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Abstract We theoretically investigate a thin single metal
layer covered on sub-wavelength dielectric grating. Numer-
ical simulations show that the structure has negative index
in the normal direction at visible frequencies. Structural in-
vestigation demonstrates that the simultaneous negative per-
mittivity and permeability at an overlapping frequency range
are attributed to the metal cut-wire and “U”-shaped structure
disassembled from the structure, respectively. Furthermore,
parametric exploration for practical fabrication is presented.

1 Introduction

Recently, simultaneous negative permeability (μ) and per-
mittivity (ε) of a composite structure have attracted much
attention due to their ability in achieving negative refrac-
tive index (n) meta-materials with low losses. However, the
biggest challenge is the simultaneous realization of negative
μ and ε at an overlapping frequency range. The split-ring
structure proposed by Pendry et al. [1] and some analogous
structures [2–7] have permitted one to modulate μ to be neg-
ative at a narrow range, while it is difficult to get negative ε

at the same range when only these structures are considered
[8]. Periodic continuous metal wire, which can be seen as
a diluted Drude metal [9], can effectively push the effec-
tive plasmon frequency of the metal wire structure to be-
low the bulk plasmon frequency of metal. In other words,
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periodic continuous metal wire can modulate ε to be nega-

tive and simultaneously obtain small |Re(ε)| to meet prac-

tical applications at the visible frequency range. Combining

the two basic structures (split-ring and periodic continuous

metal wire), both negative μ and ε can be obtained to pro-

duce negative n at the frequency range of interest [7, 10, 11].

Based on the design idea, several experimental verifications

of negative n at microwave [12], infrared [13–15] and visi-

ble frequencies [16] have been demonstrated. In this paper,

unlike the multi-layer designs proposed previously, a single-

layer structure is theoretically investigated to demonstrate

both negative μ and ε at an overlapping frequency range.

Numerical simulations show that negative n with effective

transmission (about 30%, averaged value) is obtained at vis-

ible frequency range.

Fig. 1 Schematic drawing of S-ML design at visible frequencies
(only two periods are shown). (a) S-ML, (b) “U”-shaped structure and
(c) cut-wire disassembled from S-ML. The right-up inset shows the
orientation of electromagnetic wave used in the simulation. The pa-
rameters of S-ML, P , h, d , t and L, are 260, 50, 140, 20, 50 nm,
respectively
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Fig. 2 Transmission and
reflection spectra of S-ML (a).
The retrieved n (b), ε (c) and
μ (d)

Fig. 3 Distributions of local
current density at electric (a)
and magnetic (c) resonance
position. (b), (d): The current at
90◦ phase point corresponds to
the electric and magnetic
resonance, respectively. The
inset in (a) shows the incident
electromagnetic wave used in
the simulation. All share the
same color bar

2 Double negative design and results

Figure 1 demonstrates the design of the structure. A flexural
single metal layer (S-ML) is covered on a pre-prepared one-
dimensional dielectric grating to construct effective electric
and magnetic resonators, which are the “U”-shaped struc-
ture and the cut-wire as shown in Fig. 1b and c, respec-
tively. The two structures are utilized to support effective
magnetic and electric responses. In simulation, a perfect
Electric Boundary (PEC) is used to realize periodic arrange-
ment in the x direction. Correspondingly, a Perfect Magnetic
Boundary (PMC) is used to account for infinite in y direc-
tion. Computer simulation is carried out using the Finite-
Difference Time-Domain (FDTD) method. The characteris-
tic of gold at visible frequencies is described by the Drude
model [17]. In this paper, the effective permittivity (εgold) of
gold is εgold = ε0 −ω2

p/(ω2 + iωγ ) in the visible range. The
bulk plasmon resonance frequency ωp = 1.4e + 16 rad/s,
and the collision frequency γ = 1.1e + 14 rad/s. The con-
tribution of interband transitions can be approximated by
a positive constant (ε0) in gold’s Drude model. For visi-
ble wavelengths, ε0 is about 9.9 [18]. Using normal incident
light with the electric polarization direction shown in Fig. 1,

the spectra of S-ML and the retrieved electromagnetic para-
meters, including n,μ and ε [19, 20] are obtained as shown
in Fig. 2. Obviously, two stop bands are observed at 410 and
540 THz in Fig. 2a. Corresponding to the first stop band, a
negative n is obtained in the frequency range between 397
and 433 THz as shown in Fig. 2b.

3 Discussions

3.1 Resonance discussions

Resonance discussions are carried out to find out the under-
lying physical origin of the negative n of S-ML shown in
Fig. 2b. Obviously, a strong oscillation of ε(μ) and a con-
comitant small anti-oscillation of μ(ε) are observed at 540
(410) THz in Fig. 2c (Fig. 2d). These characteristics, which
are analogous with the discussions in Ref. [21], indicate the
existence of electromagnetic resonances in S-ML.

A further investigation is the local current density distri-
bution of the two resonances at 410 and 540 THz. Figure 3
demonstrates the simulated results at different phase points
(0◦,45◦,90◦,135◦ and 180◦). First, an oscillating current
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Fig. 4 Transmission spectra of S-ML (black solid line, marked by
“S-ML”), periodic “U”-shaped structure (red dot line, marked by
“M-unit cell”) and periodic cut-wire (blue dash line, marked by “E-unit
cell”). All three structures share the same period (P ) shown in Fig. 1a,
and the parameters of magnetic and electric unit cell are also shown in
Fig. 1b and c respectively

in the cut-wire, located on the top/bottom of the dielectric
grating, is found at 540 THz as shown in Fig. 3b. It means
that the cut-wire can be seen as an electric oscillator at this
frequency point. Second, a current “loop” is constructed in
the “U”-shaped structure at 410 THz as shown in Fig. 3d.
In the region of capacitance, conductive current is replaced
by displacement current. It is a typical current distribution
of magnetic response. So it can be concluded that the reso-
nance at 540 (410) THz is an electric (magnetic) resonance
supported by the cut-wire (the “U”-shaped) structure. This
conclusion is consistent with the electric and magnetic os-
cillation shown in Fig. 2c and d.

3.2 Structural investigation

Following the resonance discussions above, it can be es-
tablished that the simultaneous electric and magnetic reso-
nance is attributed to the cut-wire and the “U”-shaped struc-
ture in S-ML, respectively. In this section, the individual re-
sponse of the cut-wire and the “U”-shaped structure is in-
vestigated to understand their respective role in S-ML. Fig-
ure 4 shows the simulated results. The cut-wire, the “U”-
shaped structure and S-ML are marked by “E-unit cell”,
“M-unit cell” and “S-ML”, respectively. Obviously, the in-
dividual cut-wire and “U”-shaped structure have respective
resonance near the two stop band of S-ML. Compared with
the spectra of S-ML, the electric (magnetic) resonance shifts
from 540 to 510 THz (from 410 to 425 THz). These shifts
can be understood as follows.

First, due to the smaller effective arm length (L − t =
30 nm) of the “U”-shaped structure than that (L = 50 nm)
in S-ML shown in Fig. 1b, the effective inductance in
the “U”-shaped structure, primarily determined by the to-
tal length of the resonant “loop”, is smaller than that in
S-ML. Thus, based on LC circuit model (ω = 1/

√
(LC)),

a shift to higher resonance frequency (425 THz) is intro-
duced in the “U”-shaped structure, as shown by the red

Fig. 5 FOM (left, solid) and respective transmission (right, dash) of
S-ML in the region of negative n

curve in Fig. 4. Second, the effective length of the cut-wire
(P −d +2t = 160 nm) is larger than that (P −d = 120 nm)
in S-ML shown in Fig. 1c. So, it results in a lower reso-
nance frequency (510 THz) of the individual cut-wire than
that (540 THz) in S-ML, as shown by the blue curve in Fig. 4
(as all known, the resonance frequency of infinite metal wire
is zero when the polarization direction of incident electric
field is along the metal wire).

3.3 FOM investigation

The figure of merit (FOM), defined to be –Re(n)/Im(n), is
analyzed to investigate the loss of S-ML in negative n re-
gion. For convenient discussion, two regions are marked in
Fig. 2c and d. The apparent difference between them is the
value of μ: positive between 397 and 414 THz, negative be-
tween 414 and 433 THz. This indicates single negative n

and double negative n. According to the difference above,
FOM and corresponding transmission are shown in Fig. 5.
It can be seen that FOM in double negative region is larger
than that in single negative region (for example, FOM ≈ 1 at
420 THz, and FOM ≈ 0.4 at 410 THz). Also, the transmis-
sion in the double negative region is about 30% (averaged
value), which is much larger than that (10%, averaged value)
in the single negative region. This indicates a smaller loss of
S-ML in double negative region [22].

4 Parametrical explorations

In this section, we discuss the dependence of the electro-
magnetic response of S-ML on the parameters of the dielec-
tric grating, including the gradient (θ) and height (h). The
results are shown in Fig. 6. It can be seen that θ has little in-
fluence on the magnetic resonance at 410 THz when θ bears
small variety in Fig. 6a. This result can be understood using
LC circuit model. Both the effective inductance and capac-
itance are not much influenced when θ changes from 90◦ to
70◦, while the electric resonance splits into two resonances.
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Fig. 6 Transmission spectra (dB) of S-ML with tunable degree (a),
and height (b) of the dielectric grating. The inset in (a) shows the cross
section of the dielectric grating investigated

In fact, this is caused by the introduction of the parallel com-
ponent of the side metal layer when θ is not 90◦. An appar-
ent trend is that the additional resonance becomes larger and
shifts to lower frequency when the parallel component of the
side metal layer is larger.

Figure 6b shows the transmission spectra of S-ML with
increasing height (h is 40, 45 and 50 nm). First, the magnetic
resonance has a red shift when h increases. It is due to the
increase of both the effective impedance and capacitance.
Second, although the effective length of the oscillator (the
metal cut-wire) is not changed, the electric resonance also
has a red shift when h increases. Obviously, this is caused by
the shift of the magnetic resonance. A simple understanding
is that the cut-wire and the “U”-shaped structures are elec-
trically connected in S-ML, and mutual influence exists in
electric and magnetic resonances.

5 Conclusions

In summary, a single-layer structure with negative index at
visible frequencies is investigated in this paper. Simulation
shows that both negative μ and ε are attained at an over-
lapping range. The structural exploration demonstrates that

the simultaneously negative ε and μ is attributed to periodic
cut-wire and “U”-shaped structure dissembled from S-ML,
respectively. Furthermore, the influences of the gradient and
the height of dielectric grating are explored to meet the dis-
figurements in a practical fabrication process.
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