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Cut-wire pairs and plate pairs as magnetic atoms
for optical metamaterials
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We study the optical properties of metamaterials made from cut-wire pairs or plate pairs. We obtain a more
pronounced optical response for arrays of plate pairs, a geometry that also eliminates the undesirable po-
larization anisotropy of the cut-wire pairs. The measured optical spectra agree with simulations, revealing
negative magnetic permeability in the range of telecommunications wavelengths. Thus nanoscopic plate
pairs might serve as an alternative to the established split-ring resonator design. © 2005 Optical Society of

America
OCIS codes: 160.4760, 260.5740.

Magnetic and left-handed metamaterials have re-
cently attracted considerable attention’™ because of
their unusual optical properties8 and because of po-
tential applications such as so-called perfect lenses.
These lenses require a negative refractive index,
which can be produced by a negative electric permit-
tivity and a negative magnetic permeability at the
same frequency. Traditionally,'* these properties are
achieved by use of a combination of artificial “electric
atoms” and artificial “magnetic atoms,” i.e., split-ring
resonators and metallic wires, with lattice constants
much smaller than the wavelength of light, such that
the light field experiences an effective homogeneous
medium.

Other theoretical work'™*® has shown, however,
that pairs of finite-length wires (cut-wire pairs)
would not only be able to replace the split-ring reso-
nators (SRRs) but possibly could also lead to a nega-
tive refractive index directly, without the need for ad-
ditional metallic wires. It is our aim in this Letter to
investigate the optical properties of metamaterials
made from such cut-wire pairs and from related plate
pairs experimentally and to systematically study
their dependence on different design parameters.

Figure 1(a) illustrates the connection between nor-
mal SRRs and cut-wire pairs. At the left a normal
SRR is shown, which can be viewed as just one wind-
ing of a magnetic coil with inductance L in series
with capacitance C,* which is formed by the ends of
the wire. The oscillating magnetic field perpendicular
to the SRR plane induces a circulating current in the
coil. Near the LC resonance at angular frequency

wrc=1/ V/L_C, the circulating current in the coil can
lead to a magnetic moment perpendicular to the
plane of the coil that can counteract the external
magnetic field, enabling a negative magnetic perme-
ability to occur. Opening the split in the SRR de-
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creases capacitance C and hence increases the LC
resonance frequency. Additionally, opening the bot-
tom arm of the resultant U shape leads to a second
serial capacitance, further reducing the net capaci-
tance in the circuit; this results in an increase of the
resonance frequency. Further opening of the lower
slit brings us to a pair of cut wires. The result of this
transition is that the ohmic currents in the horizon-
tal arms at the left in Fig. 1(a) have been replaced by
displacement currents at the right. On the one hand,
we have increased the LC resonance frequency for a
given minimum feature size. On the other hand, this
increased resonance frequency at a fixed lattice con-
stant decreases the ratio between (resonance) wave-
length N\ and lattice constant a. A true metamaterial
requires a very large ratio of wavelength to lattice
constant, typically of the order of \N/a=10, for a
SRR.14’15’ With the cut-wire-pair design, this ratio is

typically N/a=2.
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Fig. 1. (a) Schematic of the adiabatic transition from split-
ring resonators (left) to cut-wire pairs (right) as “magnetic
atoms” of optical metamaterials. (b) Electron micrograph
(oblique-incidence view) of an actual cut-wire pair with w
=150 nm, t=20 nm, d=60 nm, and /=700 nm; (c) corre-
sponding top view.
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Fig. 2. Measured transmittance (red) and reflectance

(blue) spectra for cut-wire pairs for vertical incident polar-
ization (left column) and horizontal polarization (right col-
umn). [=(a) 500, (b) 400, (c) 300 nm. Fixed parameters for
(a)—(c): w=150 nm, t=20 nm, d=80 nm, a,=500 nm, and
a,=1050 nm. Dotted curves in (a), spectra from a nomi-
nally identical structure but without the topmost gold wire.
(d) same as (b) but d =60 nm rather than d=80 nm. Insets,
the corresponding electron micrographs (top views).

Obvious relevant design parameters are the length
of the cut wires /, the metal thickness ¢, the width w
of the wires, and the spacing between the wires d. To
fabricate structures suitable for the polarization con-
figuration depicted in Fig. 1(a) on a substrate for nor-
mal incidence conditions, one cut wire has to be on
top of the other, with a certain dielectric spacer layer
between [Fig. 1(b)]. It is straightforward to achieve
such a design: We start by defining the lateral struc-
ture in a poly(methyl methacrylate) photoresist (spin
coated onto a glass substrate covered with a 5 nm
layer of indium tin oxide) by standard electron-beam
lithography. Thereafter we sequentially deposit a ¢
=20 nm thin gold layer, a MgF, layer of thickness d
and refractive index 1.39, and another 20 nm thin
gold layer, all by electron-beam evaporation, followed
by a lift-off procedure. All samples described in this
Letter have a total area of 80 um X 80 um.

Transmittance and reflectance spectra are mea-
sured with a Fourier-transform infrared spectrom-
eter (Bruker Equinox 55, NIR halogen source) com-
bined with an infrared microscope (Bruker Hyperion
1000; 36X Cassegrain lens; N.A., 0.5; Si detector or
liquid-Ny-cooled InSb detector; infrared polarizer).
The samples are aligned with their surfaces perpen-
dicular to the optical axis. The transmittance and re-
flectance spectra are normalized to the bare sub-
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strate and a silver mirror, respectively, and are taken
for two orthogonal linear polarizations of the incident
light.

Figures 2(a)-2(c) show results for cut-wire pairs of
different lengths but fixed MgF, spacer thickness
and fixed wire width. The dotted curves in Fig. 2(a)
correspond to a sample with nominally identical pa-
rameters, however, without the topmost gold layer.
This single cut-wire sample shows only one pro-
nounced resonance, the Mie resonance, for each po-
larization. For an incident polarization along the long
axis of the cut-wire pairs, two resonances are ob-
served, which essentially disappear for orthogonal
polarization. If the two wires were identical, had
identical environments, and were excited equiva-
lently, these two resonances would correspond to the
symmetric (antisymmetric) low-frequency (high-
frequency) mode of the coupled system of the two cut
wires. However, in our case the symmetry is already
broken by the excitation geometry and by the pres-
ence of the substrate. As a result, both resultant reso-
nances have an antisymmetric character to some ex-
tent; thus both of them have a corresponding
magnetic dipole moment connected to a resonance in
magnetic permeability u. A comparison of Figs. 2(b)
and 2(d) shows the dependence of the resonance po-
sitions on MgFy spacer thickness d. As expected from
the description above of two coupled oscillators, the
split between the two effective resonances depends
on their coupling: For thin (thick) spacers, the cou-
pling is strong (weaker); hence the two resonances
are split by a large (smaller) amount in the spectrum.

The obvious polarization dependence of the cut-
wire pairs is undesirable, for example, in potential
applications as perfect lenses. Thus we have also in-
vestigated samples for which the wire width equals
the wire length, i.e., w=[. In this case the cut-wire
pairs turn into nanoscopic plate pairs. Their mea-
sured optical properties are shown in Fig. 3. Obvi-
ously the resultant optical resonances are qualita-
tively similar, yet even more pronounced than for cut-
wire pairs. Reducing the value of w=[ allows for
tuning of the resultant resonance positions.
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Fig. 3. Measured transmittance (red) and reflectance

(blue) spectra for arrays of plate pairs. (a) w=[=300 nm, (b)
w=[=200 nm. Fixed parameters: =20 nm, d=80 nm, and
a,=a,=[+350 nm. Orientation as in Fig. 2. Dotted curves,
transmittance spectra for 45° (left column) and 22.5° (right
column) incident polarization.



3200

Polarization 4—t—>
1.0 —

(@) e )
L [ 240
x 0.6 E 56
=04 = g, T
02 8 U=
0. 20V
10 15 20 10 15

Wavelength (um) Wavelength (um)

3 4 (d)
=
R 2
s 0
g v
1.0 1:5 1.0 1.5

Wavelength (um) Wavelength (um)

Fig. 4. (a) Calculated transmittance T' (red) and reflec-
tance R (blue) spectra for the structure shown in Fig. 3(a),
i.e., for a single layer. Vertical and horizontal incident lin-
ear polarizations are strictly identical. (b) Electric permit-
tivity e, (c) refractive index n, (d) magnetic permeability w
as obtained from the corresponding retrieval for a stack of
layers.

For the reasons mentioned, the samples that corre-
spond to Fig. 3(a) seem most attractive to us. Thus
we explicitly present the retrieval of magnetic perme-
ability u, electric permittivity €, and refractive index
n here. We use the Drude model for the gold* and all
other parameters as described above. The retrieval is
done along the traditional lines'*'®: We calculate
transmittance and reflectance spectra for a sequence
of layers perpendicular to the substrate, i.e., for a pe-
riodic medium with lattice constant a,=130 nm, and
retrieve u, €, and n from them. Figure 4 shows the
calculated transmittance and reflectance spectra as
well as the retrieval for the parameters of the struc-
ture shown in Fig. 3(a). Without any fitting param-
eters, the spectral positions of the resonances agree
well. There are, however, quantitative deviations in
the shape and the size of the resonances, which re-
sult in part from angle averaging in the experiment
owing to the large N.A. For the long-wavelength reso-
nance we indeed obtain a spectral region with a nega-
tive real part of u but no negative Re(e) at the same
frequency and no negative Re(n) (red curves). The
corresponding imaginary parts of u, €, and n (blue
curves) are also depicted. The retrieved values for the
short-wavelength resonance and beyond should be
taken with some caution: As one gradually leaves the
metamaterial limit, e.g., periodicity effects come into
play. The retrieval for parameters that correspond to
Fig. 3(b) is qualitative closely similar (also true for
the cut-wire pairs of Fig. 2). In particular, we obtain
Re(u)=-1.2 at 1.0 um wavelength (not shown).

In conclusion, we have experimentally obtained
and characterized metamaterials based on nanoscale
cut-wire pairs and plate pairs. Comparison with
theory and subsequent retrieval shows that both op-
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tions exhibit a frequency range with negative mag-

netic permeability. In contrast to other reports,16
however, we do not obtain a negative refractive index
from the cut-wire pairs or plate pairs alone that we
have studied so far.
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