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Dispersion of Surface Plasmon Polaritons on Metal Wires in the Terahertz Frequency Range
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We report the experimental and theoretical study of the dispersive behavior of surface plasmon
polaritons (SPPs) on cylindrical metal surfaces in the terahertz frequency range. Time-domain measure-
ments of terahertz SPPs propagating on metal wires reveal a unique structure that is inconsistent with a
simple extrapolation of the high frequency portion of the dispersion diagram for SPPs on a planar metal
surface, and also distinct from that of SPPs on metal nanowires observed at visible and near-infrared
frequencies. The results are consistent with a numerical solution of Maxwell’s equations, showing that the
dispersive behavior of SPPs on a cylindrical metal surface at terahertz frequencies is quite different from
that of SPPs on a flat surface. These findings indicate the increasing importance of skin effects for SPPs in
the terahertz range, as well as the enhancement of such effects on curved surfaces.
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Surface plasmon polaritons (SPPs) at metal-dielectric
interfaces have been studied for several decades as a
reliable technique for surface analysis and investigation
of thin films [1]. Recently, SPPs have attracted special
attention for their relevance in subwavelength optics and
nanophotonics [2—4]. In particular, SPPs that are confined
on metal nanowires are considered a promising alternative
to dielectric waveguides in highly miniaturized integrated
optical devices [4—9]. While most studies of SPPs focus on
the visible and infrared frequency range, recent years have
seen increasing interest in the study of SPPs in the terahertz
(THz) frequency range, on both flat [10—13] and cylindri-
cally shaped [14—16] surfaces. Because of the extremely
low loss and low dispersion of SPPs in the THz frequency
range, metal wire waveguides have received immediate
attention for applications in THz imaging and spectroscopy
[15-22].

For the development of plasmonic devices based on
metal wire waveguides, a detailed knowledge of the SPP
dynamics on cylindrical metal surfaces is essential. In this
Letter, we report an experimental study of SPP dispersion
on metal wires at THz frequencies. These data reveal the
unusual dispersive behavior of SPPs on cylindrical metal
surfaces in this frequency range. The observed results are
different from the intuitive expectation of a simple extrapo-
lation of the high frequency portion of the dispersion
diagram of SPPs on a planar metal surface. For SPPs on
a planar metal surface, the dispersion curve asymptotically
approaches the light line k = w/c as the frequency de-
creases, and accordingly, the phase velocity and group
velocity gradually increase and approach c, the speed of
light in air [1]. Similar behavior has also been observed for
SPPs propagating on Au and Ag nanowires at visible
and near-infrared frequencies [6,8,9]. Our results indicate
that SPPs on cylindrical metal surfaces show the opposite
dispersive trend: the value of the phase velocity drops as
the frequency decreases. This trend becomes increasingly
evident as the diameter of the metal wire decreases.
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Numerical solutions of Maxwell’s equations give similar
results and show that this phenomenon can only be ob-
served in the low-frequency (i.e., THz) range, at frequen-
cies far below that of the bulk plasma frequency. The
observed deviation from the expected dispersion relation,
although small, indicates an important mechanism which
must be considered in the propagation of low-frequency
SPPs: the combined action of skin effects and surface
geometry.

We study the dispersive behavior of SPPs on cylindrical
metal surfaces using terahertz time-domain spectroscopy
(THz-TDS). This technique permits the coherent detection
of the electric field of broadband SPP pulses with subpico-
second resolution, so that the dispersion relation of SPPs
over a broad bandwidth can be easily reconstructed [23].
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FIG. 1. (a) Time-domain waveforms of THz SPP pulses after

propagating 20 cm on aluminum wires with diameters of
2388 pm, 813 wm, 51 um, and 18 um (from top to bottom).
The inset shows the time delay of the peak of the detected THz
waveforms relative to that of waveform measured on the largest
wire, for both aluminum and stainless steel wires.
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To investigate the effect of surface curvature, we measure
the guided propagation of broadband THz pulses on stain-
less steel and aluminum wires, with diameters ranging
from 2.4 mm down to 18 um. The experimental setup
for the THz-TDS measurement is similar to that described
in our earlier publications [15,20]. The metal wire is
supported and stretched by a tightly fitting Teflon slab
close to the distal end. The broadband single-cycle pulses
of free space THz radiation are coupled to surface waves
on the metal wire by scattering at a small (~400 um) gap
defined by the surface of the wire and a copper blade
oriented perpendicular to the wire [13,15]. After a propa-
gation distance of 20 cm, the electric field of the guided
wave is detected by a fiber-coupled photoconductive an-
tenna located 3 mm off the axis of the metal wire. For
consistency with our earlier results, we have confirmed that
the propagating wave is a radially polarized Sommerfeld
wave by measuring the polarity reversal of the single-cycle
THz pulse on opposite sides of the wire [15,20]. We
compare a series of measurements using wires of different
diameters, while all other components stay fixed.

The time-domain electric field waveforms detected on
different Al wires are shown in Fig. 1(a). For clarity, only
four typical waveforms are shown here. The detected THz
pulses maintain the single-cycle shape, showing that the
SPP propagation is largely nondispersive. That is, the
dispersion relation is largely linear within the bandwidth
of the detected radiation (from 30 GHz up to about
500 GHz). However, we observe an increase in the transit
time as the diameter of the wire decreases, as shown in the
inset of Fig. 1. Increased pulse reshaping becomes evident
when the diameter is below 200 wm. This indicates that
the dispersion relation is no longer linear when the diame-
ter of the metal wire waveguide becomes sufficiently small.
The results for stainless steel are qualitatively similar,
except that the increase in transit time is somewhat larger
for a given wire diameter.

Detailed information concerning the propagation of the
SPPs can be extracted from the Fourier transforms of the
measured time-domain waveforms, which provide both
the spectral amplitude and spectral phase [23]. From
Fig. 1, it is clear that the amplitude of the SPP decreases
with decreasing wire size. This is due both to a decrease in
the input coupling efficiency as well as to increasing
propagation losses on smaller wires. Of more interest is
the spectral phase, from which we obtain the phase velocity
v, = L/7,, where L is the propagation distance and 7, is
the phase time delay. This delay is related to the measured
spectral phase by

Ag(w) "

Ty(w) = 79 +

where 7 is a reference phase time delay and A ¢p(w) is the
phase difference between the detected waveform and the
reference waveform. As shown below, for large wire diam-
eters (e.g., larger than 1 mm), the SPP dispersion in the

THz range approaches that of a flat metal surface. The
propagation is essentially dispersionless, and the velocity
approaches the speed of light in air. Therefore, we use the
THz waveform measured on the largest diameter wire
(2.388 mm) as the reference pulse with 7, = L/c. Here,
c is the speed of light in air (¢ = ¢/ /€4, o = 2.9979 X
103 m/s, &4, = 1.0005364 [24]). In Fig. 2 we plot the
experimentally determined phase velocity v, (w) for three
different wire diameters. At all frequencies, the phase
velocity decreases as the wire size decreases. This accounts
for the increasing delay observed in Fig. 1. These data also
show that, rather than approaching the speed of light ¢, the
phase velocity deviates increasingly from c as the fre-
quency decreases. This means that the low-frequency com-
ponents arrive later than the peak of the pulse rather than
earlier. This is distinct from the behavior of SPPs on a
planar metal surface, which show the opposite trend albeit
with a much smaller magnitude [1].

The theoretical study of electromagnetic surface modes
on metal wires began as early as 1899 when Sommerfeld
calculated the solution of Maxwell’s equations for wave
propagation along a cylindrical metal surface [25]. This
type of surface wave, known as a Sommerfeld wave, has
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FIG. 2. The dots (@), triangles (A), and crosses (X) show the
experimentally determined phase velocity of SPP’s propagating
on Al wires of diameters 813 um, 51 um, and 18 pm, respec-
tively (with the 2388 um wire used as a reference). The calcu-
lated phase velocities of these three wires (also referenced to
the largest wire) are shown by the thick solid line, the thin solid
line, and the dashed line, respectively. The weak oscillatory
features in the data are not reproducible, and are due to noise
in the measurements. The amplitude of these features is a rough
indication of the error bars for these data points, as defined by the
variation between successive measurements taken under identi-
cal conditions. The inset shows the calculated phase velocities
over a broader spectral range, for four wire diameters as indi-
cated. The turnover and rapid decrease of v, at low frequencies
is a unique feature of the curved surface; SPPs propagating on a
flat surface do not exhibit this feature. As expected from the
discussion given in the text, the turnover point moves to increas-
ing frequency as the wire diameter decreases.
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been studied from radio frequencies to millimeter waves
[26—-28]. However, there has been no systematic experi-
mental characterization of the dispersion of these propa-
gating surface waves. On the other hand, the study of SPPs
on metal wires at optical frequencies first appeared in the
1970s [29-31], and has recently received considerable
attention [4—9]. The latest theoretical and experimental
studies have shown that the dispersive behavior of SPPs
on Au and Ag nanowires is similar to that of a planar metal-
dielectric interface at visible and near-infrared frequencies
[6,8,9]. This is in contrast to what we observe in the THz
frequency range, where the distinct behavior of the cylin-
drical geometry is more clearly revealed.

To understand the unusual dispersive behavior of SPPs
on metal wires in the THz frequency range, we calculate
the dispersion relation of SPPs over the whole frequency
range from THz to visible light, for both a planar Al surface
and Al wires with various diameters. The dispersion rela-
tion for a planar Al surface is given by Eq. (2.4) in Ref. [1].
Our direct measurement of the spatial profile of the guided
electromagnetic mode on metal wires [15] has shown that
the surface mode is the azimuthally symmetric zeroth-
order transverse magnetic (TM) mode [25,26]. The disper-
sion relation of this mode can be obtained by numerically
solving the transcendental equation [25]
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Here a is the radius of the wire, u is the magnetic per-
meability, k is the propagation constant in a homogene-
ous medium, y is defined as y> = k> — h2, and h is the
propagation constant of the surface mode. J, and J; are
Bessel functions; H(()I) and HEI) are Hankel functions. We
model the properties of aluminum using a Drude model,
with the parameters taken from Refs. [24,32]. To make
the calculation valid over a very broad frequency range,
we do not use the low-frequency approximation ku =
(w041 exp(—im/4) or the high frequency approxi-
mation &(w) =1— w3/w? as in previous work
[16,26,28,31]. The only approximation used in our calcu-
lation is J,/Jy, = —i, which is valid because the radius of
the wires used here are large compared to the skin depth
(I'yaral > 1) [26,28,33]. The calculated dispersion rela-
tion is shown in Fig. 3. At visible and infrared frequencies,
the dispersive behavior of an SPP on an Al wire of 25 um
diameter is almost indistinguishable from that of a planar
Al surface. But as shown in the inset, the low-frequency
portion of the dispersion curve approaches the light line in
a different way from that of a planar surface, which leads to
the unique dispersive behavior observed in the THz fre-
quency range. For comparison with the experimental data,
we calculate the phase velocity of the SPPs on Al wires of
several different diameters. The results are shown as solid
curves in Fig. 2. The calculated phase velocity agrees
qualitatively with the observed results, reproducing, in
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FIG. 3. Calculated dispersion relations for SPPs on a planar Al
surface and on an Al wire of 25 um diameter, together with the
plane wave dispersion relation in air. wy, is the theoretical value
of the surface plasmon frequency [35]. The inset shows a
zoomed-in view of the low-frequency portion of the dispersion
diagram. In this inset, we plot w against k — ko, where k
denotes the propagation constant of plane waves in air.

particular, the notable feature of the decreasing v, with
decreasing frequency. We obtain similar results for our
measurements on stainless steel wires (not shown); the
larger pulse delay shown in Fig. 1 (inset) is a result of
the lower conductivity of stainless steel as compared to
aluminum.

We note that, in Fig. 2, the observed departure of v,
from c is somewhat larger than the computed values, for all
wire diameters. The origin of this discrepancy remains
unclear; it may be due to the inadequacy of the Drude
model in describing the dielectric properties of metals at
THz frequencies [34].

When viewed over a broader frequency range (the inset
of Fig. 2), it is clear that this unusual dispersive behavior
only appears at THz and lower frequencies. This result
indicates that for frequencies much lower than the surface
plasmon frequency wg, [35], the resonant interaction be-
tween the electromagnetic wave and the plasma oscillation
is no longer the dominant mechanism for determining the
properties of surface waves. The electromagnetic proper-
ties of the metal play an increasingly important role due to
the larger skin depth at lower frequencies [36]. The electric
field and current that penetrate into the metal change the
surface impedance and the internal inductance, and there-
fore affect the dispersive behavior of the surface waves
[37-39]. This effect is enhanced for SPPs propagating on
wires, due to the geometry of the metal surface. Since
Sommerfeld waves are single-mode azimuthally symmet-
ric TM waves [15,25,26,38], the electric field components
inside the metal at a given point along the length of the wire
are in phase. So, due to the curved nature of the surface,
these evanescent field components can constructively in-
terfere inside the metal. As a result, more power is trans-
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mitted inside the metal for SPPs on metal wires as com-
pared to SPPs on planar metal surfaces. This enhanced skin
effect is more significant for smaller wire diameters, since
increased surface curvature leads to a larger overlap of the
evanescent waves penetrating into the metal. It is also more
significant at lower frequencies, due to the larger skin
depth. This model is consistent with the simulations shown
in the inset of Fig. 2, particularly the shift of the turning
point of the v, curves to higher frequencies as the wire
diameter decreases.

In conclusion, we report the first systematic study of the
dispersion of SPPs on cylindrical metal surfaces in the
terahertz frequency range. The dispersion relation deviates
from linearity, in a way that is different from that of SPPs
on a planar metal surface, and also from that of SPPs on
metal nanowires observed at visible and near-infrared fre-
quencies. This behavior becomes increasingly evident with
the decrease of the diameter of the wire, and can only be
observed in the low-frequency regime, far below the bulk
plasmon frequency. This unusual dispersive behavior in-
dicates the decreased plasmonic nature of SPPs in the THz
frequency range.
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