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ABSTRACT
The concept of metamaterials has led to extraordinary 
schemes of wave propagation, which has been verified using 
various meta-atoms, constituent units of metamaterials, as 
well as applied to a number of categories in physics. Although 
its definition clarifies the maximum size of meta-atoms as 
a fraction of one wavelength, the size may vary by several 
orders, like from millimeters (‘macroscopic level’) to atomic 
scales (‘microscopic level’) for microwaves. This review surveys 
several patterns of parameter combinations, like permittivity 
and permeability in electromagnetic metamaterials, which 
have been achieved at either macroscopic or microscopic 
levels, with the similar analogy under the concept of 
metamaterials. Various experimental and theoretical efforts 
reported so far and shown here verify that the parameter 
identification of these values (permittivity, permeability, and 
refractive index) is independent of meta-atom sizes, with 
importance of spatial integration procedure on the order of 
a wavelength.
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1.  Introduction

Metamaterials are fascinating materials as wave media since their performances 
include parameters with extraordinary values in the media [1–8]. They have des-
ignable microstructures whose sizes are much less than the wavelength of a given 
wave, and the careful design and subsequent fabrication bring us various abnormal 
scientific features and advanced technological merits simultaneously. One of the 
features that naturally available solid materials cannot achieve but metamaterials 
can possess is the negative sign in permittivity ɛ [9,10] and/or permeability μ 
[11,12]. The proposal for negative μ was initially performed using an array of 
double split ring resonators (DSRRs) [11], and it is successful in a number of 
experiments. In such studies, the typical size of an individual unit like a DSRR, 
hereafter referred to as a meta-atom, has about 1/5–1/10 of the wavelength of 
electromagnetic waves tested in experiments; DSRRs actually fit to the definition 
of metamaterials. Negative ɛ was also achieved using metamaterials, whose con-
figurations usually take the forms of a metallic-pole array (or cut wires) [9] or 
a perforated metallic plate [13]. Schematic examples of metamaterial structures 
with a given wavelength are shown in Figure 1

When we take a closer look at a metamaterial, we recognize inhomogeneous 
field profiles depending on its microscopic structure. Numerical results obtained 
by a numerical simulator reveal that calculated distributions of electric fields E are 
fairly inhomogeneous with fine structures whose characteristic lengths are much 
less than those of propagating waves [6]. We confirmed similar patterns in emis-
sions of plasma generated on a DSRR at relatively high gas pressure (Ar at 5 kPa) 
as shown in Figure 2 [14], which also indicates that E is localized not as a propa-
gating field but a component similar to that around an equivalent lumped circuit 
element. Consequently, the magnetic fields H include a similar inhomogeneous 
distribution according to electromagnetic theory. The extraordinary parameters 
like negative values in ɛ and μ arise from integration or mathematical integral 
treatment of such fine field structures over one wavelength.

In an electromagnetic metamaterial, since an electromagnetic wave has two 
kinds of fields, E and H, refractive index N is given as [2,6,12,14].

That is, synthesis effects of ɛ and μ are essential on N. In a naturally available 
homogeneous material, this synthesis process is continuous due to simultaneous 
mixing of electric and magnetic flux densities D and B with E and H during prop-
agation of an electromagnetic wave; ɛ and μ are given by the following formulae: 
D = ɛɛ0E and B = μμ0H, where μ0 and ɛ0 are the permeability and the permittivity 
in vacuum, respectively. Thus far, parameter retrievals for ɛ, μ and N have been 
established [15,16], and equal spatial periodicity of meta-atoms for ɛ and μ is 
typical in cases of metamaterial experiments.

(1)N =
√
�
√
�.
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Figure 1. Schematic view of metamaterial configuration with various sizes of unit microstructure.

GND
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m

Figure 2.  Visible emissions, Ref. [14], from DSRR when discharge voltage is applied. Emission 
pattern is very similar to that of local electric fields which are numerically calculated [6].
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On the other hand, as we stated above, the field distributions are fairly inho-
mogeneous in metamaterials, and we have to confirm the validity of synthesis or 
collaboration effects between ɛ and μ for N, even in cases where the meta-atom 
sizes for controls of ɛ and μ are different. There exist wave constituents that belong 
to near fields and propagating modes, either of which fulfills the Maxwell equa-
tions, and the propagating modes mainly determine metamaterial outputs, while 
all fields subject to both constituents will be integrated to estimate macroscopic ɛ 
and μ over a sufficient size. ɛ and μ can be separately treated in a different size of 
the meta-atoms, and their sizes might be different. One possible manner is require-
ment of synchronous distributions between E and H in microscopic profiles per 
unit. Another possible manner is synthesis of ɛ and μ after each identification from 
independent contributions of two metamaterial components over one wavelength. 
A visual representation is displayed in Figure 1; good matching of E and H with 
the same size or spatial periodicity was in almost all cases of the metamaterials 
previously reported. However, one of them (e.g. the meta-atom for ɛ in Figure 1) 
might be much smaller than the other.

Another and somewhat conclusive description about size issues of metamate-
rials is restriction within the Bloch modes. When a microstructure with the unit 
length a is spatially periodic in an infinite space, a temporal vector field A(x, t) 
at time t at a specific position x is A(x + a, t) = A(x, t)exp

(
jka

)
 [14,17], where k 

is the wavenumber along the x axis, and this mathematical relation leads to the 
corresponding dispersion relation. Note that A(x, t) includes both near fields and 
propagating modes. This unit size gives us maximum of k as π/a.

Then, the points we have to settle here are the following: (1) N given by 
Equation  (1) with suitable identifications of ɛ and μ, and (2) effects of spatial 
periodic length of meta-atoms in metamaterials a on forming of N.

In this study, we review identifications of parameters in metamaterials, and 
examine such synthesis effects in metamaterials using various experimental and 
numerical results. In addition to electromagnetic metamaterials, acoustic met-
amaterials are also surveyed about their meta-atom sizes in comparison with 
wavelengths. In particular, our main interest is in plasma-metamaterial composites 
[14], in which the unit sizes of metamaterials for ɛ and μ are different by several 
orders, and the synthesis is successful for achievement of negative N. Finally, we 
discuss the manner of synthesis between ɛ and μ for N using various configurations 
in a one-dimensional (1D) numerical model.

2.  Survey of previous accomplishments of negative refractive index

To generalize underlying principles for pursuing synthesis in N, we carry out 
our data acquisition from two categories of metamaterials: electromagnetic 
metamaterials and acoustic metamaterials. In an electromagnetic metamate-
rial [2–5,7], electromagnetic waves propagate according to the following wave 
equation [6,14]:
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where t is time, J the external current density, and c the velocity of light. The con-
tribution of N2 is in the last term of Equation (2). J is significant when we consider 
presence of plasma [14]. One of the typical meta-atoms for negative μ is a DSRR, 
and its size almost covers the periodic length of meta-atoms in metamaterials. 
The meta-atom for negative ɛ is, for instance, a metal strip line [9], and its width 
is quite small, while the length of one unit should be measured using a periodic 
length of the meta-atom.

In cases of acoustic metamaterials [8,18–22], propagating acoustic waves are 
given as [8,19].

where P is pressure. That is, to control N in acoustic metamaterials, bulk modu-
lus M (or 1/M in comparison with ɛɛ0) and mass density ρ (in comparison with 
μμ0) are constituents of the product that form N. One of the typical meta-atom 
examples for negative M is a side hole that is configured on the side of a flow 
path of acoustic waves, and that for negative ρ is a membrane that is installed at a 
position against the waves [8]. Their sizes are much smaller than the correspond-
ing wavelength, and here we re-measure the sizes as their periodic length in the 
metamaterial structure.

Our survey, which covers both electromagnetic and acoustic metamaterials, 
is about size of meta-atoms in comparison with wavelength. Here, we limit its 
maximum size as a half wavelength since the lowest bandgap forms at the half 
wavelength, and the higher-order bandgaps exist in the larger-size range.

Figure 3 shows a chart for various previously reported studies [18,23–28] with 
data points of size/wavelength ratio as a function of wavelength. This survey covers 
a variety of working frequencies and also both categories of electromagnetism and 
acoustics, and all of the studies showed achievements of negative N. In all cases, 
the sizes of the unit meta-atoms ranges from 1/5 to 1/50, and all of them have spa-
tially synchronous structures that have the same length of two meta-atoms for N. 
One unique study is in Ref. [28], where no artificially designed spatial periodicity 
was found, indicating that size of meta-atoms has less limitation of regulations. 
A further exceptional case is a plasma-metamaterial composite, which will be 
described in the following sections.

3.  Experimental results on plasma-metamaterial composites

In this section, we demonstrate the previous studies about electromagnetic met-
amaterials composed of plasma [14,29–32], in which various sizes of meta-atoms 

(2)∇ × (∇ × E) = −��0

�

�t

(
�0
�E

�t
+ J

)
≡ −

��

c

�2E

�t2
,

(3)(∇ ⋅ ∇)P −
�

M

�2P

�t2
= 0,
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in metamaterials work to exhibit extraordinary N. Plasma is not always a unique 
medium that has a variety of sizes of microstructures, but it is still typical and 
suitable to discuss several effects on N since we can measure � directly, which gives 
us straightforward evidence for the phenomena. Information of electron density 
ne, whose values in plasma can be measured using various methods, provides us 
a value of � since oscillations of free electrons with ne determine � by the well-
known formula, given as [14].

where �pe is the electron plasma frequency, ω the angular wave frequency, e the 
elementary charge, ɛ0 the permittivity in vacuum, and me the mass of an electron. 
Here, we assume that electron elastic collision frequency is negligible in compari-
son with ω, and such experimental parameters are easily available and controllable 
in experiments unlike � of metals in a photon range, which is also in the similar 
Drude model [33].

Plasma-metamaterial composites in which � in Equation (4) is effective were 
reported on findings and verifications of negative N in several experiments, and 
here we review them [14,29–32], and discuss the common and different scientific 
points in comparison with solid-state metamaterials. When we make μ negative in 
a given space by solid-state metamaterials, � is positive before plasma generation 
or when ne is fairly low, leading to imaginary N and electromagnetic waves being 
evanescent. As ne increases, beyond the value where � is zero, plasma becomes 
overdense and � becomes negative. Thus, N becomes real and negative, and the 

(4)� = 1 −
�2

pe

�2
= 1 −

e2ne

�0me�
2
,

Figure 3.  Ratio between size and wavelength as a function of wavelength in various 
electromagnetic and acoustic metamaterials. Data are derived from: (1) [24], (2) [25], (3) [26], (4) 
[27], (5) [18], and (6) [28].
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waves can propagate in the plasma-metamaterial composite. Note that N for prop-
agation modes is limited to the maximum value since the metamaterial induces 
spatial periodicity [14,17].

3.1.  Case of synchronization of discrete periodic microstructures

When we use microplasmas whose sizes range from μm to mm [34,35], relative 
size of the meta-atom composed of plasma-filled space is controllable with respect 
to a wavelength of a given electromagnetic wave.

The setup of experiments in which microplasmas work to create negative ɛ 
is shown in Figure 4(a) [14,29]. On a coplanar waveguide, an array of double 
metallic helices was installed, and a dielectric layer covered each metallic wire. It 
was expected to work as a negative-μ metamaterial, although the negative value 
was not solely confirmed since this structure works by coupling to the metallic 
plates of the coplanar waveguide [29,36]. The metallic components in the helix 
were almost perpendicular to E in the coplanar waveguide, and the effects on ɛ 
were negligible [36]. Beside its function as a negative-μ material, it also worked as 
a discharge electrode on which low-frequency high voltage was applied. Generated 
microplasmas, which were expected to work as a negative-ɛ material, penetrate 
and surround these helical structures in the shape of columns, and both mate-
rials were perfectly synchronized with their locations. The state of negative ɛ by 
microplasmas was confirmed by an indirect measurement of ne based on density 
detection of metastable He atoms [29]. The total configuration was a compact 
system, and estimated as a device under test (DUT) using low-power microwaves 
that propagate in the linear regime with no effects on ne.

Figure 4(b) shows a dynamic change in phase of a transmitted wave through 
DUT during the time period of decreasing ne in microplasmas [14,29]. At most 
frequencies it shows a slight change, but its change was very large around a spe-
cific frequency (4.297 GHz, ~ resonance frequency) when microplasmas were in 
the afterglow. This is attributed to significant contribution of negative-μ material, 
which has a negative value at a limited frequency band since μ changes signifi-
cantly near the magnetic resonance frequency due to an inductance-capacitance 
resonance in the equivalent circuit of the metallic helices [36]. The negative state 
of μ was not confirmed experimentally, but synthesis effects of microplasma gen-
eration and magnetic resonance were quite clear; otherwise, without either of 
them, the phase change was limited to a small value. Estimated values of N from 
the analytical method for layered microwave planar waveguides [37] is within 
the range (|N| < 14) restricted from the maximum k (=π/a) in the Bloch mode.

This experiment confirms the validity of plasma as a negative-ɛ material and 
good synthesis as a metamaterial effect composed of multiple components. In 
fact, similar effects arising from electron oscillations in metals lead to nega-
tive ɛ in optical negative-index metamaterials [19]; an array of metal rods, with 
shapes quite similar to our microplasma columns, can make ɛ negative [5]. 
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Our experimental result shown here reconfirms that negative ɛ is achievable by 
electron oscillations in discharge plasma at microwaves, which is not based on 
negative-ɛ microwave metamaterials whose metallic components are assumed 
to be perfect conductors.

Different configurations of discrete structures of plasma and metamaterial 
were also investigated in other studies [38]. In all cases in Ref. [38], negative N 
is expected, although their real and imaginary parts change the relative position 
between the microplasma and the μ-controllable metamaterial in one meta-atom 
length.

6 mm

(a)

(b)

Figure 4.  (a) Plasma-metamaterial composite on microwave coplanar waveguide, Ref. [14]. 
Emissions in yellow come from Ne plasma, and plasma is surrounded by metamaterial of double 
metal helices. (b) Time evolutions, Ref. [14], of discharge voltage and current, and amplitude and 
phase of transmitted wave with corresponding N.
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3.2.  Case of combined media with homogeneous material and discrete 
periodic microstructures

After confirmation of the validity of plasma in functions of metamaterials, syn-
thesis of bulk and uniform plasma and discrete finite-size meta-atoms becomes a 
key issue. Plasma has a bulk property which is based on free electrons, with very 
small size, and it can also sneak into a metamaterial structure that has sufficient 
vacant space. Unlike metal materials, the imaginary part of ɛ is controllable, and 
plasma can be a base (or background) medium that contains metamaterials. In 
these experiments, since the gas pressure was sufficiently low in comparison with 
the case of Figure 2, generated plasma was so diffusive that the profile of ne had 
almost no components of the spatial periodicity of DSRRs. Another fact different 
from the experiments shown in Subsection 3.1 is that direct measurements of ne 
is possible since the discharge space was sufficient for the probe diagnostics [39] 
that requires insertion of a small probe head (~ 1.0 mm) into the plasma region.

The experimental set-up was similar to the previous reports [30–32]. In brief, 
a negative-μ metamaterial was installed in a regular microwave rectangular wave-
guide at 2.45 GHz. Here, we use an array of DSRRs as negative-μ meta-atoms. One 
DSRR had a size of 9.2 mm with periodic length of 13 mm; both sizes are almost 
1/10 of the wavelength at 2.45 GHz (~ 123 mm). Although DSRRs have metallic 
components parallel to E, their effects on ɛ are so small that they cannot make 
ɛ extraordinary, like making it negative [15,16]. To obtain collisionless plasma 
with negligible imaginary part of ɛ, the waveguide with the metamaterial was 
pumped into a vacuum with Ar gas at around 100 Pa. Then, a high-power pulsed 
microwave at 2.45 GHz with <500 W was launched at one end of the waveguide, 
and plasma was generated when the input power was beyond the threshold value 
(in tens of watts).

In advance of installation of the metamaterial, we monitored effective μ in a 
similar waveguide configuration by the parameter retrieval method [16], and 
calculated μ was −5.5−2.8j at 2.45  GHz, where the resonance frequency was 
at 2.39 GHz. Precisely, this value is valid when the metamaterial is in air or in 
low-pressure gas since equivalent capacitors in a DSRR have space for its gap on 
the pattern on a dielectric substrate. However, the frequency shift after plasma 
generation on its front is estimated as limited to 0.2 GHz [40], and the effective 
μ was still negative in our experimental condition.

When the plasma was generated, we monitored local values of ɛ by the meas-
urement of ne using a single Langmuir probe [30] since each space between DSRRs 
is sufficient (~ 10 mm) for both diffusive plasma generation and probe insertion. 
The probe measurement also suggests that electron temperature had values of 
1–3 eV, which were typical values in this experimental condition. As a result, using 
the measured values of μ and ɛ, and assuming that μ is constant during plasma 
generation, we can derive N via Equation (1) as shown in Figure 5 [31,32,41]. The 
values of N indicate sufficiently large negative values after plasma generation; the 
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validity of these values is discussed later. Using data accumulated in experiments 
of different negative-μ metamaterials, we can make ɛ–μ and Re(N)–Im(N) dia-
grams, as shown in Figure 6. A close look at the data points in the ɛ–μ diagram 
reveal that there exists almost no point between 0 and +1 along the ɛ axis (except 
one point derived from a transient built-up phase of plasma). This phenomenon 
is consistent with the theoretical prediction [14,31] in which the working point 
experiences a transition into the stable state with negative ɛ, whereas the region 
with positive ɛ is unstable due to imaginary values of N. These experimental data 
suggest that the states of negative N are successfully achieved.

The values of N shown in Figures 5 and 6 are not obtained from diagnostics 
of propagating microwaves but calculated from Equation (1), and we have to 
confirm a possible propagating wave with estimated N. This further verification 
was performed by measurements of transmittance [30] and reflectance [32] of 

(a)

(b)

Figure 5. (a) Schematic view of plasma-metamaterial composite, Ref. [32]. (b) Time evolutions, 
Ref. [41], of ɛ, μ, n

e
 and N.
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propagating microwaves. One experimental confirmation of negative-N states 
was based on enhanced transmitted waves in comparison with those in cases 
with imaginary N, i.e. with positive ɛ and negative μ (before plasma generation 
in negative-μ metamaterial space) or with negative ɛ and positive μ (high-density 
plasma generation in positive-μ space). We observed enhancement of transmitted 
waves [30] and also detected significant changes of phase in reflected waves; both 
of them can be understood only in the cases with a transition from positive- to 
negative-ɛ states [32].

(a)

(b)

Figure 6.  Diagrams of ɛ–μ and Re(N) − Im(N), Ref. [32], for various parameters in plasma-
metamaterial composite.
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For the quantitative analysis, the estimated values of N are compared with its 
range limited in the Bloch mode. Using the maximum value of k in the spatial 
periodicity [42], |N| in the Bloch mode is less than 4.7 through the term of πc/aω. 
This is in good agreement with the maximum value of N (~ −5.0) estimated from 
the values of ɛ and μ in the experiments shown in Figures 5 and 6. Note that the 
plasma in this experimental setup was generated by propagating waves them-
selves, and this fact is consistent with the saturated time evolution of N in Figure 
5 for the following reason. As we noted, in an overdense plasma with negative ɛ 
immersed in a negative-μ metamaterial, electromagnetic waves can propagate in 
the plasma-metamaterial composite. In our case, microwaves propagate inside 
the region, and they contribute to generating plasma or increasing N with their 
energetic level, leading to further increase in |�|. Then, after N reaches the maxi-
mum value, wave propagation changes to decrease N by an increment of ne, with 
possible folded curves on the boundary of the first Brilluin zone. This underlying 
process causes the seeming saturation in Figures 5 and 6.

These results confirm achievements of negative-N media using plasma-meta-
material composites whose N is within the range of the Bloch mode depending 
on the periodic length of the meta-atoms. In such a composite, plasma is a kind of 
homogeneous medium or has a very small size of constituent particles (electrons), 
whereas metamaterials have a size around 1/10 of the wavelength.

4.  Numerical analysis using various configurations

Since an experimental setup cannot achieve every possible configuration and 
parameter, we use a numerical method to investigate further details with vari-
ous parameters to observe effects of meta-atom sizes in metamaterials. Here, we 
assume sets of hypothetical parameters that are general throughout metamaterials, 
not based on a specific configuration like a DSRR.

4.1.  Numerical method

To see effects of free electrons in plasma, we perform one-dimensional particle 
simulations in which electrons and positive ions are mobile. The details of the 
numerical method are described in Ref. [43,44]. In brief, charge to mass ratio for 
electrons is −1.0, whereas that for positive ions is 10−4, and their density is the 
same, distributed uniformly from position x = 12.8–25.6. Setting the electron 
plasma frequency as 1.4142, the frequency of the incident wave is 1.0, which means 
that ɛ = −1 for the wave. Here, since motions of electrons are rigorously traced 
via motions of equations, we can observe wave propagation in a more realistic 
mode close to the experimental condition in comparison with finite-difference 
time-domain calculations in which ɛ is given in a fluid assumption.

We also set the hypothetical magnetic resonance frequency, which is assumed 
to be 1 − �2

m∕�
2 with �m = 1.4142; μ is assumed to be in the Drude model in 
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which μ is negative when 𝜔 < 𝜔m [45]. Consequently, N is positive for 𝜔 > 𝜔m and 
negative for 𝜔 < 𝜔m; in particular, N = −1 with ω = 1, leading to a power match-
ing condition on the interface. The width of this region is about 2 wavelengths, 
and it is not close to the infinite propagation, although we can obtain sufficient 
information for wave propagation.

4.2.  Various configurations of discrete and/or homogeneous structures

To confirm reproducibility of experimental results, we calculate wave propagation 
in the plasma region with various sizes of the discrete units of the metamaterial with 
�m. Within one discrete structure, we assumed uniform magnetic momentum caused 
by the magnetic resonance. Figure 7 shows three cases of one-dimensional wave 
propagation in time t. When the size of the unit is 1/5 of the wavelength �, which 
may be the largest size of metamaterial units since the size of (1∕2)� causes the first 
bandgap that is not an effect of metamaterials, we successfully observed negative 
phase velocity in the target region, with confirmation of negative N. However, the 
value of the averaged phase velocity in the target region, easily derived as a gradient 
of this diagram since the phase velocity is given by x/t, is larger than that in vacuum, 
by a factor of 1.23, leading to N ∼ −0.81. This decrease might be attributable to 
the microscopic mismatching of phases (or inclusion of higher-order perturbation 
locally affecting the total phase information) between electric and magnetic fields. 
When the size is (1∕10)�, we observe almost ideal achievement of negative N with 
slight decrease of N (∼ −0.93). In the case with (1∕100)�, we observe a similar wave 
propagation to the case with synthesis of two homogeneous media for μ and ɛ. As a 
result, we can confirm good achievement of negative N using homogeneous plasma 
and discrete metamaterial whose size is at least 10 times smaller than the wavelength.

To observe further variation of effects of the unit lengths in the unit for ɛ 
(plasma in our case), we replace the plasma media with the Drude media in which 
ɛ is as a function of ne that is set as a constant value in advance. Figure 8 shows 
one-dimensional wave propagation in time and the corresponding dispersion 
relation in the case of both discrete unit structures with (1∕10)�, where each 
structure is not synchronized but alternatively placed with the (1∕20)� step. This 
case causes mismatching of the power transfer due to impedance gaps just on the 
interface, leading to significant reflected waves. However, the transmitted waves 
show negative phase velocity, similar to the case of Figure 7(b). This calculation 
result indicates that, synchronization of discrete structures of metamaterials not 
always being required, the synthesis effects are roughly possible after separate 
integration of contributions from μ and ɛ.

4.3.  Discussion

The above numerical analysis confirms that ɛ and μ can be estimated separately 
and then synthesized over one wavelength. In other words, even if the spatial 
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synchronization is not completed, the definition of metamaterials, implying that the 
unit size of their microstructure is almost equal to or less than (1∕10)�, assures that 
synthesis of two constituents for μ and ɛ for electromagnetic metamaterials or for M 
and ρ0 for acoustic metamaterials are sufficient by estimations of separate integrations 
throughout a given space. Some studies [38] indicate that the values of ɛ and μ depend 
on relative positions of elements in a unit structure. In such cases, two elements 
are frequently connected in one equivalent circuit. However, each element can be 
separated in an equivalent circuit, and similar underlying physics will be applicable.

Figure 7. Numerical results on time evolutions of E of propagating waves and dispersion relations 
in homogeneous plasma. (a) E when size of meta-atoms for control of μ is (1∕5)�. (b) E when 
meta-atom size is (1∕10)�. (c) E when meta-atom size is (1∕100)�.
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The results discussed here are the cases where we can assume that spatial pro-
files of ɛ and μ are flat within one unit length. Actually, following the experimental 
results in Section 3, homogeneous plasma and discrete metamaterials matched 
very well to create negative-N material. However, the missing points of these 
experimental results are behaviors just around resonance points; the similar plot 
of process description is true at off-resonance frequencies in which negative μ is 
valid slightly apart from the resonance frequency.

Then, the remaining related issue is an effect of resonance properties them-
selves, where metamaterials usually include resonances to exhibit extraordinary 
values of ɛ or μ. One theoretical report on resonance and anti-resonance behaviors 
predicts that anti-resonance behaviors are unavoidable unless we use finite size of 
the unit structure, even if the size is very small in comparison with the wavelength 
[42]. In summary, we can confirm invariance of metamaterial parameters, given 
by Equations (1)–(3), on the unit size in various configurations, but there are 
still singular and irregular points as long as we use resonance features to obtain 
negative-μ states.

5.  Concluding remarks and future perspectives

Metamaterials have properties like N that arises from multi-constituents of unit 
microstructures, and their synthesis effects are almost always possible regardless 
of spatial synchronous configurations between the constituents. Experimental 
results reported so far verify that plasma, a homogeneous medium for negative-ɛ, 
and negative-μ metamaterial can be synthesized so well that N becomes negative. 
Numerical analyses reconfirm this fact, and also indicate that various other com-
binations of the constituents with different spatial periodicities or with spatially 
unsynchronized pairs can create negative N states. Although some remaining 
issues for specific resonance configurations are addressed, the conclusions here 

Figure 8. Numerical results on time evolutions of E in propagating waves in case of discrete unit 
structures of both metamaterials for ɛ and μ with length of (1∕10)�, where each structure is not 
synchronized but alternatively placed with the (1∕20)� step.
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can support more varieties of metamaterial designs with arbitrary periodic length 
of meta-atoms.

On the basis of this conclusion, we can approach a more flexible design of 
metamaterials. Meta-atoms so far have spatial periodicity in general. However, 
as explored in Ref. [28], rough spatial periodicity works well to exhibit extraor-
dinary properties of metamaterials, which indicates that spatial integration to 
ensure effective and equivalent properties plays a crucial role. For an ultimate case, 
self-organized patterns with multi-scale periodicity like fractal structures [46–48] 
will be favorable for commercially available optical metamaterials.

Another point we stress here is the role of a homogeneous medium. Since 
a homogeneous medium and a discrete array of meta-atoms are well synthe-
sized to create negative N, various possible configurations free from resonances 
and anti-resonances are worthwhile for future scientific targets. Because gaseous 
plasma has no substantial spatial periodicity and no limitation of ne, ɛ can be set 
free from restrictions that metamaterials have suffered thus far. There may be other 
materials that can work in a similar manner to a plasma; for instance, organic 
conductive materials or doped polymers show flexible ɛ via photoinduced changes, 
being sufficiently homogeneous and free from rigorous spatial periodicity [49]. 
Such a material is suitable for potential optical metamaterials and installation for 
photonic devices. Thus, although these studies achieved using plasma at micro-
waves, common underlying physics will expand to acoustics and optics.
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