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Global change in the dispersive behavior of terahertz (THz) plasmons on metal wires with wide radii
ranging from 5 nm to 0.5 mm is systematically investigated. Through rigorous numerical calculations, we
find that the dispersion of a metal wire with a radius of 5 nm increases by about 4-6 orders of magnitude
compared with the case of a metallic wire with a radius of 0.5 mm. Zero-dispersion points appear when the
frequency is lower than 3 THz, and the positions of the zero-dispersion points can shift with the frequency.
Finally, we provide an explicit expression that agrees very well with the numerical calculations.
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Terahertz (THz) radiation, which lies in the frequency
gap between infrared and microwaves, is typically de-
scribed as electromagnetic waves with frequencies rang-
ing from 0.1 to 10 THz (or from 30 pm to 3 mm in wave-
length). Given the rapid development of laser technol-
ogy, various techniques for the generation and detection
of THz radiation have been proposed. These techniques
have helped promote the application of THz technology
in many aspects, such as sensing, imaging, communi-
cations, and spectroscopy!!=3l. However, conventional
metal waveguides for microwave radiation and dielectric
fibers for visible radiation cannot be used in THz waveg-
uides because of high losses in this spectral range. Fur-
thermore, the extensive use of broadband pulses in the
THz regime imposes a strict constraint of low disper-
sion, which is a significant obstacle to the development of
effective THz waveguides. In 2004, Wang et al. demon-
strated that a single metal wire with a diameter about
1 mm could be used as a THz waveguide with low prop-
agation loss and dispersion*. Since then, many inter-
esting theoretical and experimental works on metal wire
THz waveguides have been carried out!® =19, THz waveg-
uide effects on metal wire originate from azimuthally
polarized surface plasmon polaritons (SPPs)). SPPs,
which propagate on metal-dielectric interfaces, decay ex-
ponentially in metal and dielectric medium. The skin-
depth of electromagnetic waves in metal is determined
by the penetration distance at which the electric field
falls to 1/e, and the value of skin-depth is defined as

§ = Xo/[27Im(el/?)]29. For SPPs in the THz wave-
length range and other low frequency radiation forms,
skin-depth is a very important length scale, which is
at the submicrometre level throughout the THz spectral
range. Wang and Mittleman studied the dispersive be-
havior of SPPs on metal wires with a minimum radius
of several microns!'%. However to date few papers dis-
cussing the dispersive behavior of sub-skin-depth THz
plasmons on metallic nanowires have been published.

In this letter, we propose a sub-skin-depth THz waveg-
uide with negligible loss and zero-dispersion.  Our
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findings can guide future designs of THz waveguides with
relatively small radii to achieve zero group-velocity dis-
persion. Although small values of dispersion and loss can
be obtained by increasing the metal wire radius, this ap-
proach not only significantly increases the costs of the
resulting waveguide, but is also disadvantageous to the
integration of systems. Furthermore, impulses are easily
broadened and cannot meet requirements for high fidelity
in modern communications even when the values of dis-
persion are small. Using zero-dispersion values for com-
munications is common in other communication systems.
For example, in fiber communications, wavelengths of
1310 and 1550 nm are also considered zero-dispersion
wavelengths(21.

We study the dispersion of the THz plasmon of metal-
lic wires with wide radii ranging from 5 nm to 0.5 mm.
The numerical calculations are based on a rigorous de-
duction of Maxwell’s equation. The results reveal that
the dispersion of a metal wire with a radius of 5 nm can
increase by about 4-6 orders of magnitude when the fre-
quency is located in the THz radiation range compared
with a metallic wire with a radius of 0.5 nm. We also
shown that very small fluctuations appear as the dis-
persion changes at lower frequencies and discuss several
principles of the positions of the fluctuations. We illus-
trate that zero-dispersion points exist during fluctuation.
Finally, we discuss an explicit expression for the disper-
sion behavior that agrees well with the numerical calcu-
lations. These findings may help guide future designs
of THz waveguides with relatively small radii to achieve
zero group-velocity dispersion and negligible loss, which
saves costs, contributes to the integration of the system,
and ensures the high fidelity of modern communications.

Considering a cylindrical metal wire surrounded by air.
We are interested in an axially symmetric eigenmode,
where the relations 0E/9¢=0 and 0H/0p=0 always hold.
For transverse magnetic (TM) polarization of a nonmag-
netic metal, substitution of the above mentioned relations
into Maxwell’s equations??! and use of the continuities of
E, and H, at the interface can yield the following eigen-
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equation[5’12’13’15’23’24]'
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where kg = [(Ner)? — 1]Y2, K = [(Netr)? — em]'/?, and

nerr 18 the effective index of the eigenmode. nepr is a
very important parameter for the propagation properties
of the eigenmode. The real and imaginary parts of the
term represent the dispersion and loss of the eigenmode,
respectively. The definition of n.es can be expressed as
nett = k/ko, where k and ko denote the wave numbers of
the eigenmode in the surface plasmon and in free space,
respectively. €., is the relative permittivity of the metal.
In(.), Ko(.), I1(.), and K;(.) are modified Bessel func-
tions. kg = 2m/Ag, where )¢ is the wavelength in free
space, and R is the radius of the metal wire.

We use rigorous numerical calculations to obtain the
exact values of the dispersion of metal wires with wide
radii ranging from 5 nm to 0.5 mm. Copper metal wires
are chosen, and the frequency is set to 5 THz. The cor-
responding €, value is €, = —1.0 x 10° + j4.7 x 10*
according to a fitted Drude formula for copper[?!. The
values of dispersion are obtained according to the rig-
orous definition of the dispersion, which can be written
as

D= d R ' 2

= S [Re(nerr)], )
where A denotes the wavelength of the eigenmode of the
propagating surface plasmon. The calculation results are
shown in Fig. 1. We can see that the absolute values of
dispersion for metal wires with radii of 5 nm and 0.5 mm
are about 2 and 2.0 x 10™%, respectively, so the former is
about 4 orders of magnitude larger than the later. The
ends of the chosen range of metal wire radii are 5 nm
and 0.5 mm; that is to say, one of the ends is smaller
than skin-depth, where the value of skin-depth § is 28.5
nm according to the definition of § = \o/[27Im(e,,,*/?)],
and the other is far larger than skin-depth. We can only
obtain the absolute values of dispersions because only
positive values can be scaled by logarithm for wide re-
gions of radius and dispersion, as shown in Fig. 1. For
unity, in Figs. 2 and 5 we also use absolute values of
dispersion, which are the values of concern in this work.

To observe the dispersion behavior of the metal wire at
lower frequencies of THz radiation, we choose 0.5 THz as
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Fig. 1. Changes in the values of dispersion in the wide region
of a copper wire with a radius ranging from 5 nm to 0.5 mm
at 5 THz.
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Fig. 2. Dispersions in the wide region of copper wires with
radii ranging from 5 nm to 0.5 mm at 0.5 THz. (a) Global
image of the changes in dispersion of copper wires with radii
ranging from 5 nm to 0.5 mm at 0.5 THz. (b) Enlarged im-
age of the changes in dispersion of copper wires with radii
ranging from 50 nm to 0.5 mm. Inset: Enlarged image of the
dispersion of copper wires with radii ranging from 0.1 mm to
0.5 mm.

an example, as shown in Fig. 2. All other pa-
rameters are identical to those in Fig. 1 except for
the frequency. The corresponding ¢,, value is &, =
—6.3 x 10° +j2.77 x 10% according to a fitted Drude for-
mula for copper??. In Fig. 2(a), we show a global image
of the changes in dispersion and find that the dispersion
in a metal wire with a radius of 5 nm at 0.5 THz is
about 2.3. Some fluctuations may be observed when the
radius of the metal wire is larger than 50 nm. Fig. 2(b)
and the inset of Fig. 2(b) show enlarged images of the
changes in dispersion of wires with radii ranging from 50
nm to 0.5 mm and 0.1 mm to 0.5 mm respectively. The
dispersion of the metal wire with a radius of 0.5 mm is
about 2 x 107%. Compared with the case of the wire of
5 nm in Fig. 2(a), the dispersion of the metal wire with
a radius of 5 nm is about 6 orders of magnitude higher.
Thus, the increment of dispersion values of metal wires
at 0.5 THz is larger than that of metal wires at 5 THz.

Although the values of dispersion increase rapidly with
the decrease in radius of the metal wire, zero-dispersion
points may be observed when the radii of metal wires are
about 55 and 140 nm, as shown in Fig. 2(b). The appear-
ance of zero-dispersion points is a very useful property for
long-distance transmission in THz communication tech-
nology, and it can help us design THz waveguides with
relatively small radii to achieve zero-dispersion points.

Two parameters that determine the effectiveness of
the waveguide are loss and dispersion. In the following
discussion, we study the losses at the zero-dispersion
points. To describe the zero-dispersion points shown in
Fig. 2, we calculate the exact values of the attenuation
coefficients of the wires with radii ranging from 50 to
150 nm, which are shown in Fig. 3. The attenuation
coefficient « is related to the imaginary part of the
effective index by the relation o = koIm(negr). From
Fig. 3, we can see that the loss in the wire of radius 55
nm is about 1.2 mm~!, and that the loss in the wire of
radius 140 nm is about 0.25 mm~!. Losses at the zero-
dispersion points initially seem to be far larger in metal
wires with small radii than in metal wire waveguide with
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large radii. For example, the loss in the metal wire with
a radius of 0.9 mm is only about 0.03 cm~ 2%, How-
ever, we consider the factual experimental fabrications
of metallic nanowires. To the best of our knowledge, the
lengths of metallic nanowires usually range from tens of
nanometers to tens of microns?’ =3, Taking the larger
attenuation coefficient o as an example, the amplitude
of the propagation distance 100 pm for a copper wire
with a radius of 55 nm is about 0.9F, according to the
relation of E(x) = Epe™**, where Ej represents the ini-
tial amplitude. The above loss is still an acceptable value
of loss for the THz waveguide!29].

We now study the dispersion behavior of copper wires
over the entire THz wave region. For comparison, we
select parameters identical to those used above except
for the frequency. Through rigorous numerical calcula-
tion, we conclude three main characteristics. Firstly, the
trend of dispersion behavior is similar to those shown
in Fig. 1 or 2 depending on the frequency. Specifically,
when the frequency is lower than 3 THz, the change in
dispersion is similar to that shown in Fig. 2; when the
frequency is higher than 3 THz, the dispersion monoton-
ically decreases with increasing radius, as shown in Fig.
1. Secondly, for two metal wires with radii of 5 nm and
0.5 mm, the increment of dispersion at low frequency is
larger than that at high frequency. Thirdly, we note that
the positions of zero-dispersion points change with the
frequency and that the locations of zero-dispersion points
as well as corresponding fluctuations shift toward smaller
radii as the frequency increases and toward large radii as
the frequency decreases. To describe our findings more
clearly, a comparison of frequencies of 0.1, 0.4, and 2.5
THz is performed, and corresponding results are shown
in Fig. 4. We use dispersion values instead of absolute
values of dispersion in Fig. 4 to observe fluctuation shifts
more clearly. The signs of the dispersion values in Fig.
4 change because the values of Re(nesr) first decrease
firstly and then increase with the wavelength.

We test the applicability of the properties described
above in other nonmagnetic metals mentioned in Ref.
[25]. We find that these properties perform well for all
other nonmagnetic metals of Al, Ag, Au, Mo, W, Pd, Ti,
Pb, Pt, and V, although slight differences in the specific
values of increments and positions of zero-dispersion
points may be observed.

We derive an approximate expression for the dis-
persion behavior. To obtain an explicit expression
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Fig. 3. Calculated values of attenuation coefficient for metal
copper wires with radii ranging from 50 to 150 nm at 0.5 THz.
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Fig. 4. Locations of zero-dispersion points at different fre-
quencies.

that may accurately describe the dispersion, we first ob-
tain an approximate formula for the effective index neg,
which is hidden in Eq. (1) and cannot be solved an-
alytically. Using the property |nes?| << |em| yields
Km ~ (—em)/?. The relation K;(kokaR) ~ (kokaR) ™!
holds true for small R. Substituting these two approxi-
mations into Eq. (1), an approximate solution kg3 for
ko may be obtained

/ a
Ra,3 = KO(kORFGa,Q) B (3)

where #42 and a are given byl

- ~1/2
s =it (ot [ )] @
_ 1 Io(koR\/—Em) (5)
koRv/=&m I (koRy/—€m)

The approximate value of n.¢r 3 can be obtained from

the relation
Neff,3 = 1/!%33 + 1. (6)

By substituting Eq.(6) into Eq.(2), we finally obtain an
approximate expression D, for the dispersion behavior as
follows

a

1 d(lia 32)
D, = —_— 7
2716{'{'73 d)\ ( )

This approximate expression Eq. (7) can help us to
determine values of dispersions without solving Eq. (1).
To obtain a clear impression of the capability of Eq. (7),
we calculate approximate Da and exact De values if dis-
persion with radii ranging from 5 nm to 0.5 mm. Cop-
per metal wire is selected, and the frequency set to 0.5
THz (i.e., A = 0.6 mm). The corresponding e, value is
€m = —6.3 x 10°+j2.77 x 10° according to a fitted Drude
formula for copper!?®. Comparison results are shown in
Fig. 5. The approximate values of D, are in good agree-
ment with the exact values of D, over the considered
radius range.

Finally, we test the applicability of the approximate
formula for D, in other nonmagnetic metals mentioned
in Ref. [25] over the entire THz radiation range. The
approximate formula Da performs well for all other non-
magnetic metals of Al, Ag, Au, Mo, W, Pd, Ti, Pb, Pt,
and V.
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Fig. 5. (Color online) Comparison of the calculated absolute
values of dispersion Da and the exact absolute values De for
metal copper wire at 0.5 THz. The red solid curve is D, and
the blue “0” shows D,. (a) Global image of the changes in
dispersion of copper wires with radii ranging from 5 nm to
0.5 mm at 0.5 THz. (b) Enlarged image of the changes in
dispersion of the copper wires with radii ranging from 50 nm
to 0.5 mm. The inset shows an enlarged image of the copper
wire with radii ranging from 0.1 mm to 0.5 mm.

In conclusion, we systematically investigate the disper-
sion of the THz plasmons of metallic wires with radii
ranging from 5 nm to 0.5 mm. The numerical calcu-
lations are based on a rigorous deduction of Maxwell’s
equation. The results reveal that the dispersion of a
metal wire with a radius of 5 nm increases by about 4-6
orders of magnitude compared with the case of a metallic
wire with a radius of 0.5 mm when the frequency is lo-
cated in the THz radiation range. Very small fluctuations
appear during changes in dispersion at lower frequencies.
We also obtain three characteristics of the positions of
the fluctuations and observe that zero-dispersion points
during fluctuation. Losses of metallic nanowires with ra-
dius at the zero-dispersion points 140 nm; however, the
factual loss remains within acceptable limits. We also
provide an explicit expression for the dispersion behavior
that agrees well with the numerical calculations.

The excitation, coupling, and detection of sub-skin-
depth plasmons are also important for the application
of zero-dispersion THz waveguides. Recent research has
proposed several methods through which improvement
of THz coupling may be achieved®32. We hypothesize
that these methods may also be valid for sub-skin-depth
plasmons. Similar to Ref. [15], we suggest the use of a
radially polarized beam as the input beam to increase
the coupling efficiency because of the excellent match
between such a beam and the polarization of THz plas-
mons of a matallic nanowire.

Over all, these findings can help in future designs
of THz waveguides with relative small radii to achieve
zero group-velocity dispersion rates and negligible losses,
which can not only save costs and improve the integra-
tion of the system but also ensure the high fidelity of
modern communications.
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