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While metal is the most common conductive constituent element in
the preparation of metamaterials, one-dimensional conductive
carbon nanotubes (CNTs) provide alternative building blocks. Here
alumina (Al2O3) nanocomposites with multi-walled carbon nanotubes (MWCNTs) uniformly dispersed in the alumina matrix were
prepared by hot-pressing sintering. As the MWCNT content
increased, the formed conductive MWCNT networks led to the
occurrence of the percolation phenomenon and a change of the
conductive mechanism. Two diﬀerent types of negative permittivity
(i.e., resonance-induced and plasma-like) were observed in the composites. The resonance-induced negative permittivity behavior in
the composite with a low nanotube content was ascribed to the
induced electric dipole generated from the isolated MWCNTs. The
frequency dispersions of such negative permittivity can be ﬁtted
well by the Lorentz model, while the observed plasma-like negative
permittivity behavior in the composites with MWCNT content
exceeding the percolation threshold could be well explained by the
low frequency plasmonic state generated from conductive nanotube networks using the Drude model. This work is favorable to
revealing the generation mechanism of negative permittivity behavior
and will greatly facilitate the practical applications of metamaterials.

1.

Introduction

Electromagnetic metamaterials with negative permittivity or/and
permeability have triggered tremendous fundamental and praca
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tical interest in the past few decades, owing to their exceptional
physical properties and intriguing applications, such as invisibility, imaging, antennae, sensors, waveguides, electromagnetic
wave absorbers and so on.1–8 Since Smith et al. successfully
obtained a negative refractive index in a patterned metamaterial
consisting of periodic unit cells in 2000,9 various patterned
metamaterials have been designed and fabricated to achieve
negative permittivity or/and permeability at multiple frequency
bands.10–13 In these metamaterials, their unique electromagnetic property mainly derives from the arrangement of their
ordered structures, and is dominated by the geometrical parameters of their periodical structure such as size and topology.14,15 The feasibility of realizing negative electromagnetic
parameters was demonstrated in the materials without clear
periodic structures.16–18 These materials are termed random
metamaterials and have an isotropic electromagnetic response.19
The negative parameters of these random metamaterials mainly
rely on their composition and microstructure, which opens a
way to design metamaterials with more freedom.17
In the study of random metamaterials, the metal composites captured more attention than other composites.20,21
Some metal composites, with metal (for example, Ni, Fe, Ag or
Co) particles randomly dispersed in a porous alumina host,
were prepared to achieved negative electromagnetic parameters of nearly 1 GHz.22–25 Negative permittivity was revealed
to arise from the plasma oscillation of delocalized electrons in
formative metal networks, while negative permeability was
caused by the strong diamagnetic response of current loops in
metallic networks. Tsutaoka et al.19,26,27 reported tunable
negative parameters in copper granular composites at microwave frequency bands, with negative permittivity resulting
from low frequency plasmonic states in metal particle clusters,
and negative permeability originating from the magnetic
resonance of magnetic media. Negative parameters were also
observed in the metal alloy composites containing Fe53Ni47,
FeNiMo or Fe78Si9B13 particles.28–30 However, those materials
have some limitations, such as poor chemical stability,
high dissipative losses and enormous negative value of
permittivity.20
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Carbon composites with negative parameters have also
been reported. For example, Zhong et al.31 realized controllable negative permittivity in a polymer nanocomposite with
three dimensional carbon nanofibers (CNFs) networks. Guo
et al.32–35 achieved negative permittivity in polymer composites
with diﬀerent carbon structures, including graphene, CNFs
and carbon fabrics. Negative permittivity was also observed in
amorphous carbon composites consisting of carbon membranes spreading out on the pore walls of the porous dielectric
matrixes.20,36 The observed small magnitude of negative permittivity in testing frequency was considered to stem from the
moderate carrier concentration in the conductive carbon networks. Meanwhile, negative permittivity behavior was found in
CNTs and their polymer composites recently, arising from the
low frequency plasmonic state in CNTs.37–40 As a truly onedimensional conductive nano-material, CNTs with excellent
mechanical and thermal properties can be regarded as good
candidates for constructing random metamaterials. As compared with the polymer composites, ceramic composites (such
as Al2O3) possess excellent chemical stability and favorable
thermal and mechanical properties, and can be better applied
in extreme environments.25,41 However, literature related to
negative parameters of CNTs/ceramic composites is rare.
Herein, alumina nanocomposites with CNTs uniformly dispersed in the alumina matrix were prepared by traditional
ceramic technology followed by hot-pressing sintering. The
conductivity and radio-frequency dielectric behaviors of these
composites were investigated. A percolation phenomenon
occurred in the nanocomposites on increasing the MWCNT
content. With the MWCNT content reaching the percolation
threshold, the nanocomposites also underwent a capacitive–
inductive transition and a change of the conductive mechanism. Most importantly, two diﬀerent types of negative permittivity behaviors were observed in the nanocomposites. These
unique behaviors were analyzed using the Lorentz model and
Drude model, respectively.

Nanoscale

powders were dried in an air circulation oven at 80 °C for 24 h,
and then sieved with a 200-mesh sieve. Finally, the obtained
mixture of powders were sintered by hot pressure sintering
with 30 MPa pressure at 1550 °C for 1 h under flowing argon
to obtain bulk MWCNT/Al2O3 composites. The Al2O3 ceramic
was also prepared by the same sintering process for comparison. The sintered samples were polished to mirror surface,
and the final size of the circular sample was ∅ 30 mm × 2 mm.
The phase composition of the MWCNTs/Al2O3 composites
was measured by an X-ray diﬀractometer (XRD, XD2/3, Beijing
Purkinje General Instrument Co., Ltd, Beijing, China) with
Cu Kα radiation in air at room temperature. The fracture surface
morphology and microstructure of the composites were
obtained using a field emission scanning electron microscope
(FESEM, SU-70, Hitachi, Tokyo, Japan). The electrical properties
(including conductivity, impedance and permittivity) of the
specimens were determined using an Agilent E4991A Precision
Impedance Analyzer with a 16453A dielectric test fixture in a frequency ranging from 10 MHz to 1 GHz. The impedance (Z′, Z″),
capacitance (C) and resistance (Rp) data of the samples were
tested by the impedance analyzer under alternating current (ac)
voltage 100 mV at room temperature. The complex permittivity
(ε′, ε″), impedance modulus value (|Z|) and the real part of ac
conductivity (σac) were calculated by eqn (1)–(4), respectively:
Cd
ε0 S

ð1Þ

d
2πf ε0 SRp

ð2Þ

ε′ ¼
ε′′ ¼
jZ j ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jZ′j2 þ jZ′′j2
σ ac ¼

d
RS

ð3Þ
ð4Þ

where d is the sample thickness, S is the electrode plate area,
C is the capacitance, Rp is parallel resistance, R is the real
part of impedance (R = Z′), ε0 is the permittivity of vacuum
(8.85 × 10−12 F m−1), and f is the frequency.

2. Experimental
The Al2O3 composites with MWCNT contents of 1 wt% (1.85
vol%), 4 wt% (7.01 vol%), 7 wt% (11.33 vol%), 9 wt% (13.76 vol%),
10 wt% (14.82 vol%) and 12 wt% (18.0 vol%) were prepared
by hot-pressing sintering. The Al2O3 powders had an average
particle size of 100 nm, and their purity was more than 99.9%.
Fig. S1† shows the FESEM images of the powders. The
MWCNTs with lengths more than 5 μm and diameters ranging
from 10 to 30 nm were obtained from the Shenzhen Nanotech
Port Co. Ltd, PR China. Pickling of the MWCNTs with 68%
nitric acid for about 3 h at 120 °C was conducted to improve
their dispersibility and remove impurities. The FESEM images
of the obtained MWCNTs are presented in Fig. S2.† The
MWCNTs were shortened by an acid treatment process. The
mixtures of Al2O3 powders and acid treated MWCNTs were dispersed into ethanol and ultrasonicated for 30 min. Then the
suspensions were magnetically stirred for 24 h. The mixed
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3. Results and discussion
3.1

Microstructure characterization

Fig. 1 and S3† show the FESEM images of MWCNTs/Al2O3 composites with diﬀerent MWCNT contents. The isolated nanotubes
are uniformly distributed in the alumina matrix and attached to
the grains. As the MWCNT content increases, the nanotubes
gradually interconnect with each other, and the three-dimensional nanotube networks can be observed in the composites
with high MWCNT contents (Fig. 1d and S3d†). Large diﬀerences in Al2O3 grain sizes and shapes are also observed in the
microscopy images. The MWCNTs act as pinning centers hindering Al2O3 grain growth during sintering. For the samples
with high MWCNT concentrations, the enhanced pinning eﬀect
leads to a decrease of grain size and a change of grain shape to
an ellipsoidal shape. Fig. 2 shows the XRD patterns of MWCNTs
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FESEM images of MWCNTs/Al2O3 composites with a MWCNT content of (a) 1; (b) 4; (c) 7 and (d) 10 wt%.

and their composites. Two characteristic peaks are observed for
MWCNTs at around 26° and 43°.42,43 But the main crystalline
phases of the composites are Al2O3, and the characteristic peaks
of MWCNTs cannot be clearly identified in the XRD patterns.
This may be due to the fact that the MWCNT contents are less,
or the intensity of MWCNTs peaks is much lower than those of
the crystalline Al2O3.
3.2

Conductivity behavior

Fig. 3 shows the frequency dependent ac conductivity (σac)
for the Al2O3 ceramic and its composites with diﬀerent

Fig. 3 Frequency dispersions of ac conductivity for the Al2O3 ceramic
and MWCNTs/Al2O3 composites with diﬀerent MWCNT contents.

Fig. 2 XRD patterns of MWCNTs and MWCNTs/Al2O3 composites with
diﬀerent MWCNT contents.

This journal is © The Royal Society of Chemistry 2017

MWCNT contents. The σac increases on increasing the frequency of the composites with a content of not more than
10 wt%, while the σac decreases as the frequency increases
for composites with a high MWCNT content. The diﬀerent
variation trends of σac depending on the frequency indicate
diﬀerent conductivity mechanisms, and a percolation
phenomenon occurs in the composites on increasing the
MWCNT content. The percolation threshold is between
9 wt% (13.76 vol%) and 10 wt% (14.82 vol%). The schematic
of microstructural evolution and conductivity mechanisms
for the composites with various nanotube contents is shown
in Fig. 4. For the composites below the percolation
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Fig. 4
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Microstructural evolution schematic of the MWCNTs/Al2O3 composites on increasing the MWCNT contents.

threshold, the σac–f relationship in the low frequency obeys
the formula:23
σ ac ¼ σ dc þ Að2πf Þn

ð5Þ

where σdc is direct current conductivity, f is the frequency, A is the
pre-exponential factor and n is the fractional exponent (0 < n < 1).
This is suggestive of a hopping conduction behavior in the composites. That is to say, the electrons can “jump” between adjacent
MWCNTs under the action of an external electric field.25 And a
deviation from the law in the conductivity spectra at the high frequency should be ascribed to the contribution of dielectric resonance behavior,44 which we will discuss later. Furthermore, there is
no σdc plateau at low frequency in the conductivity spectrum of
the composites with 1 wt% MWCNT content, which should
appear in the lower frequency band (below 10 MHz).
When the MWCNT content exceeds the percolation
threshold, the nanotubes or tube clusters are connected to
each other to form a conducting network throughout the composites, which results in a metal-like conductive behavior.23,45
As is well known, when an alternating electric current flows
through a conductor, the electric current mainly flows at the
“skin” of the conductor, which is called the skin eﬀect. The
skin depth can be expressed as eqn (6):25

δ¼

2
ωσ dc μ

1=2
ð6Þ

where δ is the skin depth, ω is the angular frequency (ω = 2πf )
and μ is the static permeability. The increasing frequency will
reduce the skin depth and enhance the skin eﬀects.23 Hence,
the σac of composites decreases with increasing the frequency,
especially at high frequencies.
3.3

Reactance and equivalent circuit analysis

Fig. 5 shows the frequency dependence of reactance (Z″) and
impedance (|Z|) for the pure Al2O3 ceramic and its composites
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with diﬀerent MWCNT contents. Materials which are placed
into an external ac electric field can be regarded as a circuit
consisting of capacitors, resistors and inductors.24 In the
circuit, the inductor and capacitor will oppose the change of
electric field, which is known as inductive reactance (ZL) and
capacitive reactance (ZC). The reactance is expressed as Z″ =
ZL − ZC.20 The Z″ increases as the MWCNT content increases,
which is attributed to the enhanced inductance resulting from
the enhanced connectivity of MWCNTs. The Z″ of the Al2O3
ceramic and its composites with MWCNT contents less than
10 wt% is negative (Z″ < 0) in the whole test frequency band
(Fig. 5a), indicating that the ZC is larger than the ZL. The
inductance is very weak in the composites with the low
MWCNT contents, so the composites can be regarded as a
capacitor with leakage current and show a capacitive behavior.21 On further increasing the MWCNT content, the
Z″ becomes positive (Z″ > 0) (Fig. 5b), and the composites
manifest an inductive behavior, because the inductance is
dominant in the composites. There is a shift for Z″ from positive to negative, demonstrating that the composites underwent
an inductive–capacitive transition on increasing the frequency.
The equivalent circuit model is used to analyze the impedance response of the composites, Fig. 5c. The values of the
corresponding parameters from the fitting results are listed in
Table S1.† It is found that the equivalent circuit can model the
experimental data very well. The composites with low MWCNT
contents are equivalent to a circuit consisting of resistors
(Rs and Rp) and a capacitor (C) (inset of Fig. 5c). Rp represents
an internal contact resistor resulting from a current through
the composites (leakage current), while Rs is related to the
plate and electrode resistance as well as resistance eﬀects due
to the operating conditions (such as signal frequency).46,47 The
increase of MWCNT content results in the nanotubes being
much closer to each other in the composites, leading to the
enhancement of electric leakage. Hence, the Rp of composites
decreases as the MWCNT content increases.47 And the
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10 to 12 wt%, the inductances (L1 and L2) become larger due
to the formation of more nanotube networks in the
composites.
3.4

Negative permittivity behavior
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Fig. 6 depicts the frequency dependences of permittivity (ε* =
ε′ − iε″) for the Al2O3 ceramic and its composites with various
contents of MWCNTs. The dielectric curves are clearly
diﬀerent in the composites with diﬀerent MWCNT contents.
The real part of the permittivity (ε′) of the composites below
the percolation threshold (Fig. 6a) increases with the increase

Fig. 5 Frequency dependence of the reactance (a), (b) and impedance
(c) for the Al2O3 ceramic and MWCNTs/Al2O3 composites with diﬀerent
MWCNT contents. The equivalent circuit models are also shown in (c).

C increases on increasing the nanotube content due to the
enlarged MWCNT–Al2O3 interface area.24 The composites
beyond the percolation threshold are equivalent to a circuit
consisting of resistors (Rp, R1 and R2), capacitor (C), and
inductances (L1 and L2) (inset of Fig. 5c). The introduced
inductance element, in the equivalent circuit for the composites with high MWCNT contents, is attributed to the formation of conductive MWCNT networks and the generation of
current loops in the conductive networks under the high frequency electric field.21 As the MWCNT content increases from

This journal is © The Royal Society of Chemistry 2017

Fig. 6 Frequency dependences of permittivity for the Al2O3 ceramic
and MWCNTs/Al2O3 composites with diﬀerent MWCNT contents.
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of the MWCNT content, which coincides with the results of
the equivalent circuit analysis. A dielectric resonance appears
in the composites with low MWCNT contents (for example,
1 wt%) at high frequency, and yet the complete resonance
curve is not observed in our testing frequency region. The
dielectric resonance behavior is well described by the Lorentz
model:28,48,49
ε* ¼ ε′  iε′′ ¼ 1 þ
ε′ ¼ 1 þ

ω0

2

ωp 2
 ω2 þ iΓ L ω

ωp 2 ðω0 2  ω2 Þ
ðω0 2  ω2 Þ2 þ ω2 Γ L 2

ð7Þ
ð8Þ

where ε′ is the real part of permittivity, ε″ is the imaginary part
of permittivity, ω (ω = 2πf ) is the angular frequency of the electric field, ω0 (ω0 = 2πf0) is the characteristic frequency (or
resonance frequency), ωp (ωp = 2πfp) is the angular plasma frequency describing the resonance strength, and ΓL represents
the damping constant related to the broadening of resonance.
Excellent agreement between the measured and simulated
results was obtained (solid line in Fig. 6a), and the obtained
ΓL, fp and f0 are 3 × 109, 11.6 and 955 MHz, respectively. The
Lorentz type dielectric resonance should result from the
induced electric dipole in the isolated MWCNTs.28 When the
frequency of external electric field reaches the resonance frequency range (near f0), negative permittivity may be obtained.
For the composites with a loading of 1 wt%, negative permittivity is observed in the resonance frequency band (950 MHz–1
GHz). The composite with 4 wt% MWCNT content also shows
the dielectric resonance behavior at high frequency (around 1
GHz), whereas negative permittivity behavior is not observed
in the measured frequency band. And it is reasonable to
suppose that negative permittivity would appear in the higher
frequency band (more than 1 GHz). Moreover, such Lorentz
type dielectric resonance and negative permittivity behavior
were also observed in many other composites.28,48,50 In the
composites with MWCNT contents of 7 and 9 wt%, the ε′
decreases on increasing the frequency, which is attributed to
the enhanced electric leakage. Along with the increase of
MWCNT content, the nanotubes are much closer to each other
and more electrons can hop between the neighboring nanotubes, causing enhancement of electric leakage. For the composites beyond the percolation threshold, further increasing
the MWCNT content leads to the interconnection of nanotubes, and three-dimensional MWCNT networks are formed.
A plasma-like negative permittivity behavior is observed at low
frequencies (Fig. 6b), resulting from the low-frequency
plasmon of free electrons in MWCNT networks.39 The dispersion characteristic of permittivity can be explained by the
following Drude model:51,52
ε* ¼ ε′  iε′′ ¼ ε1 
ε′ ¼ ε1 
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ω2

ω2

ωp 2
þ iωΓ D

ωp 2
þ ΓD 2

ð9Þ
ð10Þ

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
neff e2
ωp ¼
meff ε0

ð11Þ

where neﬀ is the eﬀective concentration of delocalized electrons, meﬀ is the eﬀective weight of an electron, e is the electron charge (1.6 × 10−19 C), ε0 is the permittivity of a vacuum
(8.85 × 10−12 F m−1), ε∞ is high frequency limit permittivity
and ΓD is the damping constant. The fitting results agree well
with the experimental curves of the ε′. The fitted ε′–f curves are
obtained using the iterative method in OriginPro 8 software
according to eqn (10). The obtained fitting parameters including ΓD, ε∞ and fp for composites with 10 wt% MWCNT content
are 3.5 × 109, 62 and 3.5 GHz, respectively. For the composites
with 12 wt% MWCNTs content, the values of ΓD, ε∞ and fp are
6.7 × 108, 318.8 and 9.7 GHz, respectively. The ε′ crosses zero
at the screened plasma frequency given by:51
fp
fΩ ¼ pﬃﬃﬃﬃﬃﬃ
ε1

ð12Þ

Negative permittivity is expected when the frequency is
below the screened plasma frequency fΩ. The fΩ of composites
with 10 wt% and 12 wt% MWCNT content is around 350 and
526 MHz, respectively. The increasing MWCNT content will
lead to the formation of more conductive networks and a
higher conductivity, indicating an increase of eﬀective electron
concentration neﬀ and a decrease of eﬀective weight of electrons meﬀ.23 Therefore, according to the Drude model, fp and
fΩ shift to a higher frequency, and the magnitude of negative
permittivity increases in the composites with a higher
MWCNT content. As can be noted, the fΩ corresponds well
with the frequency points of the negative–positive transitions
for Z″. In some metal composites and single-phase
material,21,23,53,54 similar results were also observed, and an
inductance character (Z″ > 0) frequently appeared along with
negative permittivity behavior. Thus, we believe that the inductive behavior is a characteristic of the negative permittivity
phenomenon.53 The obtained composites have many potential
applications. For instance, the composites with the lowfrequency plasmon can be regard as a novel plasmonic sensor in
the radio frequency,6,55,56 and can also be applied in the other
sensors.57–61 The composites present potential for applications
in the electromagnetic shielding field, and would show excellent microwave shielding property in the frequency regions
where their permittivity is negative.62–65 Furthermore, the class
of materials whose permittivity is near-zero around a given frequency is called epsilon-near-zero metamaterials.66 These
materials provide unconventional properties and fascinating
applications, such as super-coupling, cloaking, highly directive
antennas and optical devices.67,68 In this work, when the operating frequency is near fΩ, the ε′ attains near-zero values, so
our obtained composites can be considered as a promising
alternative for epsilon-near-zero metamaterials. Moreover,
work focusing on epsilon-near-zero behaviors will be carried
out in the future.
The ε″ is known to be useful to evaluate the dielectric loss
of materials. In the case of the percolative composite system,
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the dielectric loss, which is closely associated with the frequency and concentration of conductive fillers, mainly originates from the conduction process, surface polarization and
dipole movement.69,70 Thus ε″ can be expressed by eqn (13):

Published on 07 April 2017. Downloaded by University of Tennessee at Knoxville on 15/05/2017 15:26:09.

ε″ ¼ ε″C þ ε″D þ ε″p

ð13Þ

where ε″C is conduction loss, ε″D is dipolar loss and ε″p is
interfacial polarization related loss. Generally, the interfacial
polarization phenomenon occurs at low frequency, which is
not more than 1 MHz.71 Once the frequency of the external
electric field reaches a high enough level, the charges do not
have time to accumulate at the interface, leading to the disappearance of interfacial polarization. Therefore, the dielectric
loss mainly includes the conduction loss and dipolar loss in
our test frequency (10 MHz–1 GHz). The conduction loss
arises from a leakage current among conductive fillers or the
contact resistors in the circuit model, and can be described
by:70
ε′′C ¼

σ dc
2πf ε0

ð14Þ

The σdc is constant for a given material, so the ε″C is inversely related to f (ε″C ∝ f−1). The dipolar loss stems from polarization currents and the movement of dipoles on continuously
changing the electric fields.69
Fig. 6c presents the ε″ versus frequency for the Al2O3
ceramic and its composites with diﬀerent MWCNT contents.
The incorporation of MWCNTs leads to an evident increment
of ε″. The ε″ of composites beyond the percolation threshold
linearly descends on increasing the frequency, indicating that
the conduction loss is dominant in determining the dielectric
loss (ε″ ≈ ε″C). For the composites under the percolation
threshold, the plots of ε″ versus f exhibit the linear decrease
relationship in the low frequency region, and then demonstrate a nonlinear increasing trend at the high frequency
region. That is, there is a change of the dominant role in the
dielectric loss from the conduction loss to the dipolar loss on
increasing the frequency. The results can be understood by the
reason that the conductivity loss decreases with increasing the
frequency (according to eqn (14)), and the contribution from
the dipolar loss becomes more significant at high frequency.72
It should be noted from the inset of Fig. 6c that a dielectric
loss peak is observed along with the Lorentz type dielectric resonance in the composites with 1 wt% MWCNT content.
Meanwhile, for the composites with MWCNT content increasing from 1 to 9 wt%, the loss peaks should move toward the
higher frequency which exceeds the tested frequency band.

4.

Conclusion

Alumina nanocomposites with MWCNT concentrations
between 1 and 12 wt% were fabricated by hot-pressing sintering. It was found that MWCNTs were uniformly dispersed in
the Al2O3 matrixes. The electrical conductivity studies revealed
that a percolation phenomenon occurred in the composites,

This journal is © The Royal Society of Chemistry 2017

accompanied by a change in the conductive mechanism from
hopping conduction to metal-like conduction, owing to the
formation of conductive MWCNT networks. Meanwhile, equivalent circuit models for the composites were proposed
through analyzing the impedance spectra. Two types of negative permittivity behaviors were observed in the composites on
increasing the MWCNT content. The resonance-induced negative permittivity behavior could be fitted well by the Lorentz
model and originated from the induced electric dipole in the
isolated nanotubes. As the MWCNT content reached the percolation threshold, the composites showed plasma-like negative
permittivity behavior, which resulted from the low frequency
plasmonic state produced by the conductive MWCNT networks. This work has possible profound implications for
exploring the generation and regulation mechanism of negative permittivity behavior. The obtained carbon nanotube composites can be regarded as promising candidates for random
metamaterials, and can find potential applications in electromagnetic shielding, novel antennae and sensors.
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