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Metamaterials are artificial materials with subwavelength
structure1 that enable the translation of magnetic2 and electric
responses3 into spectral regions not accessible through naturally
occurring materials. Here, we report direct measurements of the
propagation and confinement of terahertz electromagnetic
surface modes tightly bound to flat plasmonic metamaterials
that consist of metal surfaces decorated with two-dimensional
arrays of subwavelength-periodicity pits. These modes are
surface plasmon polaritons with an effective plasma frequency
controlled entirely by the surface geometry4. The mode
spectrum and penetration depth into air demonstrate strong
wavelength-scale energy confinement to the surface below the
electromagnetic band edge; this is in stark contrast to the very
weak confinement found at flat metal surfaces in this spectral
regime. The results are in good agreement with analytical and
numerical models of surface plasmon polaritons propagating on
structured perfect-conductor surfaces, and imply that plasmonic
metamaterials could help miniaturize optical components or
lead to improved chemical or biochemical sensors.

Since the late 1980s the development of highly sensitive,
coherent spectroscopic tools in the far infrared, particularly in
the so-called ‘terahertz gap’ between 0.1 THz and 3 THz, has led
to many applications in this previously under-used spectral
window. Examples include the study of electronic coherence in
semiconductors5, dielectric characterization of a wide range of
materials6 and pharmaceutical quality control7. Sensing
applications8,9, particularly in security and genetic testing, often
require the detection of minute quantities of material. In such
cases it is desirable to tightly confine the probing radiation, while
at the same time providing easy accessibility of the guided mode.
This is difficult at THz frequencies, where the wavelengths are of
the order of hundreds of micrometres. Various approaches have
been suggested, including stripline resonators8, parallel-plate
waveguides10 and coupled photonic-crystal resonators11. Here, we
describe investigations of high-confinement THz guiding on
plasmonic metamaterials.

Coupling between light and the collective oscillations of the
electron plasma at a metal–dielectric interface gives rise to

surface plasmon polaritons (SPPs)12. At frequencies close to the
intrinsic plasma frequency, which for metals generally lies in the
UV region, SPPs exhibit subwavelength field decay. Such modes
have found applications in magneto–optic data storage, chemical
sensing, near-field microscopy and spectroscopy, biomedical
applications13 and miniaturized photonic circuits14,15. At lower
frequencies, in the far-infrared and microwave regions,
conductors also support electromagnetic (EM) surface waves, but
here metals resemble perfect conductors and the fields are only
weakly confined in the dielectric. Such extended surface EM
modes, known as Sommerfeld or Zenneck waves, have recently
been studied at THz frequencies16–18.

Plasmonic metamaterials based on metals offer a potentially
more versatile approach to engineering tightly confined surface
modes in the THz regime than semiconductors, which can be
doped to obtain plasma frequencies in the THz range19, or high-
index dielectric overlayers on flat metallic films. This is due to the
fact that SPP dispersion and spatial confinement can be controlled
by means of surface patterning. Any metal surface structure, such
as arrays of holes or grooves, increases the binding of surface waves,
as discussed by Goubau20 and Mills and Maradudin21. Physically,
this arises because indentations lead to greater penetration of the
field into the metal in an effective-medium model. Even in an
extremely thin metal sheet, perforation with an array of holes leads
to the appearance of confined surface modes22. More recently, the
concept was extended4 with the introduction of the idea of versatile
plasmonic metamaterials consisting of metal surfaces textured with
subwavelength-scale corrugations or dimples and that have surface
waves that mimic the properties of SPPs (dubbed ‘spoof ’ SPPs)
even in the perfect-conductor limit. The existence of such SPPs has
recently been indirectly verified using microwave reflectivity
measurements23. In this Letter, we directly observe SPP propagation
on this class of metamaterials and demonstrate their strong
localization to the surface at THz frequencies in a manner
quantitatively consistent with theoretical predictions.

We have studied SPP propagation on two planar copper
surfaces (I and II) perforated by square arrays of square, copper-
lined holes (Fig. 1a and inset in Fig. 2; see Methods for
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dimensions). Figure 1b shows the dispersion relation (angular
frequency v versus propagation constant kx) for sample II
calculated using a quasi-analytical modal expansion approximation
(MEA)24, which takes diffraction into account up to the tenth
order, and its verification by finite-difference time-domain
(FDTD) simulations25. As is apparent, the SPP dispersion curve
(blue) deviates from the light line (green) as the zone boundary at
kx ¼ p/d, where d is the period, is approached, although an
asymptotic region cannot be reached for air-filled holes.

The metamaterials were studied experimentally using THz
time-domain spectroscopy, in which the coherently detected
signal current at a particular frequency is proportional to the
THz electric field. Coupling of p-polarized free-space radiation to
SPPs was achieved using an aperture of wavelength-scale width
h1, defined by a steel razor blade perpendicular to the sample
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Figure 2 Schematic of the experimental arrangement to study SPP

propagation. Insets show electron micrographs of the top and cleaved

edges of sample I.
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Figure 1 Plasmonic metamaterial geometries under study. a, Schematic of

the plasmonic metamaterial showing holes in yellow. b, SPP dispersion curve for

sample II near the Brillouin zone boundary. The green curve indicates the light

line, the blue curve shows the MEA calculation, and red points indicate the

FDTD calculation.
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Figure 3 THz signals and their spectra. a–c Signals and d– f spectra for different arrangements. Free-space coupling of the transmitter and receiver and

propagation on a flat sheet (a,d) sample I (b,e), sample II (c, f). Panels c and f also show a calculation of the effect of SPP dispersion on pulse shape. The dashed

vertical lines in e and f indicate the zone boundaries.
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surface16, as shown in Fig. 2. Diffraction at the aperture allows
phase matching to the slower SPP. An intermediate aperture (h3)
made from a 1.5-mm-thick aluminium sheet is used to probe the
extent of the SPP field along z, as described below, and
diffraction at the final razor blade (aperture h2) is used to
transform the SPP back into free-space radiation for detection. It
is important to appreciate that the propagation distance after the
excitation region for the modal shape of the surface wave to be
fully developed is governed by the perpendicular amplitude decay
length, lz ¼ 1/Im(kz) with kz

2 ¼ v2/c2 2 kx
2, which makes

observations of Zenneck waves on flat surfaces difficult18 (lz is
�10 cm for copper at 1 THz). In the metamaterial case, lz is a
few millimetres or less over a large frequency range near the
band edge, and therefore the SPP waves are fully developed in
our set-up, as verified in the EM simulations described below.

Figure 3 shows time-domain signals and their spectra after
propagation along the two sample surfaces (Fig. 3b,c,d,f ). It
also shows, for comparison, data obtained by direct free-space
coupling of the THz transmitter and receiver (that is, no
sample) and for propagation on a perfectly flat copper surface
(Fig. 3a,d). The time-domain trace of the featureless surface is
similar to that obtained with no sample. Because of the
extremely low dispersion of the Zenneck wave on a flat surface,
the small change in shape is mainly due to the filtering effect of
the apertures13. In contrast, the signals from the metamaterials
show pronounced ringing, which persists for more than 10 ps,
and the spectra exhibit sharp cut-offs at frequencies close to
those of the Brillouin zone boundaries indicated by the vertical

bars in Fig. 3e and f. Figure 3c and f also shows a calculated
time-domain trace and spectrum for sample II. The calculation
includes model functions for the electric field produced by the
transmitter and for the receiver response26, which together
reproduce the free-space signal and spectrum in Fig. 3a
and d. The propagation of the SPP between the in- and
out-coupling apertures is calculated using, for simplicity, a first-
order approximation to the MEA (ref. 24) and neglecting the
transmission functions of the apertures. The good qualitative
agreement with the experimental shape of the THz pulse shows
that the propagation is mainly determined by the slowing down
of the SPP near the band edge.

If we assume that the intermediate razor blade simply passes
part of the incident SPP without significantly altering its field
distribution, then, to a first approximation, the effect is to
integrate the Poynting vector parallel to the surface. Energy
conservation then requires that the ratio of the transmitted and
incident fields, A2(v) and A1(v) respectively, on either side of
the aperture is given by

A2ðvÞ=A1ðvÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� expð�2 kzh3Þ

p
ð1Þ

The detected field after out-coupling, E(v), is proportional to
A2(v) if diffraction by the aperture can be neglected, so that kz

can, in principle, be determined from the variation of E(v) with
h3. To test the above assumptions we performed numerical
simulations of the SPP propagation using the finite-integration
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Figure 4 Numerical simulations of spoof SPP propagation. a–c, Simulated absolute-electric-field maps for sample II at an SPP frequency of 1.3 THz for

h3 ¼ 0.1 mm (a), h3 ¼ 0.5 mm (b) and h3 ¼ 1.0 mm (c). Red colour indicates high field and blue indicates low field. d, Field profiles along z at the positions

indicated by the dotted lines in panel b.The dotted curve in d shows the profile predicted using the MEA. e, Ratio A2/A1 as a function of h3 for two different

frequencies, f ¼ 1.3 THz (black) and f ¼ 0.7 THz (blue). Points correspond to values obtained from FIT and full lines are obtained using equation (1) and the MEA.
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technique (FIT) in the perfect-conductor approximation.
Figure 4a–c shows the distribution of the electric field evaluated
in the x–z plane of sample II for three different values of h3. The
aperture dimensions and positions are the same as experiment.
The output coupler is located at the right-hand edge of the
structure displayed and is not shown. The frequency of the
incident radiation (1.3 THz) is close to the zone boundary where
large confinement of the SPP is expected. It is clear from Fig. 4a–c
that the intermediate razor blade selectively passes the SPP while
blocking unwanted radiation diffracted at the input coupler. In
Fig. 4d, several z-cuts along the propagation direction showing
the decay of the SPP field in Fig. 4b (h3 ¼ 0.5 mm) are presented
to allow comparison of the field confinement within and after
the intermediate aperture. The field profile is maintained during
the transmission process and the decay of the SPP in the
direction perpendicular to the surface closely corresponds to that
calculated from the dispersion relation obtained using the MEA
(Fig. 1b), as assumed in deriving equation (1).

We now verify that the dependence of the output signal on h3

carries information on the spatial confinement of the SPP. In
Fig. 4e, the ratio A2/A1 obtained using the FIT is compared with
that evaluated using equation (1) and the dispersion relation
obtained using the MEA (Fig. 1b) as a function of h3 at 0.7 THz
and 1.3 THz. The good agreement obtained between the FIT

prediction, which includes diffraction at the aperture, and the
quasi-analytical MEA predictions, which neglect it, makes us
confident of the experimental technique’s ability to probe the
confinement of the SPP propagating at the surface of the
metamaterial, at least for h3 greater than of the order of the free-
space wavelength. For smaller h3, the SPP amplitude is
underestimated because of diffraction. This comparison also
shows that the condition assumed in the metamaterials
concept—that d and the aperture edge length, a, must be much
less than the wavelength, l—is quite relaxed in practice.

The experimental variation of E(v) with h3 for the two samples
is shown in Fig. 5, which also shows theoretical predictions based
on equation (1) with kz evaluated using MEA and scaled
vertically to fit the data. The corresponding theoretical values for
lz are tabulated in the figure. The agreement between theory and
the measured amplitudes appears very good, particularly for the
higher frequencies where the confinement is strongest and
diffraction is weakest, and for aperture heights of the order or
greater than the free-space wavelength, as anticipated from the
above discussion. A fitting of the complete datasets (including
the smallest aperture height) to equation (1) overestimates the
decay length by a factor of the order of two for the reasons
discussed, and for signal-to-noise ratio reasons it is not possible
to restrict the fitted data to large h3. A more accurate
experimental determination of lz requires either a near-field
probing scheme avoiding diffraction, or an analytical treatment
that takes diffraction into account. It is, however, clear that
wavelength-scale energy confinement of the SPP over a wide
frequency range near the band edge is experimentally observed,
and that the degree of confinement is in close agreement with
theory when account is taken of the approximations inherent
in equation (1).

In conclusion, on our metamaterial surfaces we observe
wavelength-scale energy confinement over the octave below the
zone boundary, two orders of magnitude better than for a flat
metal sheet and in agreement with theoretical predictions. We
have not measured the propagation loss, but it should be
proportional to lz

22 if metal absorption dominates over
diffraction. From a comparison with the theory of Zenneck waves
on copper, the amplitude decay length lx is estimated to be of the
order of 5 cm near the band edge for our structures, reflecting a
tolerable trade-off between loss and confinement. These
characteristics are very encouraging for future applications in
chemical or biochemical sensing, particularly as the vertical
confinement can be increased by almost one order of magnitude
by filling the holes with a high-index dielectric such as silicon.
This would allow access to the flat part of the SPP dispersion
relation, and spatial variation of the hole size or period could be
used to create optical elements such as waveguides, lenses,
mirrors and resonant cavities.

METHODS

DEVICE FABRICATION

Samples were fabricated by copper plating of lithographically patterned
polymer films. A thin layer of SU8-5, an epoxy-based photoresist, was initially
spun on to silicon wafers to create a base layer. A 60-mm-thick layer of SU8-50
was then applied and patterned with arrays of holes using contact optical
lithography. Copper was deposited on the cured SU8 surfaces by catalytic
plating using the Shipley Circuposit electroless process. Sample I had a period
d ¼ 150 mm and hole edge a ¼ 91+5 mm, and sample II had d ¼ 100 mm and
a ¼ 66+4 mm. The hole depth in each sample was 58+6 mm, and the
copper thickness was �0.5 mm. The uncertainties reflect systematic variations
across the samples associated with the fabrication technique and the existence
of undercut in the hole side-wall (see Fig. 2). The samples were 40 mm long
and 8 mm wide.
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TECHNIQUES

Experiments were carried out using photoconducting THz sources and emitters
described previously27. Pulses of 100 fs duration at a centre wavelength of 755 nm
were used to optically excite a region of high electric field between electrodes
deposited on semi-insulating GaAs. Terahertz radiation emitted by the transient
photocurrents was collimated and refocused using a combination of
hyper-hemispherical substrate lenses and off-axis parabolic mirrors before being
detected by a 10-mm-long photoconducting dipole antenna. The receiver was
optically gated by a second, time-delayed optical pulse split off from the first.
By varying the time delay between these pump and probe pulses, which were
delivered using photonic-crystal fibre, the electric field could be effectively
mapped out as a function of time with a useful system bandwidth exceeding
2 THz. The 1/e diameter of the THz beam on the in-coupling aperture was
�2 mm at 1 THz. Broadband phase-matching of free-space radiation and SPPs
was achieved by exploiting diffraction to provide larger wavevectors parallel to
the surface16,28. Experimentally, we found that the small sample width
perpendicular to the SPP propagation direction did not affect our results as long
as the centre of the incident THz beam was positioned within 2 mm of the long
central axis of the sample. The screen (see Fig. 2), which was made from a THz
absorbing, graphite-loaded polymer, prevented radiation scattered from the edge
of the sample from reaching the detector. The aperture widths h1 ¼ h2 were
experimentally chosen to maximize the SPP signal amplitude and were 100 mm
and 200 mm for samples I and II, respectively. The amplitude coupling efficiency
at each aperture was �10%. The SPP signal was small but finite when h3 was
nominally zero because of a slight curvature of the sample surfaces.

Finite-integration technique calculations were performed using Microwave
Studio (CST, Germany).
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