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Transmission properties of terahertz pulses
through subwavelength double split-ring resonators
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We present a terahertz time-domain spectroscopy study of the transmission properties of planar composite
media made from subwavelength double split-ring resonators (SRRs). The measured amplitude transmis-
sion spectra reveal a resonance near 0.5 THz, the central frequency of most ultrafast terahertz systems, for
one SRR orientation in normal-incidence geometry. This resonance is attributed to the effect of electric ex-
citation of magnetic resonance of the SRR arrays. In addition, the influences of background substrate, lattice
constant, and the shapes of the SRRs on the terahertz resonance are experimentally investigated and agree
well with the results of recent numerical studies. © 2006 Optical Society of America

OCIS codes: 320.7120, 160.4670.
The existence of negative index materials (NIMs)
was experimentally demonstrated in the microwave
region by Smith et al.,1 who combined Pendry’s metal
wires and split-ring resonators (SRRs) in a composite
structure, enabling the effective permittivity �eff and
permeability �eff to be simultaneously negative.1–3

NIMs will open up an entirely new world of devices
that will affect broad areas, such as communications,
data storage, lithography, and biomedical imaging.
Recently, there has been an emerging interest in tun-
ing the resonance frequencies of NIMs to the tera-
hertz and infrared regions.4–8 At terahertz frequen-
cies, Yen et al. achieved magnetic response at 0.8–1.3
THz in the planar microstructured SRR composites
as measured by spectroscopic ellipsometry.4 Very re-
cently, Katsarakis et al. demonstrated magnetic reso-
nance near 6 THz in a multilayer composite made
from single-ring SRRs.8 In this Letter we present ex-
perimentally determined transmission properties of
planar subwavelength double-ring SRR arrays char-
acterized by terahertz time-domain spectroscopy
(THz-TDS) in the frequency range from 0.1 to 3.5
THz. Various arrays made from square and circular
double-ring SRRs were lithographically fabricated for
experimental investigation of the effects of back-
ground substrate, lattice constant, and the shape of
the SRRs on the transmission properties of terahertz
pulses in normal-incidence geometry. In one of the
SRR orientations a resonance near 0.5 THz was ob-
served in a double-ring SRR array patterned on sili-
con and disappeared when the splits of the rings
were closed. This resonance is interpreted in terms of
the effect of electric excitation of magnetic resonance
when the incident terahertz pulses are polarized per-
pendicular to the splits of the SRRs and penetrate
the array at normal incidence.5,8–11

As an effective magnetic element, the SRR usually
has either a square or a circular configuration, as
shown in Figs. 1(a) and 1(b), respectively. A double-
ring SRR consists of two concentric split rings situ-
ated oppositely and made from conductive material.
The function of the splits is to allow the SRR unit to
be resonant at wavelengths much longer than the
physical dimension of the rings.1 The small split ring

inside the unit enables a capacitance to be formed be-
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tween the rings. As a result, the resonance frequency
is lower than that of the outer single-ring SRR, and
this facilitates the occurrence of a magnetic response
in the negative permittivity region of the combined
system of SRRs and wires.11

The microstructured SRR array is an optically
thick 200 nm aluminum layer lithographically fabri-
cated on either silicon (0.64 mm thick, p-type resis-
tivity 20 � cm) or fused quartz (1.03 mm thick) sub-
strates. Figures 1(c) and 1(d) show microscopic
images of the square and circular SRR arrays, re-
spectively. The square and circular SRRs have essen-
tially the same linear dimensions, with a minimum
feature of d=2 �m in the splits of the rings and a
submicrometer resolution. The clear aperture of the
samples is 20 mm�20 mm, which is large enough for
either focused or parallel beam THz-TDS character-

Fig. 1. Diagrams of (a) a square SRR and (b) a circular
SRR. (c) Microscopic image of a square SRR array made
from aluminum on silicon; the dimensions of the SRR are
d=2 �m, w=3 �m, t=6 �m, l=36 �m, and lattice constant
P=50 �m. (d) Image of a circular SRR array with the same
dimensions as those of the square SRR array with

r=3 �m.
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ization. The physical parameters of the SRR are de-
termined based on recent numerical results,4,11 so the
SRR can be magnetically resonant at 0.5 THz. Typi-
cally, this frequency corresponds to the peak of the
amplitude spectrum in ultrafast terahertz systems
and is one at which extensive applications have been
demonstrated, particularly in imaging, ranging, and
interconnects.12–14

Terahertz spectroscopic characterization of the
SRR arrays is undertaken by use of a broadband,
photoconductive switch-based THz-TDS system.15,16

THz-TDS has shown significant advantages in mate-
rial characterization, particularly because transmit-
ted coherent terahertz pulses provide a high signal-
to-noise ratio and significant time-resolved phase
information. The THz-TDS setup employed here has
an 8F confocal geometry12 and a 3.5 mm frequency-
independent beam waist that covers more than 3800
SRRs for lattice constant P=50 �m.

Figure 2 illustrates the frequency-dependent am-
plitude transmission and the phase change of a
square-SRR array with a spectral resolution of 0.03
THz. The SRR is oriented with the splits perpendicu-
lar to the terahertz electric field; we define this as the
perpendicular orientation. In contrast, the parallel
orientation is defined when the splits are parallel to
the electric field. The transmission is extrapolated
from the ratio of the Fourier-transformed amplitude
spectra of the sample to the reference, which is a
blank slab identical to the substrate of the SRRs. As
shown in Fig. 2(a), two distinct resonance features
are observed for each SRR array. Since the incident
magnetic field is parallel to the plane of the SRRs,
both the parallel and the perpendicular orientations
were expected to be magnetically inactive.10,11 How-
ever, recent experimental and theoretical work indi-
cates that an oscillating resonant current can be ex-
cited due to the coupling of the electric field to the
SRRs in the perpendicular orientation shown in Fig.
2.5,8–11 This is referred to as the electric excitation of
the magnetic resonance effect that leads to a mag-
netic response. The phase change is obtained from
the phase difference between the sample and the ref-
erence spectra. As shown in Fig. 2(b), the phase
change has the derivative shape of the sharp reso-
nances observed in the transmission. This shows the
consistency of both the measured phase and the am-
plitude transmission.

Terahertz transmission properties of the square
SRR array patterned on both silicon and quartz sub-
strates are compared. In recent work, a magnetic
resonance centered at �m /2�=0.82 THz was demon-
strated in a double-ring SRR array on quartz with
the same linear dimensions as shown in Fig. 1(c)
when a component of the magnetic field penetrated
the rings.4 Similarly, we observed a low-frequency
resonance located at 0.80 THz as indicated by the
dotted curves in Fig. 2 but in the normal-incidence
geometry where the magnetic field has no component
normal to the SRR plane. This stop band is expected
for the inductor–capacitor circuit �LC� resonance be-
cause of the electric excitation of the magnetic reso-

5,8–11
nance effect. To confirm our result, the SRR ar-
ray was vertically angled up to 45° in the terahertz
beam path to produce a component of the magnetic
field normal to the plane of the SRRs.4 However, no
frequency shift occurred at the measured resonance
of 0.80 THz. Moreover, the metal thickness of the
SRR was increased to 2 �m, but no considerable
change was observed in the transmission properties
either.

The low-frequency resonance of the SRRs pat-
terned on silicon shifts to the lower frequency of 0.51
THz, as shown by the solid curve in Fig. 2(a). This re-
sult is reasonably consistent with the dependence of
magnetic resonance frequency on the dielectric con-
stant of the substrate �m�1/��b,11 where �b is the
dielectric constant of the background substrate:
�b=11.35 for silicon and �b=3.82 for fused quartz.17

However, when the background substrate becomes
orders of magnitude thinner than the resonance
wavelength, this scaling rule may not be valid in the

Fig. 2. (a) Measured amplitude transmission and (b) the
corresponding phase change of the square SRRs [Fig. 1(c)]:
array on silicon, solid curves; array on quartz, dotted
curves. The vertical dashed lines indicate the magnetic
resonances.

Fig. 3. Measured amplitude transmission of a square SRR
array (solid curves) and a CR array (dotted curves) on sili-
con with the same dimensions: w= t=5 �m, l=40 �m, and
P=60 �m, except that d=5 �m for SRR and d=0 for CR.
(a) Perpendicular orientation, (b) parallel orientation.
terahertz region. Further numerical and experimen-
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tal studies are needed for a quantitative understand-
ing of this effect.

To further determine the electromagnetic proper-
ties of the observed resonance features, we fabricated
a pair of arrays composed of SRRs and closed rings.
The closed ring has linear dimensions identical to
those of the SRR, except that d=0. As shown in Fig.
3, the amplitude transmission of the closed rings de-
picted by the dotted curves reveals a single stop band
that almost completely overlaps the resonance for the
SRR array in parallel orientation. Clearly, the low-
frequency resonance observed in the perpendicular
orientation is removed by closing the splits in the
rings, while the second resonance at 1.35 THz shifts
to the lower frequency and overlaps the stop band for
parallel orientation. According to previous
studies,5,8–11,18 the low-frequency resonance, in this
case at 0.50 THz, is further confirmed as the mag-
netic response. The resonance for parallel orientation
in Fig. 3(b) and the second resonance at relatively
higher frequencies for perpendicular orientation in
Figs. 2(a) and 3(a) are attributed primarily to the
electric response of the SRRs.

In Fig. 4(a) we show the dependence of the SRR
resonances on the lattice constant. Two circular SRR
arrays that employ the same SRR unit as shown in
Fig. 1(b) were fabricated, with lattice constants of 50
and 60 �m. As expected, the position of the low-
frequency resonance at 0.59 THz does not shift with
respect to the lattice constant.5 The reduced strength
and linewidth with increasing lattice constant are
due to the smaller number density of the SRRs per
unit area, such that the total contribution of the
SRRs and the interaction between the SRRs are re-
duced. In addition, the transmission properties of the
terahertz pulses from square and circular SRR ar-
rays have been compared. The two arrays have iden-
tical linear dimensions [Figs. 1(c) and 1(d)], alumi-
num layers, and silicon substrates. As shown in Fig.
4(b), the resonance frequencies of the circular SRRs

Fig. 4. (a) Measured amplitude transmission of circular
SRR arrays on silicon with the same SRR but different lat-
tice constants [Fig. 1(d)] with P=50 �m (solid curve) and
P=60 �m (dotted curve). (b) Comparison of amplitude
transmission of the square SRR array [Fig. 1(c), solid
curve)] with the circular SRR array [Fig. 1(d), dotted

curve], both on silicon.
are higher than those of the square SRRs. The low-
frequency resonance is centered at 0.59 THz for the
circular SRRs and at 0.51 THz for the square SRRs.
This difference is due to the fact that the circular
SRR has a smaller area than the square SRR of the
same linear dimensions. The resonance frequency is
inversely proportional to the square root of SRR area
�m�1/�A, where A is the area occupied by a SRR.11
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