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Left-handed materials composed of split ring resonators (SRRs) and wires are investigated in the view-
point of lamellar composite with epsilon-negative (ENG) and mu-negative (MNG) materials staked alter-
natively. Several configurations of the SRR-wire metamaterial are numerically simulated to confirm its
left-handed response as an analogy to the ENG-MNG lamellar model.
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1. Introduction

Metallic metamaterials are the main solutions to realize the
left-handed materials (LHMs), which have evoked considerable at-
tention in recent years for their significant electromagnetic charac-
teristics [1-4]. Up to date, in addition to the metallic metamaterial
comprising split ring resonators (SRRs) and wires (hereafter, SRR-
wire metamaterial) [3], various metallic metamaterials in different
shapes have been claimed to be LHMs, such as the Q-shaped [5],
S-shaped [6], H-shaped [7], and double-wire metamaterials [8,9].
Amongst all of these metallic LHMs, SRR-wire metamaterial is of
importance not only for its first realization of LHMs, but also
for the facts that almost all of the other metallic metamaterials
claimed to be LHMs are designed according to the SRR-wire pro-
totype. However, despite that the SRR-wire metamaterial has been
confirmed experimentally as well as numerically to be LHM |[3,10],
the physical mechanism for the origin of its left-handed (LH) re-
sponse, or how to interpret its effective constitutive parameters is
not satisfactorily clarified yet.
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As is known, the original idea for designing the SRR-wire meta-
material was to obtain an LHM with negative e of the wire array
and negative (¢ of the SRR array, and it was supposed that elec-
tromagnetic interactions between the SRR and wire arrays were
negligible [11,12]. However, this criterion was confronted by some
researchers [13], in which the main viewpoint was that an LHM
could not be obtained by simply placing wire array (€eff < 0) in a
homogeneous host with negative ©. More recently, this criterion
was confirmed to be incorrect in explaining some experimental
results [14]. In the opinion of this work, the SRR-wire LHM can
be interpreted as an analogy to the lamellar composite stacked
by alternative epsilon-negative (ENG) and mu-negative (MNG) lay-
ers [15]. It is found that whether or not SRR-wire metamaterials
would result in LHM is subjected to the relative arrangements of
the SRRs and the wires.

2. ENG-MNG lamellar model

The recent work has demonstrated that an ENG-MNG lamel-
lar composite can effectively act as LHM under the condition of
effective medium approximation [15]. Shortly speaking, consider a
lamellar composite as shown in Fig. 1. Two infinite slices, one is
an ENG layer (¢1 <0, w1 > 0, with thickness d;) and the other
an MNG layer (&3 > 0, ua < 0, with thickness dp), are stacked
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Fig. 1. Schematic diagram of a lamellar composite with ENG and MNG materials
stacked alternatively. Only two periods of the lamellar structure are shown.
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Fig. 2. Scales of the wire and SRR elements. The metal is 0.0017 cm in thickness and
the wire is effectively infinite in length for all simulations.

alternatively along the x-axis. Based on the effective medium ap-
proximation (i.e., both d; and d, are extremely smaller than the
electromagnetic wavelength), the components of ¢ and w can be
given by [15,16]

- &182(d1+dy)

T oeydy+eady (1)
%=@=ﬁ%$%97 (2)

When electromagnetic waves are polarized with electric field in
the y-direction and magnetic field in the x-direction, only &,
and uy take effect [17]. From Eqgs. (2) and (3), simultaneously
negative &, and py can be obtained when |g1]|d; > £2d> and
m1dz > |p2|d1, and thus such an ENG-MNG lamellar composite
can act effectively in the way of LHMs [15,17].

It is the objective of this Letter to interpret the SRR-wire meta-
material as an analogy to the ENG-MNG lamellar model. To make
such an interpretation intuitively, we can compare the ENG-MNG
model with one-dimensional SRR-wire metamaterials as illustrated
in a number of literatures [10,18], where the wire layers can be
regarded as ENG material and the SRR layers as MNG material. In
the next section, different configurations will be investigated nu-
merically to confirm this analogy, and it is for convenience that
simulations in all configurations are based on the same scales of
the wire and SRR elements depicted in Fig. 2. In our simulations
based on the full-wave finite element method, the SRR and wire
elements are copper, which can be approximately regarded as per-
fect conductor in the microwave spectrum.
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Fig. 3. (a) The off-plane configuration. The right panel is schematically shown to
reveal the lamellar analogy, with wires and SRRs denoted by black dots and bars,
respectively. (b) Transmission coefficient calculated with the unit cell in dimensions
ay=0.33 cm, ay =0.33 cm, and a; = 0.443 cm.

3. Different SRR-wire configurations
3.1. Off-plane case

First of all, the generally used configuration [Fig. 3(a)], so-called
off-plane case, is simulated to verify the existence of LH peak. As
is well known [3,10], such SRR-wire metamaterials exhibit simul-
taneously negative eof and Wesf When electromagnetic waves are
polarized with electric field in the y-direction and magnetic field
in the x-direction. Under this incidence condition, it is found in
Fig. 3(b) that the LH transmission peak is located around 15 GHz
(exactly within the resonant band of the SRRs). From the view-
point of ENG-MNG lamellar model, two mathematic expressions
for efr and fefr can be introduced to the off-plane configuration
of SRR-wire metamaterials:

Coft = EsRRASRR + Ewiredwire  ESRRASRR/Awire + Ewire (5)
¢ dsgr + dwire dsgr/dwire +1

Lot = SRR wire (ASRR + dwire) _ SRR Hwire (AsRR/dwire + 1) (6)

1 srrdwire + Mwiredsk MSRR + MwiredsrRR/dwire
where gsgr and &y are permittivity components in the direction
parallel to the wires (y-axis), while psgr and pwire are perme-
ability components in the direction perpendicular to the SRR-plane
(x-axis). The “thicknesses” of the SRR and wire layers are repre-
sented by dsgr and dyire, respectively. It is taken for granted that
ewire < 0 and usgr < O in the resonant frequency regime of the
SRRs.

From Eqs. (5) and (6), the SRR-wire metamaterial can act
as LHMs only if esgrdsrr < |Ewireldwire and also |uspr|dwire <
Uwiredsrr. These two relations mean that, with the approximation
of dsgr ~ dwire, Sufficiently negative &y is required, and in con-
trast (sgr is required to be slightly negative. The former require-
ment is consistent with Ref. [19]. As for the latter, the following
in-plane configuration will offer an evidence to support it.

3.2. Wire-shifting case

The wire-shifting configuration is investigated with the shifting
distance s = 0.075 cm (see the inset of Fig. 4, this case is identical
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Fig. 4. Transmission coefficient of the wire-shifting configuration, calculated with
the unit cell in dimensions ay = 0.33 cm, ay, = 0.33 cm, a; = 0.443 cm, and
5s=0.0075 cm.
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Fig. 5. (a) The in-plane configuration. The right panel is schematically shown to
reveal the lamellar analogy, with wires and SRRs denoted by black dots and bars,
respectively. (b) Transmission coefficient calculated with the unit cell in dimensions
ay=0.33 cm, ay =0.33 cm, and a; = 0.443 cm.

to the asymmetric structure in Ref. [20]). As far as the transmission
coefficients are concerned (Fig. 4), there is no obvious difference
from the off-plane case, which is easy to understand since shifting
wires altogether along the z-axis does not influence the wires as
a layer. This case also implies that electric response of wires and
magnetic response of the SRRs do not obviously interact with each
other. Accordingly, the wires are not necessary to be fabricated in
the mirror planes of the SRRs for symmetry consideration; despite
that nearly all of the SRR-wire metamaterials were intentionally
prepared in this way [3,18,19].

3.3. In-plane case

For convenience during the fabrication process of SRR-wire
metamaterial, Katsarakis et al. modified the generally adopted off-
plane configuration into an in-plane case [Fig. 5(a)], in which con-
figuration the SRRs and wires were positioned on the same side
of the substrate [14,21,22]. Since this modification does not violate
the original criterion that SRR-wire metamaterials have negative

geff Of the wire array and negative pof of the SRR array, it seems
reasonable that the in-plane case should be LHM in the same way
as an off-plane configuration. However, in the viewpoint of the
ENG-MNG model, both the wire and SRR layers of the in-plane
case are in the xy-plane (perpendicular to the propagating direc-
tion). Therefore, this case is different from the off-plane configu-
ration, where the wire and SRR layers are in the yz-plane (parallel
to the propagating direction). As a result, the gqff and pegr of the
in-plane case can be written as follows:

£SRRASRR + Ewiredwire  ESRRASRR/dwire + Ewire

Eeff = = , 7)
¢ dsgR + dwire dsgr/dwire + 1 (
Leff = MSRRASRR + MwireQwire _ sRRASRR /Awire + Uwire 8)

¢ dSRR + dwire dSRR/dwire +1

To compare with the off-plane case, the formulas for ¢ are kept
in the same, while the formulas for ueg are changed. Therefore,
whether or not the in-plane case is LHM depends on the sign
of tefr. From Eq. (8), it is obvious that pef < O is satisfied only
if |Msrr|dsRR > MUwiredwire- That is, usgr should be negative to a
sufficiently large value in order that the in-plane configuration is
a case of LHM. However, this is controversial to the fact that the
negative usgr is slightly negative in value, as has been specified in
the off-plane case. Consequently, it is expected that the in-plane
case under study would show no LH transmission peak. This is
confirmed by the result in Fig. 5(b), from which no LH peak is
observed within the resonant band of the SRRs. However, we em-
phasized that this conclusion is not necessary for all in-plane con-
figurations because negative ues could be obtained either through
certain negative psgr in large value for the resonant characteristic,
or by controlling the ratio dsgr/dwire-

3.4. Thicker-SRR-layer case

As far as the off-plane case is concerned, it is found that,
according the ENG-MNG interpretation represented by Egs. (5)
and (6), the values of &qfr and pef are not generally simulta-
neously negative for all dsgr/dwire ratios. For example, increasing
the ratio dsgr/dwire Sufficiently [Fig. 6(a)] will lead to positive geff
within the resonant band of the SRRs while negative (e is kept in
the same band. Consequently, the LH transmission peak should be
suppressed and hence no LHM would be obtained. Consider the
thicker-SRR-layer case shown in Fig. 6(a), the corresponding re-
sult shown in Fig. 6(b) indicates that this configuration does not
form an LHM because the electric plasma frequency of this case
(roughly 11 GHz) is much lower than the magnetically resonant
frequency of the SRRs, and hence there is a stop band correspond-
ing to the resonant regime of the SRRs, where otherwise should
be a transmission peak if it is an LHM. For simplicity, the electric
plasma frequency shift of the coupled system can be understood
in a simple picture described as follows: In addition to that the
split-ring resonators (SRRs) exhibits a magnetic resonance, it has
electric response in the form of Drude dispersion which essentially
resembles a cut-wire system. That is, the SRR-based structure has
negative esgg in the regime from the electric resonance frequency
(weo) to the electric plasma frequency (wep), corresponding to the
simulated results of about 27 GHz and 48 GHz, respectively (these
two frequencies are confirmed in our simulations). Consequently,
for the frequencies below weo (27 GHz), the positive esgr of the
SRRs will shift the electric plasma frequency of the compound
system down to a frequency lower than that of the wire-only sys-
tem when the SRRs and the wires are coupled to be an effective
medium.

On the other hand, this thicker-SRR-layer configuration might
be wrongly understood as LHM according to the original crite-
rion that SRR-wire metamaterials are LHM with negative ¢ of
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Fig. 6. (a) The thicker-SRR-layer configuration. The right panel is schematically
shown to reveal the lamellar analogy, with wires and SRRs denoted by black dots
and bars, respectively. (b) Transmission coefficient calculated with the unit cell in
dimensions ay = 0.50 cm, ay =0.33 c¢m, a; =0.443 cm, and [ =0.25 cm.

the wire array and negative ueg of the SRR array, without tak-
ing into account the fact that SRR-wire LHM is subjected to the
ratio dsgr/dwire. In our simulations, the wire-only array (i.e., with
SRR component removed away from the thicker-SRR-layer config-
uration) exhibits its electric plasma frequency at about 17 GHz
[Fig. 6(b)], which implies that negative & of wire-only array
should be expected within the resonant band of the SRRs. There-
fore, this thicker-SRR-layer configuration might be wrongly under-
stood as LHM if the original criterion is followed. As a matter of
fact, SRR-wire metamaterials with lower electric plasma frequen-
cies than their corresponding wire-only arrays were also experi-
mentally noticed by Katsarakis et al. [14,23,24].

4. Conclusions

The ENG-MNG model is introduced to analogously interpret the
SRR-wire LHM with numerical supports from different SRR-wire
configurations, where the simulation results are consistent with
the experimental phenomena (e.g., Refs. [14,23,24]). Additional re-
marks are summarized as follows:

The electric responses, or magnetic responses, are interacted
to each other between the SRRs and wires. Concretely speaking,
taking the off-plane case for example, the electric plasma fre-
quency of SRR-wire metamaterial can be much lower than that of
its wire-only array [see Eq. (5)], while the magnetic response of
SRR-wire metamaterials contributed to the LH transmission peak

is restricted to those negative ues with small values [see Eq. (6)],
that is why an LH peak might be found experimentally “moved” to
slightly higher frequency than the magnetic resonant frequency of
the SRRs [14] (it should be intuitively clear from retrieved results
that negative i in small values are only located higher than and
next to the resonant frequency of the SRRs). On the other hand,
the electric response of wire array and the magnetic response of
SRR array are not obviously coupled (i.e., negligible bianisotropic
effect between the SRRs and the wires), which is true even in an
asymmetric arrangement [20] (i.e., the wire-shifting configuration).
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