
APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 16 18 OCTOBER 2004
Generation and propagation of surface plasmons in periodic
metallic structures

G. Torosyan, C. Rau, B. Pradarutti, and R. Beiganga)

Fachbereich Physik, Technische Universitaet Kaiserslautern, 67663 Kaiserslautern, Germany

(Received 21 April 2004; accepted 16 August 2004)

The generation and propagation of surface plasmon polaritons in periodic metallic structures using
femtosecond terahertz pulses is reported. The transmission and emission properties clearly show the
influence of Wood’s anomalies. The velocity of propagation is determined experimentally and is in
good agreement with a simple model. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1806280]
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Surface plasmons have been studied in thin me
films extensively over the past years. Their properties
respect to parameters as the material constants and
thicknesses are well understood.1 Over the past few decade
interest has grown in enhanced transmission through pe
metallic samples, such as hole arrays and deep metallic
ings (see, e.g., Refs. 2–4). Recently5 this has been attribute
to the resonant coupling of surface plasmon polari
(SPPs) within the cavities of such samples causing the tr
mission of radiation through structures with cavity wid
much smaller than the wavelength. In the THz spe
range, transmission studies through such structures
been reported, for example, by Miyamaruet al.,6 Gomez
Rivaset al.,7 and Cao and Nahata.8

In this letter we present results for the excitation
propagation of SPPs in periodic structures of metallic cy
ders. Already in 1902, Wood9 observed anomalies in the
flected spectra of ruled metallic gratings using a white l
source, and these were later identified as surface pla
polaritons. Since then many experiments have been
ducted in order to fully understand and utilize this phen
enon. Studying the resonant transmission and propag
processes at THz frequencies allows for ease of fabric
of samples with different periods and surface geome
Excitation and emission studies were performed for diffe
diameters of the cylinders, and for various materials
angles of excitation and detection. In order to determine
propagation speed of the SPPs, time-resolved measure
have been performed.

The experimental setup consists of a standard THz
domain spectroscopic system with an InAs surface em
and a silicon-on-sapphire photoconductive switch as the
tector. The latter was chosen to be efficient at low freq
cies, and the frequency range for this system was limited
THz. Single-cycle broadband THz pulses centered ar
600 GHz were generated using 100-fs short pulses fro
mode-locked Ti:sapphire laser(average output power a
proximately 1 W, repetition rate 82 MHz). The pulse lengt
of the single-cycle THz pulses was on the order of 1 ps.
measurements extending only over a small spectral ra
optical rectification in periodically poled lithium nioba
(PPLN10) has been used. In this case the center frequ
and excitation spectrum of our THz pulses was adjuste
the expected plasmon frequency for the particular gra
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Excitation and propagation of SPPs were measured i
collimated part of the THz beam(diameter 50 mm), as
shown in Fig. 1.

A typical periodic structure consists of a series of pa
lel metallic rods with diametersd between 0.5 and 2.5 m
which are, in principle, in direct contact to each other. Th
is, however, a small mean gap between 1 and 10µm between
the rods depending on the size and shape of the cylin
The size of the remaining gap affects the direct transmis
through the structure and, as a consequence, the shape
transmitted spectra, as will be shown subsequently. In
experiments reported here the gap was kept as small a
sible, and the finite average size of the gap was only d
mined by the irregularities of the cylinders. The total a
ture of the structure is 60360 mm2. The THz pulse i
polarized perpendicular to the metallic cylinders and
angle of incidence can be changed from −40° to +40°.
time-dependent field of the transmitted THz pulse was m
sured behind the structure, and the spectrum was obt
via a fast Fourier transform. In order to measure the emis
from the periodic structure, a time delay between excita
and the start of the recording of the transmitted electric
was applied. Changing the angle of incidence results
splitting of the excitation frequencies, as expected from
theory of Wood’s anomalies.

In a first series of experiments, relative transmis
spectra for periodic structures of stainless steel rods
determined for diametersd ranging from 0.5 to 2.0 mm. Th
reference wave form was measured by removing the s
ture from the collimated part of the beam. Typical transm
sion spectra are shown in Fig. 2.

A total transmission in the order of 10% was obser
with regularly spaced minima at frequenciesnm correspond
ing to Wood’s anomalies, given by

FIG. 1. Schematic drawing of the experimental setup, showing the p
the THz beam only. The two apertures are used to control the regio

excitation, propagation, and emission of SPPs.
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nm = m
c

d
, s1d

wherec andm are the vacuum speed of light and an inte
number, respectively. The experimentally determined p
tions of the minima agree with the theoretically expec
frequencies. There is, however, a variation of the line s
with increasing order of Wood’s anomalies, as can be
for the spectrum with rods of diameterd=1 mm. The line
shape of the minima is determined mainly by an interfere
between the direct transmitted zero order of the incom
THz radiation through the finite gaps between the met
cylinders and the diffracted order of the propagating plas
polaritons. This interaction between a nonresonant and
nant part of the diffracted THz pulse leads to a Fano-
profile.11 The shape of the minima can be influenced
changing the size of the gap between the cylinders as
changes mainly the nonresonant part(zero-order diffraction
of the broadband THz pulse) of the interacting waves leavin
the resonantly diffracted plasmon polaritons unchange
this letter we concentrate only on the main features of
eration and propagation of SPPs; details about the line s
will be published separately.

In order to demonstrate directly that SPPs are exc
we have measured the emission of the periodic structure
excitation. At the frequencies corresponding to Woo
anomalies, there is a diffracted component of the incom
THz pulse parallel to the surface. Because of conservati
momentum, only SPPs with a wave vector given by an
ger multiple of the inverse grating vectorG are excited:

kSPP= mG = m
p

R
r̂ . s2d

The SPPs travel along the periodic structure, where
are diffracted. The diffracted emission was measured in
direction of transmission. However, in this case the m
pulse with a broad spectral content has to be suppress
order to observe the emission caused by SPPs. This is
experimentally by starting the detection a few picoseco
after the main pulse has passed.

The emission frequencies from the structure corres

FIG. 2. Relative transmission through periodic structures of cylindrical
showing Wood’s anomalies. The vertical lines represent the correspo
frequencies ford=1 mm. The spectra for different diameters are displa
vertically for clarity.
to the frequencies of Wood’s anomalies within our experi-
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mental accuracy, as was expected. Because of the we
fined k vector along the surface, a narrow spectrum of
re-emitted THz radiation was observed. The spectral w
was reduced to about 25 GHz.

If the periodic structure is excited under an anglea, the
conservation of momentum requires that

ukSPPu = ukTHzusina ± muGu. s3d

The frequencies for the excitation of SPPs propagatin
opposite directions are now different and for anglesa are
given by

nexc= m
c

2R

1

s1 7 sinad
. s4d

The absorption and emission frequencies are split acco
to Eq. (6). This is illustrated for a periodic structure of 1
mm stainless steel rods andm=3 in Fig. 3.

The angle of incidence was changed between 0° an
The lower part of the figure shows the corresponding em
radiation. Similar results have been obtained for other d
eters and angles of incidence up to 40°.

In order to investigate the propagation of SPPs on
structure, the places of excitation and detection were s
rated by movable apertures(see inset of Fig. 4). The aper
tures were inserted under a small angle with respect t
structure and a distance exceeding several wavelengt
this way perturbing waveguide effects and reflections
tween the aperture and the structure were avoided. Typi
around 10 cylinders were excited by the THz pulse.
SPPs then travel over a variable number of cylinders b
their emission from an area of 10 cylinders is detected.
time delay between excitation and emission was measur
a function of propagated path length. In order to restric
excitation to only one SPP resonance, a narrow-band
source with a bandwidth of 100 GHz was applied using
tical rectification in PPLN. The result of a typical measu
ment is shown in Fig. 4.

The distanceL between excitation and detection a
was 15 mm corresponding to 10 cylinders with 1.5 mm
ameter. The SPPs propagate along the surface of the
ders with a velocity close to the vacuum speed of light a

g

FIG. 3. Experimentally observed splittings of Wood’s anomalies in ab
tion (upper part) and emission(lower part) for three different angles
incidence. The detection of the re-emitted THz pulses was started 2 p
the excitation pulse.
effective index of refraction, given by
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ñeff =Î e1e2

e1 + e2
. Îe1, s5d

with e2@e1 in the THz range, wheree1 ande2 are the dielec
tric constants for air and the metal, respectively. Under
assumption, the path length for the SPPs is therefore g
by Leff=sp /2dL, resulting in an expected time delay of a
proximately 78 ps. The measured time delay of 65 ps, h
ever, indicates that the SPPs do not “penetrate” compl
into the space between adjacent cylinders as there is a s
coupling between cylinders already at distances in the o
of the wavelength. The actual effective path length dep
strongly on the shape and the mean distance betwee
cylinders. Experiments with rods of different shapes and

FIG. 4. Determination of propagation speed of SPPs excited at 600
The inset shows schematically the two apertures to change the exci
propagation, and detection length on the structure.
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tances to verify this assumption are in progress. Recen
periments measuring the speed of SPPs in the near-in
spectral region, where the effective index of refractio
considerably larger, resulted in an experimental value fo
propagation speed of SPPs on a plain silver film of app
mately 60% of the vacuum speed of light.12

In summary, surface plasmon polaritons were excite
a periodic structure of cylindrical rods with dimensions
the order of the wavelength. Excitation occurs at frequen
which correspond to the frequencies of Wood’s anom
identical to multiples of the inverse grating vector. Emiss
of THz radiation caused by the propagating surface plas
polaritons was detected directly. The propagation of the S
along the surface was resolved in time, and the veloci
propagation was determined.
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