspective, the epsilon-negative property of
composites is realized by regulating the effective electron
concentration. The thin metal wire arrays could be
considered as that the metal block has been substantialdi-
luted. Similarly, CMCs and PMCs could also be regarded
as that the extensive free electrons within them are diluted
by the insulting matrix. From this it appears that the
appropriate electron concentration is of great significance
to the realization of negative permittivity, which seems to
be independent of whether the electrons are uniformly
distributed in the material. Therefore, some mono-phase
ceramics and homogenous polymers have been doped to
increase electron concentration in order to achieve the
epsilon-negative performance.

One kind of the materials that could effectively
change electron concentration by doping is semi-metallic
materials. Using sol-gel process and auto-combustion
methods, Yan et al. prepared Sr-doped LaMnO3
(La1-xSrxMnO3, x=0.1, 0.2, 0.3, 0.4, 0.5) and studied the
electric and dielectric properties [81,82]. Due to the double-
exchange effect, electron concentration and electric
conductivity of the doped La1-xSrxMnO3 ceramics are
evidently improved, and the dielectric properties are also
influenced by Sr-doping. As shown in Figure 9a and b, as
Sr-dopants increase from 0.1 to 0.5, dielectric resonance
and negative permittivity are both observed, With the
increasing of Sr-doping, the absolute values of negative
permittivity increase, which is attributed to the increased
electron concentration caused by Sr-doping. In addition, it
can be observed the doped ceramics exhibit evident
dielectric loss with the appearance of negative permittivity.
For x=0.1, the loss peak of dielectric resonance is observed;
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for the case of x varying from 0.2 to 0.5, the imaginary part
of permittivity decreases with frequency increasing,
suggesting the dielectric loss is mainly caused by conduct-
ing loss. Wang et al. studied the negative permittivity
performance in La0.5Sr0.5MnO3 ceramics at different
temperature, as shown in Figure 9c [83]. The results show
that the plasma-like negative permittivity behavior is
temperature-dependent. With temperature increasing,
variation trends of the negative permittivity spectra are
almost unchanged, while the absolute values of negative
permittivity decrease, which is caused by that the
plasmonic state of free electrons is affected by the elevated
temperature. Free electrons obtain higher energy andmove
faster yet more randomly at high temperature due to the
more significant scattering effect, leading to the plasma
oscillation process can not be excited as effectively as at low
temperature [84]. Another promising kind of materials that
could realize epsilon-negative properties by doping is
semiconductors, ofwhich the electron concentration can be
easily improved via donor dopants doping. Tin-doped
indium oxide (ITO) and antimony-doped tin oxide (ATO)
have been successivelyinvestigated for single phase epsilon-
negative ceramics [85,86]. As shown in Figure 9d, epsilon-
negative performance is realized and the temperature-
dependent negative permittivity is like that in semi-
metallic materials. Epsilon-negative behavior originates
from the plasmonic state of free electrons and the
decreasing negative permittivity is ascribed to the
increased scattering effect with temperature increasing.
In addition to semi-metallic materials and semiconductors,
Bi-based perovskite structuredsuperconducting material,
(Bi0.3Eu0.7) Sr2CaCu2O6.5 ceramic, has been also studied
for ENMs, of which the negative permittivity is attributed
to plasma oscillations and could be tuned by some rare
earth elements doping [87].

The doping-dependent negative permittivity is also
observed in homogeneous polymers. For some conducting
polymers, such as polypyrrole (PPy) and polyaniline
(PNAI), the electric conductivity can be effectively
improved by doping with specific types of ions. Inves-
tigations on the hexafluorophosphate doped PPy and d,
1-camphorsulfonic acid doped PANI have suggested that
delocalized electrons are introduced with doping and the
polymers with high electron concentration change into
metallic state from insulator [88,89]. As a result, negative
permittivity has alsobeen realized with these conducting
polymers as the frequency varies from kHz to GHz, even to
THz and optical bands [90–93]. As shown in Figure 10a, Xu
et al. doped PANI with different acid. The crystallinity of
PANI is improved after doping, which is conducive to the
electrons transport between molecular chains. Negative
permittivity appears due to the plasma oscillations of free
electrons. Meanwhile, the epsilon-negative properties are
different due to the influence of different acid are different
on the structure of PANI. In addition, Figure 10b shows
negative permittivity doped with PTSA is affected by its
doping amount, which is attributed to that electron
concentration is related to acid amount [90]. Phosphoric
acid (H3PO4) doped poly (benzimidazole) (PBI) also shows
negative permittivity as temperature increases, as shown in
Figure 10c. With temperature increasing, the permittivity
is increased due to the higher polarization of the doped ions
with higher mobility at high temperature. The permittivity
decreases with increasing frequency, exhibiting relaxation
andresonance dispersion. With the appearance ofreso-
nance, the permittivity has undergone a transition from
positive to negative [94]. The epsilon-negative properties
are also affected by the orientation of polymers, as shown in
Figure 10d, negative permittivity of the hexafluorophos-
phate (PF6)-doped polypyrrole (PPy) is different at the
direction parallel or perpendicular to the orientation [93].
In addition to these doped polymers, some other homoge-
neous polymers are developed to be ENMs via injecting
static charges. Similarly, the negative permittivity is
attributed to the plasmonic state of the charges in electric
field [28].

2.5 Mechanism of negative permittivity in ENMs

The dielectric permittivity reveals the response modes and
abilities of the electric charges of materials to an exerted
electric field. For composites consist of conductive fillers
and insulatormatrix, the permittivity is positive when filler
content is low. In this case the homogeneously distributed
fillers are isolated within the insulating matrix. Interfacial
polarizations are increased with filler’s content increasing,
leading to the permittivity of composites increases [95,96].
As the conductive filler’s content further increases and
exceeds the percolation threshold, physical properties of
the composites would be dramatically changed. In this case
the content of conductive fillers is high enough to form the
percolating pathways, resulting in electric conductivity of
composites increases substantially and permittivity turns
into negative values from positive [97,98]. The epsilon-
negative properties of composites are closely related to the
formed percolating networks of the interconnected con-
ductive fillers.When the composites are put into an electric
field, the extensive delocalized electrons would be acceler-
ated under the action of electric field force and then be
drawn backward by the coulombic forceexerted by positive
ion cores. Such a repeated motion process of electrons in
alternating electric field is considered as plasma oscillations
[99,100]. It’s widely accepted that the negative permittivity
behavior derived from plasmonic state of free electrons is
plasma-like, the real part of permittivity that deduced from
the Drude model of equation (1) is represented as below
[23,101]:

e0 ¼ 1� v2
p

v2 þ g2
: ð5Þ

For composites containing conductor fillers, the plasma
frequency vp is determined by the content of conductor
fillers due to free electrons in these heterogeneous
composites are mainly introduced in this way. The
composites with different content of conductors can be
considered as the extensive electrons are diluted by
insolating ceramic or polymer matrix in different degree,
similar to the idea of wire arrays in metamaterials. The
epsilon-negative properties of the percolative conductor/
insulator composites therefore can be tailored through the
regulation of composition [102,103]. When dielectric



Fig. 10. Negative permittivity in various doped-polymers. PANI doped with different acids (a), PANI doped with PTSA with
different concentration (b) [90] Copyright © 2020, Elsevier; PBI doped with H3PO4 (c) [94] Copyright © 2012, John Wiley and Sons;
PPy doped with PF6 (d) [93] Copyright © 2003, American Physical Society.
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resonance is induced in the dielectric components or the
isolated conductor fillers of composites, epsilon-negative
properties could be also realized. In this case the negative
permittivity appears only in a narrow range near the
resonance frequency. The resonance-type negative permit-
tivity behavior can be well described by Lorentz model
[48,104]:

e0 ¼ 1þ v2
p v2

0 � v2
� �

v2
0 � v2

� �2 þ v2G2
1

: ð6Þ

Figure 11a and b shows the mechanism of negative
permittivity in composites can be attributed to dielectric
resonance and the plasmonic state of free electrons induced
in the percolating pathways [105]. Sometimes the reso-
nance-type and plasma-like negative permittivity behavior
can also be observed at the same time, as shown in
Figure 11c. For the composites with conductor fillers
content close to percolation threshold, resonance response
of isolated particles and plasmonic state induced in the
connected networks can be realized simultaneously,
resulting in the complicated permittivity spectra, that
can be explained by combining the Drude model and
Lorentz model [106,107]. Therefore, materials with tunable
negative permittivity could be obtained by the means of
the preparation process of composites. The homogeneous
materials of ceramics or polymers are also promising for
ENMs as long as free electronswith appropriate concentra-
tion is introduced. The plasma frequency could be
regulated to shift from several kHz to GHz and even
optical bands by regulating average electron concentration,
thus negative permittivity could be tailored in a very wide
frequency band. Compared to the wire arrays with periodic
structure, the various materials with negative permittivity
in the above review are all prepared with the method of
material science, which not only expands the concept of
ENMs, but also enriches the connotation of advanced
functional materials.



Fig. 11. Mechanism of negative permittivity (a) and schematic diagram of the microstructure (b) for epsilon-negative composites
[105] Copyright © 2015, Elsevier; (c) shows simultaneous Drude-type and Lorentz-type negative permittivity spectra of
(Cu0.24FeNi0.76)0.85PPS0.15 composites [106] Copyright © 2016, AIP Publishing.
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3 The application of epsilon-negative
metacomposites

3.1 Electromagnetic interference shielding of ENMs
in GHz bands

It’s one of the most promising applications for ENMs to be
used as novel electromagnetic materials. In past several
years, many studies on the applications of ENMs in this
field have been carried out. It’s found that negative
refraction could be realized in ENMs with simultaneous
negative permeability. Therefore, the left-handed propa-
gation of electromagnetic waves is expected and the ENMs
could be used as high-effective absorbers on condition that
impedance matching is satisfied in the ENMs [105,106].

In addition, ENMs composed of CMCs or PMCs were
found to exhibit remarkable electromagnetic interference
shielding performance in microwave bands. Wu et al.
fabricated graphene foam (GF)/poly (3,4-ethylenedioxy-
thiophene): poly (styrenesulfonate) (PEDOT:PSS) com-
posites and investigated the electromagnetic properties in
X-band [25]. The results show that negative permittivity is
caused by the extensive macroscopically delocalized
electrons in the interconnected conductive networks of
GFs and highly conductive PEDOT:PSS coatings. As
shown in Figure 12a, the absolute values of negative
permittivity are increased with the increasing mass ratio of
PEDOT:PSS to GF. Figure 12b shows the electromagnetic
shielding performance is contributed by absorption and
reflection. The former is ascribed to the direct absorption-
scaused by polarization and multiply reflections, the latter
is attributed to interactions between the incident waves
and free electrons of materials. The epsilon-negative
composites with internally formedthree-dimensional con-
ductive networks are taken as loss left-handed materials,
and the incident waves would be effectively attenuated
without internal propagation. Thus, with the electric
conductivity increases, the shielding effectiveness of
absorption (SEA) increases while the shielding effectiveness
of reflection (SER) keeps virtually unchanged, as shown in
Figure 12c. Furthermore, Figure 12d and e suggests that
SEA plays a dominant role in the total shielding
effectiveness (SET), and the composites of GF/PEDOT:
PSS-4.6 exhibits high average SET of 91.9 dB, which is
much higher than the minimum requirement of 20 dB for
commercial applications [108]. What’s more attractive is
that the graphene nanosheet reinforced Al2O3 ceramics
show temperature-dependent epsilon-negative perfor-
mance, leading to the ENMs with variable negative
permittivity are potential for electromagnetic shielding
applications at high temperature [109]. Besides, unlike the
absorption dominated shielding effectiveness [108,109],
Cheng et al. found the shielding performance of epsilon-
negative Ag/Si3N4 composites are dominated by strong
reflection caused by intense impedance mismatching due to
the huge values of negative permittivity [110]. These
worksendowed the electromagnetic functional materials
with new choices and provided a novel solution for ENMs
to be applied in electromagnetic shielding field.

3.2 Dielectric enhancement in laminated composites
containing ENMs

If the considered frequency range is extended to MHz and
even kHz bands, the investigations of ENMs will intersect
with that of dielectrics. The investigations of dielectrics
focus on polarization, and the goal is to achieve high
dielectric constant, low dielectric loss and high energy
storage density, while most investigations of ENMs are
devoted to achieve the tunable negative permittivity based
on plasma oscillations of delocalized electrons in the
composites [111,112]. It’s full of interest to design high
permittivity dielectrics with ENMs contained. Based on
the capacitance series model, Shi et al. pioneered in the



Fig. 12. Electromagnetic shielding performance of epsilon-negative GF/PEDOT:PSS composites. Permittivity spectra (a), schematic
illustration of the electromagnetic shielding mechanism (b), Shielding effectiveness of absorption (SEA) and refraction (SER) (c), Total
shielding effectiveness (SET) (d), Summary of SEs, SSEs, and SSEs normalized by area density versus to the mass ratio of PEDOT:PSS
to GF (e) [25] Copyright © 2017, American Chemical Society.
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investigation oflaminated composites containing ENMs
layers for high permittivity dielectrics [113,114]. When the
permittivity of ENMs layers is balancing by that of
dielectrics layers, the laminated composites will exhibit
very high dielectric permittivity. As shown in Figure 13a–e,
permittivity of bilayer composites composed of one
positive-k layer and one negative-k layerrepresents an
increasing tendency with the increase of the thickness ratio
of the two layers, while the low dielectric loss is basically
unchanged. In addition to the high permittivity and low
dielectric loss, high breakdown strength is also essential for
the composites to achieve high energy density. Thus,
sandwich-structured composites with ENMs as intermedi-
ate layerare developed, as shown in Figure 13f, the outer
dielectric layers containing BaTiO3 fillers are of vital
importance to ensure the laminated composites keep low
dielectric loss and high breakdown strength. Furthermore,
as shown in Figure 13g, Gu et al. introduced both ENMs
and insulator layers into the laminated composites to
further restrict the dielectric loss and guarantee the high
breakdown strength [115]. The extensive delocalized
electrons in ENMs and the increased heterogeneous
interfaces are favorable to the interfacial polarizations,
leading to the enhanced dielectric permittivity.Meanwhile,
dielectrics layers confined electrons move in long distance,
avoiding the dielectric loss caused by conduction loss. And
the insulator layers with high breakdown resistance
effectively ensured the composites can not be broken down
as the exerted voltage increases. Therefore, the laminated
composites containing ENMs layers bring a new approach
to obtain high dielectrics, which is important to the
development of novel capacitors.
3.3 Other potential applications

The various novel behaviors of ENMs are providing more
andmore fresh ideas for the design of electronic devices and
electromagnetic functional materials. The impedance
behaviors of ENMs have been thoroughly discussed in
many literatures, demonstrating that the current phase in
ENMs lags the voltage phase, which differs from the phase
relationships of current and voltage in normal dielectrics
[116,117]. Common materials with positive permittivity
exhibit capacitance behaviors, and correspondingly, it
could be asserted that ENMs with reverse phase relations
are electric inductive [28,118]. Inspired by the typical
structures of parallel-plate capacitors, Engheta and Li
replaced the dielectrics between metal electrodes with an
epsilon-negative waveguide structure, resulting in the
artificial construct functions with inductive impedance
[119]. Therefore, it’s promising for ENMs to be applied into
coil-less inductors, which is significant to the miniaturiza-
tion and thin slicing of electric inductors. In addition, it’s
widely accepted that the plasma-like negative permittivity
will turn into positive values as frequency reaches up to
plasma frequency. As discussed in former sections, the
plasma frequency of composites is not only determined by
fillers’ content, but also affected by the intrinsic properties
of the conductor fillers. The dielectric dispersion and the
transition for permittivity changing from negative to
positive could be regulated through fillers’ modification.
From this point of view, Qiu et al. constructed graphene/
polyolefin elastomer epsilon-near-zero metamaterials, of
which the content and the reduction methods of graphene
were adjusted to obtain moderate electron concentration,



Fig. 13. Laminated composites containing ENMs layers for high permittivity dielectrics. Mechanism of dielectric enhancement in
bilayer composites with positive-k and negative-k layers (a), Schematic illustration of the bilayer composites (b), Frequency
dependence of permittivity of the single layers and bilayer composites (c–e)[113] Copyright © 2017, American Chemical Society;
Sandwich-structured composites with positive-k, negative-k, positive-k layers (f) [114] Copyright © 2017, The Royal Society of
Chemistry; Multilayered composites containing positive-k, negative-k, and insulator layers (g) [115] Copyright © 2019, American
Chemical Society.
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resulting in the negative permittivity keeps near-zero in a
relatively wide frequency band [120]. ENMs with very
small values of negative permittivity are promising for
epsilon-negative metamaterials, which will promote the
integration of the versatile composites with various
metamaterials.
4 Summary and outlook

In summary, a compressive review of epsilon-negative
materials realized with common composites or homoge-
neous materials are presented. Negative permittivity will
be observed when the plasma oscillation of electrons or the
dielectric resonance of electric dipoles is induced at a
certain frequency. Composites with fillers content exceed-
ing percolation threshold are epsilon-negative owing to the
three-dimensional connected networks formed by the
conductor fillers. The homogeneous ceramics or polymers
can also be epsilon-negative, as long as the free electrons
within them come into the plasmonic state. The epsilon-
negative properties are closely related to the composition
and microstructure of various materials. In a word, from
the perspective of materials science, various “real”
materials even without the precise artificial periodic
building blocks of metamaterials can be constructed and
regulated to be epsilon-negative materials using materials
preparation methods. Moreover, compare to common
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positive permittivity materials, epsilon-negative materials
have shown great potentials in various electronic and
electromagnetic devices due to the completely new
response mechanism. The development of the epsilon-
negative materials has accelerated the integration of
natural materials and metamaterials, and the investiga-
tions of epsilon-negative materials are gradually becoming
an important branch in the field of metamaterials.

The preparation methods and relation mechanism of
epsilon-negative materials with natural materials have
been basically clarified, however, in-depth explanations of
the mechanism and more abundant means of the property
modulation should be further developed in the future work.
Researchers working on the epsilon-negative materials may
need to cooperate with the peers in the field of dielectrics
and metamaterials to further explore the applications in
more electronic and electromagnetic devices. At present,
the factors that may affect the applications of epsilon-
negative materials are still unclear. Therefore, the basic
physical properties of these epsilon-negative materials need
to be clarified frommore aspects. All the efforts made on the
various epsilon-negative materials have enriched the
connotation of advanced functional materials and meta-
materials.
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