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A structured composite of the negative index of refraction was fabricated by one layer of cross-I-shaped
metal pairs. In this structure, the electric and magnetic inclusions were effectively integrated into one small
unit. We varied the spacing of the cross pair to control the location of the magnetic resonance mode and their
intercoupling with the electric mode. The frequency dependences of permittivity, permeability, and refractive
indices with different gap widths of the pairs were systematically discussed by free-space measurement as well
as numerical simulation. A spacing window dependent on the geometrical parameters was found in which the
real part of the refractive index could have a negative value. The one-layer cross-pair pattern proposed in this
work can be extended to three-dimensional structures with well-controlled interlayer coupling that will greatly
facilitate the fabrication and measurement of negative-index materials in high frequencies.
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Negative-index materials �NIMs� have attracted great re-
search interest in both scientific and engineering communi-
ties for their exotic and unique electromagnetic �EM� prop-
erties that are absent from conventional materials �1–3� and
enable the construction of novel devices like superlens �4–7�
or light trapper �8�. Negative-index behavior was initially
predicted by Pendry in a composite consisting of metallic
wire resonators for negative permittivity ���� and splitting
ring resonators for negative permeability ���� �9�. The nega-
tive EM scattering behavior was first experimentally demon-
strated by Smith et al. in a microwave band using Pendry’s
topology �10�. Tremendous efforts have been made to opti-
mize the structures of NIMs and push their spectrum range
upward from microwave to THz �11�. Most of the previous
structures were built on combinations of metallic wires and
splitting rings. The fabrication process for such combinations
would become rather difficult in higher frequencies in order
to meet the requirements on the orientation and isolation of
the electric and magnetic inclusions. In the optical region,
arrays of splitting rings or their derivatives have been studied
by several groups �12–15�, but only regarding their magnetic
responses. To improve the feasibility of NIMs in higher-
frequency regions, the structure of the magnetic inclusion
needs to be modified to realize a negative system in which
the requirements on the orientations of the electric and mag-
netic components as well as the wave vector can be simulta-
neously fulfilled. Through theoretical simulations, Podolskiy
et al. predicted pairs of metallic nanowires could have an
optical negative refractive index behavior �16�. In their nano-
wire pairs, the electric mode was excited from the dipole
resonance of the surface plasmons on the wires and the mag-
netic mode induced by the field coupling between the wire
pairs. This architecture was implemented by Zhang et al. to
fabricate a NIM in the near-infrared band �17�. The straight
wire-pair structure was further modified by Zhou et al. into
I-shaped wire pairs �18�, in which the adjacent wires in one

layer formed a LC resonance circuit which gave negative �,
while the wire pairs in neighboring layers formed a magnetic
mode, leading to negative �. Similar double-negative behav-
ior in pairs of metallic crosses was recently predicted by
another group with the additional advantages of improved
polarization properties �19�. In these wire-pair structures, the
requirements on the directions of the fields as well as the
wave vector can be simultaneously satisfied. The multilayer
design greatly simplifies the fabrication process for a three-
dimensional NIM.

For the cross-pair pattern, since the electric and magnetic
inclusions are effectively incorporated into one small unit,
intermode coupling or disturbance will inevitably exist. The
lattice constant or the spacing of the wire pairs should be
deliberately controlled to form the double-negative reso-
nance behaviors, about which, so far, there has been no dis-
cussion in previous publications. In this work, wire-pair
structures were developed to fabricate a thin negative mate-
rial in microwave bands using metallic cross-I-shaped pat-
terns. The present cross-I configuration, other than the simple
cross pattern as used in Ref. �19�, had the advantage of easer
tuning of the position of the electric mode. The spacing of
the paired crosses was continuously modified to examine the
influence of lattice constant on the resonance behaviors of
the electric and magnetic modes and moreover their coupling
or interdisturbance. The scattering spectrum was obtained by
numerical calculation by Ansoft HFSS solution solver �20� as
well as free-space measurement and the scatting parameters
were used to retrieve the complex �, �, and n �refractive
index� by well-known formulas �21�. We found that there
was a small spacing window for the gap width between the
cross-I pairs in which the double-negative resonance behav-
iors could be realized.

The metallic structures were experimentally fabricated by
wet etching commercially available printed circuit boards
�PCB FR4 used in this experiment with the substrate’s
�=4.4– i0.088 and 35 �m copper clads coated� after lithog-
raphy. The measured scattering spectra as well as the re-
trieved �, �, and n agreed well with the numerical predic-*Corresponding author. phymy@nus.edu.sg
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tions. Figure 1�a� shows the schematic structures of our
cross-pair pattern in one unit together with their size param-
eters, which is periodically infinite in the cross plane. It is
formed by stacking two layers of cross-I arrays together with
the patterns face to face. The variable g denotes the distance
between the outer surfaces of the air-spaced crosses. The
sample is normally illuminated by plane waves with the po-
larization direction parallel to one main axis of the copper
cross. The magnetic component H is perpendicular to one of
the wire pairs. In this design, the assembly of the conductive
copper wires and the capacitive gaps at the I-shaped wire
ends in one substrate are supposed to form the electric reso-
nance circuit �� mode�, while the wire pairs between the two
substrates form the magnetic circuit �� mode�. An equivalent
circuit is given in Fig. 1�b� to approximate the EM response
of the wire-pair structure. Here, L� and C� represent the wire
pair’s inductance and capacitance, while L� and C� represent
the wire inductance and gap capacitance in the � mode cir-
cuit on the substrate. Strictly, all these parameters are the
functions of the gap width. It is seen that the electric and
magnetic modes will be affected by each other due to their
circuit connection.

Figures 2�a� and 2�b� show the simulated magnitude and
phase spectra of the transmittance �black straight line� and
reflectance �red dash line� from 2 to 16 GHz of the cross-
pair patterns at different gap width g, respectively. The
power loss �=1−T2−R2� �blue dotted line� is also given in
Fig. 2�a�. First, at g=0 �corresponding to the case of single-
layer crosses�, the transmittance magnitude shows a wide dip
around 6.3 GHz where the reflectance has a maximum. The
corresponding transmittance phase in Fig. 2�b� increase
sharply around 6.3 GHz, while the reflectance phase goes
through a slow reduction untill 10 GHz �the upper part of the
curve should be seen as connected to the lower portion by
displacing −360°�. The reflectance phase should be −180° at
6.3 GHz if the reference plane for reflection is deembedded
to superimpose the upper surface of the cross. Around this
frequency, numerical simulations show that the oscillation of
the surface currents is greatly intensified on the arms with

lengths parallel to the incident E field. Thus the � mode
should be excited with negligible resonance loss in this re-
gion.

When a 0.25-mm gap is introduced, as shown in Fig. 2�a�,
a narrow transmittance dip �reflectance peak� appears at
11.8 GHz where the loss reaches a maximum. This mode
shifts to lower frequencies and towards the transmission dip
as the gap width increases. Correspondingly, the transmit-
tance dip induced by the newly excited mode at g
=0.25 mm will gradually turn into a transmittance peak
when g becomes larger. As shown in Fig. 2�b�, both phase
curves have sudden jerks at the frequency where this addi-
tional mode is excited. The magnitude of a jerk on the trans-
mittance curve evolves to a −180° phase delay when
g�0.75 mm. When the gap is introduced, a circular conduc-
tion current is induced between the facing surfaces of the
wire pairs, as typically shown in Figs. 3�a� and 3�b� for sur-
face current maps of the cross pair of g=0.5 mm at 8.0 and
9.2 GHz, respectively. The intensity of the circular current
will be greatly intensified when the new mode is excited, as
shown in Fig. 3�b�. Thus, this additional mode can be recog-
nized as the � mode arising from the LC resonance across
the cross pairs. Furthermore, as shown in the bottom panel of
Fig. 2�b�, the transmittance phase for the pair of g
=0.75 mm reduces monotonously as frequency increases
�note that the phase curve should be displaced by −360° after
8.1 GHz�. Reduction of the phase is accelerated around the
�-mode location. A similar phase spectrum of transmittance
can be predicted in the cross-pair patterns of larger gaps. In
simulations, the propagating wave has a phase factor of
exp�−ink0r�, with k0 the incident wave vector and r the
propagation distance. The transmittance phase defined by
�=−nk0r should be a negative value for the wave propagat-
ing inside a material of positive index n. The phase relations
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FIG. 1. �Color online� �a� Schematic structure and �b� equivalent
circuit of the cross-pair pattern in one unit. The substrate material is
FR4 with permittivity �=4.4− i0.088 and coated by 35 �m copper
clad. The orientations of the electric and magnetic components for
the normal incident plane wave are also shown. The variable g
denotes the spacing of the two cross pairs. In �b�, L� and C� rep-
resent the wire-pair inductance and capacitance, and L� and C�

represent the wire inductance and gap capacitance in the � mode
circuit on the substrate.

FIG. 2. �Color online� Simulated magnitude �a� and phase �b�
spectra of the transmittance �black straight line� and reflectance �red
dashed line� of the cross-pair patterns at different gap width g. The
power loss �=1−T2−R2� �blue dotted line� is also given in �a�. Apart
from the � and � modes, another resonance between 11 and
12 GHz, which was not mentioned in the text, can be identified
from the reflectance curves �magnitude dip or sharp phase change�
at different gap widths. Inspections of the current maps show that
this mode is caused by a dipole resonance on the shorter and thinner
wires located at the ends of the main wires of the cross.
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in the cross pairs of g�0.75 mm reflect their positive wave
refraction characters. Thus, one can see that for the wire-pair
pattern the negative n can exist only within a limited range of
gap width. In the present case the upper limit for g should be
smaller than 0.75 mm.

We now consider the frequency location of the � mode
with respect to the gap width from the microwave transmis-
sion line theory. For a single parallel stripline pair filled by
air, the scattering of microwaves at their ends can be re-
garded as an open condition �i.e., the capacitance of the end
is zero� and its resonance frequency f is inversely propor-
tional to the strip length l by f =c0 /2�l, where c0 is the light
velocity in vacuum. For the present structure, the resonance
circuit for the � mode is connected by finite gap capaci-
tances �C�1 and C�2� at the wire ends, as shown in Fig. 1�b�.
The mode frequency can be estimated from the zero condi-
tion of the total impedance for the resonance circuit consist-
ing of one portion of transmission line plus two parallel ca-
pacitances at the ends which can be written by

Zg = − Zw
Zg + iZw cos�kwl�
Zw + iZg cos�kwl�

, �1�

with Zw and Zg being the effective impedances of the wire
pair and the two ends, respectively, and kw the propagation

constant of the wire pair. Here Zw=��0

�0

g
w �w is the wire

width�, Zg= �i2�fCe�−1 �Ce is the total effective capacitance
of the wire ends�, and kw=2�f /c0. For the single-layer
cross-I pattern, an analytical solution has been developed to
evaluate Ce �the detailed formulas are given in Ref. �22��,
which in this case is predicted to be nearly a constant around
0.28 pF in the frequency range of 2–16 GHz. By substitut-
ing all the parameters into Eq. �1�, the obtained resonance
frequencies at g=0.25 and 0.75 mm are 11.25 and 7.08 GHz,
respectively. These values have reasonable agreement with
the simulated results. The main discrepancy is due to the
oversimplified approximations of Ce.

Figures 4�a�–4�c� show the spectra of permeability �, per-
mittivity �, and refractive index n for the patterns of g
=0.25, 0.5, and 0.75 mm, respectively, which are defined in
the form of m=m�− im�. These quantities are retrieved by
using the original Nicolson-Ross-Weir algorithm �21�, which
is mathematically identical to the formulas of Smith et al.
without multiplying the transmittance by a phase factor �23�.
At g=0.25 mm, � shows a clear resonance behavior around
5.2 GHz, indicating excitation of the � mode. The plasma
frequency fp �the upper frequency limit for ���0� is
10.1 GHz for the wire-pair structure. Thus the range for
negative �� is from 5.2 to 10.1 GHz. The real part of perme-
ability �� has an antiresonance character, and the imaginary
part �� shows a negative peak associated with the electric
resonance. Due to the finite spatial periodicity of the struc-
tures, the metallic composite arrays are normally of bounded
refractive indexes �24�. As the bulk permittivity and perme-
ability parameters have the relationship n2=��, � ��� will
show an antiresonance behavior if the � ��� mode is excited.
Negative �� means an increased storage of magnetic energy
inside the structure compensated for by the dissipated elec-
tric energy associated with the electric resonance. From the
permeability curve in Fig. 4�a�, a magnetic resonance can be
identified near 11.8 GHz. The intensity of this mode is not
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FIG. 3. �Color online� Snapshots of the surface currents on the
metallic crosses with g=0.5 mm at �a� 8.0 and �b� 9.2 GHz together
with the directions of the electric and magnetic fields of the incident
wave at the same phase. The relative intensity of the current is
described by the different colors and the sizes of the arrows. It is
clear the currents in �a� shows an in-phase oscillation and out of
phase in �b�.

FIG. 4. �Color online� Numeri-
cally predicated spectra of perme-
ability �, permittivity �, and re-
fractive index n for the patterns of
g= �a� 0.25, �b� 0.5, and �c�
0.75 mm, which are defined in the
form of m=m�− im� �m=�, �, or
n and i=�−1�.
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strong enough to induce a negative �� beyond the resonance
frequency. Thus it corresponds to the positive refractive in-
dex n. When the gap width increases to 0.5 mm, as shown in
Fig. 4�b�, a small band corresponding to negative n� is suc-
cessfully obtained around 9.2 GHz where �� is negative re-
sulting from the magnetic resonance. As shown in Figs. 3�a�
and 3�b�, the current loop formed at 8.0 GHz has an in-phase
oscillation with the driving magnetic field, while it is out of
phase at 9.2 GHz with larger intensity. When g further in-
creases to 0.75 mm, the position of the magnetic mode is
lowered to 8.2 GHz. No negative �� or n� is induced in this
case. The resultant � spectra indicate that the original electric
resonance is seemingly split into two isolated modes. It
shows that the resonance behaviors for both electric and
magnetic modes are seriously disturbed when they get too
close in frequency due to the strengthened mode coupling.
By refining the increment step of g, a gap window of
�0.2 mm �g=0.4–0.6 mm� was found in which negative n�
can be obtained.

Figures 5�a� and 5�b� show the simulated and measured
parameters of �, �, and n of the cross pairs at g=0.5 mm in
an enlarged scale of frequency regions, respectively. The
sample was experimentally fabricated by stacking two layers
of crosses �overall area 22�23 cm2� together using pieces of
paper strips as spacers. The scattering parameters S11 and
S21 were measured by a pair of antennas connected to a
vector network analyzer �HP 8722�. The Nicolson-Ross-Weir
algorithm was then applied to retrieve the constants of per-
mittivity, permeability, and refractive index using the mea-
sured S11 and S21. It is seen that the experimentally ob-
tained �, �, and n agree well with the simulated results. The
small discrepancies in the frequency locations are mainly
caused by the error in the thickness of the PCB spacing and
the incidence of pseudo-plane-waves emitted from the an-
tenna. It is noted that in this case excitation of the � mode
gives rise to a negative real permittivity with negligible
imaginary part in a relatively very wide range from
7 to 10.6 GHz. So the band for the double-negative reso-
nance behavior will be mainly determined by the frequency
of the � mode. As indicated by the blue dotted lines in the

figures, the bandwidth for negative n� has a closer correla-
tion with the peak width of ��, rather than the width of
negative ��. It is mathematically understandable since ��
should have an equal contribution to n as �� in terms of the
formula n= ����− i������− i����1/2 �17�. The simulations pre-
dict that raising the loss constant �tan	� of the PCB substrate
will broaden the peak width of ��, which in turn widens the
bandwidth of negative n�. Such a loss dependence is the
typical character for a Lorentz-type resonance resulting from
the strengthened damping effect. In this case, it leads to a
band of negative real index around 9 GHz with a bandwidth
of 0.8 GHz. For our cross-I pairs, which are of the character
of biaxial anisotropies, this negative window is expected to
have a low dependence on the polarization angle 
 of the
incident wave. This point has been experimentally verified
by the independence relationships of transmittance and re-
flectance versus 
 �not shown here�. But the spatially distri-
bution feature for the basic unit will make the resonance
modes inevitably dispersive. The simulations show that the
negative-index window will displace towards higher fre-
quency by 0.3 GHz when the incident angle � is increased to
20° for both TE and TM mode. Since the peak width at the
half maximum for negative n� is also �0.3 GHz, the disper-
sive degree for refraction may be acceptable at ��20°. This
upper limit is believed to be further increased by optimizing
the wire structures and permittivity of the dielectric filler.

It should be mentioned that excitation of the � mode will
concentrate strong EM energy inside the structure, which is
also the reason for the increased loss at the �-mode loca-
tions. This energy concentration effect can greatly enhance
the transmission efficiency of the metallic cross pairs irre-
spective of the sign of the refractive index. It behaves like
Fabry-Perot mode-induced wave transmission over subwave-
length slits in metallic gratings �25�. Thus the transmission
bands at g�0.75 mm can be induced only regarding to the
magnetic resonance. On the other hand, it should be noted
that the interaction of the paired crosses can have a great
influence on the wave scattering only around the frequency
region where the � mode is excited. This point can be un-
derstood from the comparison of the scattering coefficients
of the cross pairs at different g, as shown in Figs. 2�a� and
2�b�. Outside this region, the cross pairs can be simply re-
garded as two isolated impedance layers sandwiching an air
gap. Thus, it is totally possible to build a three-dimensional
NIM by repeating the cross-pair assembly in the wave propa-
gation direction in which the near-field coupling between
adjacent assemblies is effectively reduced by a suitable spac-
ing.

In summary, the influences of the gap width on the wave
scattering and the refractive index of cross-I pairs have been
studied. The circuit connection of the electric and magnetic
constitutes in this structure makes their resonance behaviors
highly sensitive to the gap width. The magnetic mode should
be deliberately controlled by adjusting the gap width to avoid
the situation of too weak resonations where there is a small
gap or strong couplings with the electric mode where there is
a large gap. By repeating the cross-pair bilayer structure
along the wave-vector direction, a three-dimensional
negative-index material can be highly anticipated.

We thank Dr. X. S. Rao for discussions at the early stage
of the work and A*STAR for funding.

FIG. 5. �Color online� �a� Simulated and �b� measured param-
eters of �, �, and n of the cross-pair composite at g=0.5 mm in
enlarged frequency regions. The dotted blue lines describe the fre-
quency regions corresponding to negative n�.
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