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A terahertz (THz) waveguide using a metallic nanoslit whose width is much smaller than the skin depth is
analytically investigated. By taking some important physical properties into account, we derive a simple,
yet accurate, expression for the effective index. We also study the changes in modal field and the attenuation
coefficient in the whole THz region, and find some interesting physical properties. Finally, we verify that these
theoretical analyses coincide with the rigorous numerical simulations. This research can be useful for various
applications of THz waveguides made of metallic nanoslits.
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Rapid advances in laser technology have promoted various
techniques for the detection and generation of terahertz
(THz) radiation, which has shown potential applications
in many fields, e.g., in imaging, sensing, and spectros-
copy[1–3]. Among this research, powerful THz waveguides
have attracted more and more interest[4–21]. It was first pro-
posed by Wang and Mittleman that THz waves can effec-
tively propagate on a simplemetal wire[4]. Cao et al. quickly
demonstrated that thewaveguide effectmainly comes from
the zeroth-order azimuthally polarized surface plasmon po-
laritons (SPPs)[5]. Subsequently, various SPP waveguides
have also been proposed, such as a channel waveguide[22,23],
dielectric-loaded SPP waveguide[24], and hybrid SPP
waveguide[25–27]. Most of these SPPwaveguides work atsub-
wavelength scales. As we all know, skin depth is a very im-
portant length scale for plasmonics in the THz wave range
and other low-frequency radiation[28]. Seo et al. demon-
strated that the enhancement of a THz electric field inside
a slit of width around 30000 times smaller than the wave-
length is about 105[29]. It was quickly pointed out that the
highlight of the work of Seo et al. is that they considered a
previously unexplored regime in which the skin depth,
which is a measure of how quickly the fields decay inside
the metal, is larger than both the film thickness and slit
width[30]. In spite of that, the results have been applied
tomany aspects. Up until now, the topics of aTHz plasmon
of ametallic slit waveguidewith sub-skin-depthwidth have
been rarely touched[31]. The propagation properties of a
THz waveguide using a metallic nanoslit narrower than
the skin depth have not been very clear, to the best of
our knowledge.
In this Letter, we shall derive a simple and explicit ana-

lytical expression to describe the propagation properties of
the THz plasmon of the metallic nanoslit with sub-skin-
depth width. The derivation is based on the property of
the huge relative permittivity of nonmagnetic metals in

the spectral region of the THz wave, and the fact that the
width of a nanoslit is much smaller than the skin depth.
The broad validity range and the high precision of the ana-
lytic expression shall also be tested. It is shown that for all
11 tested nonmagnetic metals mentioned in Ref. [32], in
the whole THz radiation region, and with the width rang-
ing from 1 to 10 mm, the relative deviation for the effective
index is always smaller than 5%. From the explicit analyti-
cal expression, we shall easily find that the propagation
properties of this kind of THz waveguide are closely re-
lated to the product of the complex wave number of
the metal and the width of the metallic slit. We shall also
study the changes of modal field and the attenuation co-
efficient in the whole THz region, and get some interesting
physical properties. Specifically, we find that the modal
field permeates the metal in a broad region relative to
the width of a nanoslit when the width of the metal slit
is smaller than the skin depth. Finally, all these analytical
conclusions shall be verified with rigorous numerical
simulations.

For a flat metal-dielectric interface, as we all know,
there is a bound electromagnetic state that is called
SPPs[33]. It has two electric field components Ex and Ez ,
and one magnetic field component Hy. The only magnetic
field component Hy denotes the TM polarization. Now we
consider metallic slit is surrounded by air, and the width of
the slit is w, which is shown in Fig. 1.

For the TM polarization of a nonmagnetic metal, we
can obtain the following normalized expressions for the
magnetic field component Hy for three regions in
Fig. 1,

Hy ¼ expðκmk0ðx þ w∕2ÞÞ; x ≤ −
w
2
; (1)

Hy ¼ expð−κmk0ðx − w∕2ÞÞ; x ≥
w
2
; (2)

COL 14(7), 072401(2016) CHINESE OPTICS LETTERS July 10, 2016

1671-7694/2016/072401(4) 072401-1 © 2016 Chinese Optics Letters

http://dx.doi.org/10.3788/COL201614.072401
http://dx.doi.org/10.3788/COL201614.072401


Hy ¼ a½expð−κak0ðx þ w∕2ÞÞ
þ expðκak0ðx − w∕2ÞÞ�− w∕2 ≤ x ≤ w∕2; (3)

where κm ¼ ½ðneffÞ2 − εm�1∕2, κa ¼ ½ðneffÞ2 − 1�1∕2, εm is the
relative permittivity of the metal, and neff denotes the
effective index of the eigenmode. k0 ¼ 2π∕λ0, where k0 and
λ0 denote the wave number in free space and wavelength,
respectively. By using Maxwell’s equations[34], we can fur-
ther get two other field components for Ez and Ex . Then,
based on the continuities of Ez andHy at the interface, the
following eigen equation can be obtained[35]:

κm
εm

þ κa
1− expð−k0κawÞ
1þ expð−k0κawÞ

¼ 0: (4)

Although neff is a vital parameter for the Plasmon, it is
hidden in Eq. (4) and difficult to work out. So an approxi-
mate expression for the effective index neff is welcome.
Using the property jn2

eff j ≪ jεmj, one can get κm≈ð−εmÞ1∕2.
In addition, the relation ð1− expð−k0κawÞÞ∕ð1þ
expð−k0κawÞÞ ≈ k0κaw∕2 always holds when the width
w is small. Applying these two approximations into
Eq. (4), we can further obtain a simple approximate
expression κaa as follows:

κaa ¼
����������������������

2
k0w

����������
−εm

p
s

: (5)

The corresponding approximate value neffa can be
further obtained from the relation

neffa ¼
����������������
κ2aa þ 1

q
: (6)

Here our expression is extremely simple but with clear
physical significance and high precision because that we
use the property of the huge relative permittivity of non-
magnetic metal in the whole THz radiation region. As the
propagation properties of the THz plasmons of metal slit
working in the sub-skin-depth region, κa is also exclusively
dependent on the product of k0wð−εmÞ1∕2 ¼ jkw, where
the wave number k ¼ ε1∕2m k0, is the complex wave num-
ber[13]. Accordingly, we can draw an important conclusion
that the main propagation properties of the THz plasmons

of metal slit with the sub-skin-depth width are in close re-
lation to the product of the complex wave number k of the
metal and the width w of the metallic slit.

In the following, we shall carefully test the capability of
the above analytical expression. The approximate values
and the exact values are compared in the width ranging
from 1 to 10 mm. We take the metal copper for example,
and the frequency is chosen to be 0.5 THz (i.e., λ0 ¼
0.6 mm). The corresponding relative permittivity is εm ¼
−6.3 × 105 þ j2.77 × 106 according to a fitted Drude for-
mula for copper[32]. We show the approximate values neffa

and the exact values neff in Fig. 2(a). And the relative
deviations for the real part neffa and the imaginary part
of neff are exhibited in Fig. 2(b). The maximum relative
deviation of the effective index neff is smaller than 2%
in the considered width range as shown in Fig. 2(b). It
should be pointed out that the width w ¼ 10 mm is
already far larger than the skin depth δ, which is
72.5 nm according to the definition of the skin depth
δ ¼ λ0∕½2π Imðε1∕2m Þ�.

It should be pointed out that both of the real and imagi-
nary parts of neff increase with the decreasing of the slit
width. This phenomenon can be explained by the interac-
tion between the SPPs on the two sides of the metal slit.
For the wide slit, the coupling between both SPPs on the
two sides is weak and can be neglected, so the values of neff

can be simply approximated to that on a single semi-infin-
ite dielectric/metal interface. When the width of the slit is
small, the coupling between both SPPs on the two sides
cannot be neglected anymore. The increased coupling be-
tween both SPPs induces the overlaps of the mode fields
and results in the strong confinement of the electromag-
netic field and a strong increase in the dispersion and loss,
which are represented by the increasing of neff with the
decreasing of slit width.

The applicability of the approximate formula for neffa

for other nonmagnetic metals mentioned in Ref. [32] is also

Fig. 1. Schematic of the metallic nanoslit.

Fig. 2. (a) Comparison between the exact values neff and the
rough values neffa, for copper at 0.5 THz. The black curves
are the rough solutions neffa and the red curves denote the exact
values neff . The solid curves are ReðneffaÞ− 1 and the “o” signs
represent ReðneffÞ− 1. The dashed curves are ImðneffaÞ and the
“+” signs show ImðneffÞ. (b) The relative deviation of neffa.
The solid curve is the relative deviation of ReðneffaÞ− 1, and
the dashed curve represents the relative deviation of ImðneffaÞ.
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tested. It is shown that Eq. (6) also performs well for all
other nonmagnetic metals of Al, Ag, Au, Mo, W, Pd, Ti,
Pb, Pt, and V. The maximum relative deviation of the
effective index neff is always less than 5% for all 11 tested
nonmagnetic metals in the whole spectral region of THz
radiation with the width ranging from 1 to 10 mm. There-
fore, we can see the broad validity range of the approxi-
mate formula for neffa.
As we all know, the attenuation coefficient α is related

to the imaginary part of the effective index by the relation
α ¼ k0 ImðneffÞ. Based on the exact value of neff and the
approximate value neffa, we also compare the exact values
and the calculated values of the attenuation coefficient in
the width ranging from 1 to 10 mm, as shown in Fig. 3.
The metal and the frequency are chosen to be the same
as those in Fig. 2. From Fig. 3, we can see that the calcu-
lated values and the exact values agree well, which
furthermore proves the accuracy of the approximate for-
mula for neffa. In addition, we can also see that the
values of the attenuation coefficient increase with the
decrease in the width of metal slit.
To get an intuitive impression on the size of the modal

field, we calculate the normalized magnetic field Hy for
three different values of w. The metal and the frequency
are both chosen as noted above. For comparison, w ¼ 5,
50, and 500 nm are chosen as three different metal slit
widths. The scope of radial coordinate x∕w is set as
−3 ≤ x∕w ≤ 3. The corresponding results are shown in
Fig. 4. From it, one can see that the decay of the modal
field decreases with the increase in the width of the nano-
slit. From Fig. 4(a), we find that Hy fields is almost invari-
ant in the chosen region, which is quite different from that
of the metallic slit with a broad width, as shown in
Fig. 4(c).
In conclusion, we establish a simple yet accurate expres-

sion for a THz plasmon of a metallic nanoslit with a sub-
skin-depth width. This formula performs well for
all 11 of the tested kinds of nonmagnetic metals in the
whole spectral region of THz radiation with the wide slit
width ranging from 1 to 10 mm. The main propagation

properties are found to be in close relation to the product
of the complex wave number of the metal and the width of
the metallic slit. Furthermore, when the width of the
metallic slit is smaller than the skin depth, the modal field
permeates the metal in a broad region relative to the width
of the nanoslit. These research results can be useful for the
various applications of a THz slit waveguide with sub-
skin-depth width.
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