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Terahertz surface plasmon polaritons on a helically grooved wire
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The propagation of tightly confined terahertz surface plasmon polaritons on a helically grooved
metal wire has been studied both experimentally and theoretically. The periodic structure of such
metawires allows the formation of surface electromagnetic modes with different azimuthal
symmetry at wavelengths longer than the pitch. There is good agreement between the
experimentally determined band edge frequencies of these modes and numerical calculations for the

structure investigated. © 2008 American Institute of Physics. [DOL: 10.1063/1.2988897]

There has been recent interest in surface electromagnetic
(EM) modes, known as surface plasmon polaritons (SPPs),
for possible a&nplications in guiding and sensing at terahertz
frequencies.l_ For smooth metal surfaces in air, SPPs at
these frequencies have attractively low dispersion, but the
large spatial extent in air restricts the applications. Pendry
et al.* outlined how the dispersion of surface EM modes can
be engineered by surface texturing. They showed that even
perfectly conducting metamaterial surfaces can sustain
modes resembling SPPs, with an effective plasma frequency
determined completely by the geometry. Surface structuring
thus facilitates an extension of visible plasmonic concepts
for subwavelength localization of EM energy5 to frequencies
significantly lower than the intrinsic plasma frequency of the
conductor. In the technologically emergent terahertz regime,
this creates opportunities for planar waveguides with high
out-of-plane confinement and added functionality such as fo-
cusing or defect guiding.6’7 For cylindrical geometries, there
are some previous works from the 1950s® on low-frequency
propagation on metallic wire structures. Very recently, we
have demonstrated that strong confinement and focusing of
the geometrically induced SPPs can be achieved by tuning
the depth of the grooves in a cylindrical wire.” Here, we
report an experimental demonstration of this SPP guiding on
a helically grooved wire at terahertz frequencies, and present
a theoretical analysis of the dispersion and azimuthal sym-
metry of the modes.

In our experimental setup, a 150 mm long helically
grooved metawire was formed by tightly wrapping a steel
wire (radius of 200 um) around a 200 wm radius core. The
assembly was then nickel plated. For comparison, we also
studied a bare copper wire of the same outer radius
(600 wm) and length. The wires were studied using time
domain terahertz spectroscopy in which pulses of radially
polarized broadband (~2 THz) radiation were generated by
femtosecond optical excitation of an annular geometry GaAs
photoconducting source.” The terahertz beam was collimated
to a diameter of the order 6 mm using a silicon substrate lens
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and end-fire coupled to the wires whose ends were placed a
few millimeters away from the tip of the lens. Radiation
propagating off the opposite end of the wires was similarly
coupled to a 50 um long arsenic implanted dipole receiver.
The wires were bent along the arc of a circle with radius of
26 cm to discriminate against unguided free space radiation.

Figure 1(a) shows time domain traces of the receiver
current for the wires with smooth and helically grooved sur-
faces. It is apparent that a single-cycle-like pulse, the Som-
merfeld wave,'” propagates on the smooth wire and that
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FIG. 1. (Color online) (a) Receiver current as a function of time delay for
the smooth wire (red curve) and the helical groove structure (blue curve). (b)
Amplitude spectra of the time domain data in (a) together with the spectrum
of another nominally identical helical sample (green curve, displaced for
clarity). The arrows indicate the three azimuthal modes of the helical groove
structure. The spectrum of the Sommerfeld wave (red curve) on the smooth
wire extends to ~1 THz.
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FIG. 2. (Color online) Dispersion relation of the surface EM modes sup-
ported by a PEC wire of radius R=600 um inscribed with a triangular
cross-section helical groove of pitch A=400 um. The groove has width a
=200 um and depth 2=150 um. The upper row of insets displays electric
field magnitude maps evaluated at the three band edges, fgr=0.305 (left),
0.320 (center), and 0.349 THz (right). The next lower row corresponds to
the first mode at 0.280 THz (left) and the second mode at 0.180 THz (right).
The map in the lowest row is for the first mode at 0.180 THz.

propagation on the helical wire exhibits significant disper-
sion together with beating due to the presence of modes with
different frequencies. Figure 1(b) shows the amplitude spec-
tra of the traces in Fig. 1(a) together with the spectrum of a
second, nominally identical sample of the helical structure,
which exemplifies the reproducibility of the data to small
variations in optical alignment. The vertical scale is the same
for all three spectra. To a first approximation, the amplitude
spectrum is proportional to the frequency dependent electric
field of the guided modes at the end of the wire convolved,
with the receiver response and the transfer function involved
with radiation of the guided modes into free space and
propagation to the receiver in the far field. The band edges
(fgp) of the three lowest frequency bound azimuthal modes
are identified, with the aid of numerical calculations de-
scribed below, as the peaks at 0.305 %= 0.002, 0.326 = 0.002,
and 0.353+0.003 THz. The relative intensity of the peaks
depends on the orientation of the receiver antenna as a result
of the different azimuthal mode symmetries. The detected
polarization has been chosen to clearly reveal the guided
mode frequencies. The structure below 0.3 THz is associated
with the propagation of radiation at smaller wave vectors and
is discussed further below.

In Fig. 2, the bands associated with the surface EM
modes obtained using the finite-difference-time-domain
(FDTD) method are displayed. In these calculations, we
assume that the metal behaves as a perfect electrical con-
ductor (PEC), which is a good approximation at terahertz
frequencies. In accordance with the experimental parameters,
the helix pitch is A=400 um and the wire radius is
R=600 um. The EM fields are evaluated inside a unit cell
along the z-direction (parallel to the wire axis). The FDTD
square mesh dimension is set to 5 um. Due to design
limitations, the modeled groove has a triangular profile of
width a and depth i (see Fig. 2). We find that a=200 um
and h=150 um give a good match to the experimental re-
sults for the fgg. The main panel of Fig. 2 shows the bands
for this set of geometrical parameters. Surface EM modes at
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the band edge are defined by the condition k,=7/ A, where k,
is the wave vector component along the z-direction. The
three theoretical fpp obtained from FDTD calculations,
0.305, 0.320, and 0.349 THz, are in excellent agreement with
the highest frequency peaks found in the experimental am-
plitude spectra.

The insets of Fig. 2 show snapshots of the electric field
magnitude |E| of the surface EM modes supported by the
metawire at various frequencies. Note that, as expected, the
lack of azimuthal symmetry of the metallic structure leads to
nonsymmetrical |E| distributions. The upper row shows the
electric field magnitude at the three fgg, increasing in fre-
quency from left to right. The fields are confined within less
than a wavelength of the surface. The field maps shown in
the lower two rows are evaluated at smaller k,. The two left
most ones correspond to the first surface mode at 0.280 and
0.180 THz, and that on the right of the second row to the
second surface mode at 0.180 THz. We observe that at fgg,
the surface EM modes exhibit an odd number of azimuthal
nodes (1, 3, and 5), whereas with decreasing k., the number
of nodes is gradually reduced by one and becomes even.
Thus, the surface EM modes propagating along the helical
structure at low k, resemble the case of a wire patterned with
periodic arrays of annular grooves, where the number of
nodes is even.’

We now analyze why the surface EM modes supported
by the metawire exhibit such a k, dependent azimuthal
symmetry. Any component of the EM fields bound
to a helical structure'’ can be expanded in terms of diffrac-

. . . (2w
ted waves as F,,(r, 0,z):e’kzzelm"E,,Anm_n(r)e’”(Tz‘g), where
the modal amplitude A,,_,(r) contains the radial
dependence of the n'"-diffracted wave. F,(r,0,z2)
is an eigenfunction of the helical translation operator
Syl satisfying  SyA 4Fy(r,0.0)=F,lr.0+.2+3:0)

=¢! ’"*kZ%T)‘ﬁFm(r, 0,z), where index m controls the
symmetry properties of the EM fields. We now introduce
the helical coordinate §=z—/2\—7f,13 which is parallel to the
cylindrical coordinate z, but measured from the surface z
=£—7f. EM fields can be expressed in terms of & as
F(r,0,& :f(r,f)ei(m+k1%r)ﬂ. It is now clear that this eigen-
function, evaluated along the helical surfaces &=constant,
evolves in time as cos[(m+kzﬁ)0—27rft], where f and t are
the mode frequency and time, respectively. Thus, snapshots
of the EM fields with k,=m/A show 2m+1 nodes along one
helix pitch, whereas for k=0, they show only 2m nodes. We
can label the surface EM modes in Fig. 2 with the indices
m=0, m=1, and m=2.

We also carried out numerical simulations on an ex-
tended finite wire using a finite integration technique (FIT).
As in the experiments, the helical structure is formed by
wrapping a PEC wire of radius 200 um around a straight
cylindrical core of the same radius (see schematic picture in
Fig. 3). The 9.6 cm long structure is illuminated in the near
field with a radially polarized plane wave propagating paral-
lel to the wire axis. Probes monitoring the longitudinal com-
ponent of electric field (E,) are located along the structure,
close to the wire surface (615 wm away from the wire axis),
at four different azimuthal positions (=0, /2, r, and
3/2). Figure 3 shows the E. field amplitude versus fre-
quency recorded by the probes, which are located 1.5 cm
away from the illuminated wire end. The simulation time
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FIG. 3. (Color online) FIT simulations of the propagation of surface EM
modes on a 9.6 cm long wire. The metawire is modeled as a PEC wire of
radius 200 wum tightly wound on a straight PEC wire of the same dimen-
sions. The helix pitch is A=400 wm. Main panel shows the spectra of E, at
four points close to the wire surface (r=615 um, =0, 7/2, r, and 37/2)
located 1.5 cm away from the illuminated end. Right insets show |E, | in a
cross section at the three fgg obtained from FDTD calculations (from top to
bottom: 0.305, 0.320, and 0.349 THz). These frequencies are shown in the
main panel by cyan arrows and the corresponding frequencies in the experi-
mental spectra are indicated by black arrows.

(700 ps) is chosen so that reflection of the EM fields at the
nonilluminated wire end is avoided. The spectrum resembles
the experimental one except for the structure in the tails be-
low 0.3 THz. The black vertical arrows indicate the position
of the three experimental peaks, which are in excellent agree-
ment with the maxima in the electric field amplitude close to
the wire surface in our FIT simulations and in close corre-
spondence with the band edge frequencies obtained from
FDTD simulations (vertical cyan arrows). In order to confirm
that the three maxima in the FIT spectra correspond to the
excitation of guided modes on the structure, we also mapped
the electric field amplitude in the plane containing the four
field probes described above. The three insets on the right of
Fig. 3 show the electric field patterns at the frequencies in-
dicated by vertical cyan arrows in the main panel. The field
patterns are consistent with the FDTD results, which demon-
strate that the FIT spectral maxima are associated with the
resonant excitation of the m=0, m=1, and m=2 surface EM
modes.

The relative amplitudes of the spectral peaks reflect the
efficiency with which the radially polarized incident mode is
scattered into the guided modes and is similar to that ob-
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served experimentally. The modulation in amplitude below
0.3 THz observed experimentally in Fig. 1 does not appear in
the long tail to lower frequency in the simulation shown in
Fig. 3. We have taken care to exclude spectral artifacts asso-
ciated with reflections or finite delay range in the experi-
ment. We therefore tentatively assign this structure to either
unintentional variations in the pitch of the metawire or, more
likely, to the frequency dependence of the coupling of the
guided modes to free space radiation, which is not explicitly
modeled. Resolution of this problem is subject to ongoing
investigations on structures with different geometrical pa-
rameters and will be reported in a future publication.

In conclusion, we have experimentally observed the ex-
citation of terahertz frequency surface EM modes on a heli-
cally grooved wire and numerically modeled the propaga-
tion. We have been able to identify three modes with
different azimuthal symmetry and shown how these evolve
with wave vector component parallel to the direction of
propagation. We expect that such grooved metawires will
find applications as terahertz surface waveguides, sensors, or
focusing devices.
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