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One-way-propagating broadly tunable terahertz plasmonic waveguide at a subwavelength scale is proposed based
on a metal–dielectric–semiconductor structure. Unlike other one-way plasmonic devices that are based on interference effects of surface plasmons, the proposed one-way device is based on nonreciprocal surface magneto
plasmons under an external magnetic field. Theoretical and simulation results demonstrate that the one-waypropagating frequency band can be broadly tuned by the external magnetic fields. The proposed concept can
be used to realize various high performance tunable plasmonic devices such as isolators, switches and splitters
for ultracompact integrated plasmonic circuits. © 2012 Optical Society of America
OCIS codes: 240.6680, 230.7380, 230.1360, 230.3810.

Rapid development in terahertz (THz) science and technology has been made in recent years because of huge
potential in imaging, spectroscopy, biomedical sciences,
and integrated circuits [1–3]. For those applications, THz
plasmonic components, e.g., waveguides, based on surface plasmons (SPs) or spoof surface plasmons have
been proposed due to the sub-wavelength confinement
for miniaturized devices [4,5]. However, these plasmonic
waveguides are two-way waveguides; i.e., light waves
propagate in both the forward and the backward directions. One-way-propagating waveguides are of particular
importance for functional devices such as isolators,
switches and splitters.
So far, most one-way-propagating plasmonic devices
have been proposed based on interference of SPs [6,7].
This effect is strongly sensitive to geometric structure
variations, making the fabrication of such devices very
difficult. Another approach is to use the nonreciprocal
effect of SPs under an external magnetic field (MF) [also
called surface magneto plasmons (SMPs)] [8]. The dispersions of the forward- and backward-propagating
SMPs terminate at different cut-off frequencies, making
it possible to realize an absolute one-way plasmonic
waveguide [9]. However, this device [9] is only applicable
in the visible frequencies, and the required MF is too
strong to be realized (B > 103 T). It is noted that the largest achievable MFs is ∼102 T.
In this Letter, we propose a simple THz one-way subwavelength plasmonic waveguide that needs only 1 T. By
tuning the applied MF, we find through both theoretical
analyses and numerical simulations that the central frequency of the one-way-propagating frequency band can
be broadly tuned from 1.5 to 0.36 THz when the MF increases from 0.5 to 5 T. In addition, the bandwidth of the
one-way-propagating frequency band can be broadened
by using a dielectric material with a higher permittivity
in the proposed structure. As illustrative examples, we
0146-9592/12/111895-03$15.00/0

demonstrate a one-way THz plasmonic isolator with an
extinction ratio of 100% and a tunable THz plasmonic
switch.
The schematic structure of the proposed waveguide
is composed of a metal-dielectric-semiconductor structure as depicted in Fig. 1(a). The metal and the semiconductor layers are half-infinite, and the thickness of
the dielectric layer is denoted by w. A TM-polarized
SMP (with the MF component parallel to the y axis) propagates along the z direction at the dielectric/metal and
dielectric/semiconductor layers. The external static MF
is applied uniformly on the whole structure along the
y axis (as indicated by B), forming a Voigt configuration.
The dielectric constants of both the metal and the semiconductor can be expressed by a tensor [10,11]:
2
3
εxx
0 εxz
↔
(1)
εyy 0 5;
ε  ε∞ 4 0
−εxz 0 εxx
where in the lossless case, the parameters in Eq. (1) can
be expressed as εxx  1 − ω2p ∕ω2 − ω2c , εxz  −iω2p ωc ∕
ωω2 − ω2c , and εyy  1 − ω2p ∕ω2 . Here ω is the angular

Fig. 1. (Color online) (a) Schematic structure of the one-waypropagating THz plasmonic waveguide. It is composed of metal
(upper), dielectric (middle), and semiconductor (lower) layers.
(b) Dispersion relations of the THz surface magneto plasmons
without and with an external MF.
© 2012 Optical Society of America
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frequency of the incident wave, ωp is the plasma frequency of metal or semiconductor (in the following,
the plasma frequencies of the metal and the semiconductor are denoted by ωpm and ωps , respectively), ε∞ is the
high-frequency permittivity, and ωc  eB∕m is the
cyclotron frequency. e and m are the charge and the effective mass of electrons, respectively. It should be noted
that ωps is in the order of ∼1013 Hz. When B is 1 T, the
cyclotron frequency (ωc ∼ 1012 ) is comparable with ωps ;
thus the effect of the B can be observable. However, ωpm
is in the order of ∼1016 Hz, making B very large to observe the effect of the MF. Therefore, using semiconductors instead of metals can dramatically weaken the
desired MFs. In THz frequency, due to ωpm ≫ ω, metals
resemble perfect conductors [12] and can be regarded as
isotropic, with a permittivity of εm  εm;xx . From the
Maxwell equations and Eq. (1), the electromagnetic
(EM) fields in the three layers can be expressed as
H II
 Ce−κ2 x−w∕2 ;
y
−
E II
z

iκ 2
Ce−κ2 x−w∕2 ;
ωε0 εm

−κ 1 x  Beκ1 x ;
H I
y  Ae

E I
z −

iκ1
Ae−κ1 x − Beκ1 x ;
ωε0 εd

 Deκ3 xw∕2 ;
H III
y
E III

z

iβεs;xz Deκ3 xw∕2 − εs;xx κ3 Deκ3 xw∕2
;
iωε0 ε2s;xx  ε2s;xz 

(2)

where εs;ij is the corresponding elements of permittivity
tensor of the semiconductor; εd is the dielectric constant
of the dielectric layer; A, B, C, and D are the amplitudes
of the EM fields; and β is the propagation constant of
the waveguide. κ 1 , κ 2 , and κ 3 are defined by κ 21 
β2 − k20 εd , κ22  β2 − k20 εm , κ 23  β2 − k20 εs , where εs 
εs;xx  ε2s;xx ∕εs;xx is the Voigt dielectric constant of the
semiconductor [8]. Considering the continuity of H y
and E z at the interfaces of the metal/dielectric and
semiconductor/dielectric, we have the dispersion relation of the waveguide from Eq. (2):



κ2 κ3 1
1
βκ 2 εs;xz
tanhκ 1 w
 −i 2
κ 21 εm εs ε2d
κ 1 εm εs εs;xx


κ 1
κ 1
β εs;xz
 2
−i
 0.
 3
κ 1 εd εs κ1 εm εd
κ1 εd εs εs;xx

the waveguide is w  0.1λps , where λps is the InSb plasma
wavelength defined as 2πc∕ωps . Figure 1(b) shows
the dispersion curves of the forward- and backwardpropagating THz SMPs waves with (B  1 T) and without the external MFs in the frequency region ω∕ωps 
0; 1. It can be seen that without the MF, the dispersion curves are symmetric for both the forward- and
backward-propagating waves, as shown in the black
dotted lines. However, when MF is applied, the dispersion curves of the two propagating waves are different.
The forward-propagating mode vanishes at a frequency
of ω∕ωps  0.59, while the backward-propagating
mode vanishes at a higher frequency of ω∕ωps  0.61.
This means that the THz waves in the frequency
region of ω∕ωps  0.59; 0.61 (corresponding to f 
1.18; 1.23 THz) can only propagate backward.
To verify the theoretical calculations, we conduct
simulations with the finite element method (FEM) by
using COMSOL Multiphysics. The results are plotted in
Figs. 2(a)–2(d). Without the external MF, the field distributions of the forward- and backward-propagating waves
are the same [see (a) and (b), respectively]. However,
when 1 T MF is applied, the forward-propagating THz
wave is blocked [see Fig. 2(c)], while the backwardpropagating wave can still propagate through the slit
[see Fig. 2(d)]. The reason for the results in Fig. 2(c)
is that the forward-propagating SMP mode is blocked
under the MF, thus SMPs cannot be excited by the edge
diffractions [6] when the THz wave impinges on the slit.
The transmitted intensity curves of the forward- and the
backward-propagating waves under the MF are depicted
in Fig. 2(e). It can be seen that the one-way region is
ω  0.59; 0.612ωps , which agrees very well with the theoretical results. In the simulations, we consider a slit with
finite length of L  300 μm. However, the one-way effect
can also be observed for other slit lengths.
It is important to study the factors that affect the performance of the one-way-propagating frequency band.
According to Eq. (3), we calculate the cutoff frequencies
of the forward- (ωV f ) and the backward- (ωV b ) propagating modes versus the applied MFs and versus the permittivity of the dielectric layer, shown in Figs. 3(a) and 3(b),
respectively. It is found that the external MF affects the

3

The nonreciprocal effect can be seen clearly from
Eq. (3), where the dispersion relation curves are different
for β > 0 (SMPs propagating along the z direction) and
β < 0 (SMPs propagating along the −z direction). Without
loss of generality, here we consider InSb, gold, and air as
the semiconductor, metal, and dielectric materials in the
calculation. The corresponding parameters of InSb at
room temperature are given by m  0.014m0 (m0 is the
free electron mass in vacuum), ωps  1.26 × 1013 Hz, and
ε∞  15.68 [13]. ωpm  1.37 × 1016 Hz [14]. The width of

Fig. 2. (Color online) (a)–(d) Field distribution jH y j2 of the
forward- and backward-propagating waves in a sub-wavelength
slit with and without an external MF. The width and length of
the slit are 0.1λp and 300 μm, respectively. The incident frequency is ω  0.6ωps , which is in the one-way-propagating
frequency band. The arrows indicate the incident directions.
(e) Transmitted intensities of the forward- [corresponding to
(c)] and backward-propagating [corresponding to (d)] waves
when 1 T MF is applied.
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Fig. 3. (Color online) Effects of (a) the external MFs B and
(b) the permittivity of the dielectric layer εd on the one-waypropagating frequency band. ωV represents the cutoff
frequency. Δω  ωV b − ωV f is the bandwidth of the one-waypropagating band.

cutoff frequencies of both the forward- and backwardpropagating modes [see Fig. 3(a)]. The cutoff frequencies
of the two modes decrease dramatically (from 0.76ωps to
0.18ωps corresponding to from 1.5 THz to 0.36 THz) with
the increase of the MF (from 0.5 to 5 T). It is interesting to
note that the bandwidth of the one-way-propagating band
Δω depends little on the MF. On the other hand, it is
mainly determined by the permittivity of the dielectric
layer εd as seen in Fig. 3(b), where Δω∕ωps increases
from 0.02 to 0.075 (corresponding to from 0.04 THz to
0.15 THz) as εd increases from 1 to 3.
The effects of B and εd on the one-way-propagating frequency band can also be explained analytically. By applying the non-retardation limit [15], i.e., β ≫ k0 , into Eq. (3),
we have κ1 ≈ κ 2 ≈ κ3 ≈ β, and βw ≫ 1. Thus the cutoff frequencies of the forward- and the backward-propagating
modes ωV f and ωV b can be expressed as
q

ω2c  4ω2ps ε∞ ∕εd  ε∞  − ωc

q
1
2
2

ωc  4ωps − ωc ;
2

ωV f 
ωV b

1
2

(4)

respectively. It can be seen that the one-way-propagating
bandwidth can be obtained analytically as Δω 
ωV f − ωV b , which increases with εd . ωV f rather than ωV b
is dependent on εd because of the asymmetry of the mode
distribution caused by the MF. From simulations, the
forward-propagating wave is mostly confined on the
insulator/semiconductor interface, while the backwardpropagating wave is confined on the insulator/metal interface. Because the permittivity of metal is very large
(jεm j ≫ εd ), the impact of varying εd on the insulator/
metal interface is much weaker than on the insulator/
semiconductor interface.
Last but not least, we present an application example
of this one-way THz waveguide for realizing a THz plasmonic switch. It should be noted that if we change the
propagation direction of the applied MF, i.e., from B to
−B, the dielectric tensor matrix in Eq. (1) will be transposed. As a result, the dispersion relation of the forwardand backward-propagating waves is interchanged, which
means the one-way-propagating band will not block the
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Fig. 4. (Color online) jH y j2 distributions of a designed
THz plasmonic switch tuned by an external MF. (a) The MF
direction is along the y axis. (b) The MF direction is along
the −y axis.

forward wave, but the backward wave. According to this
principle, we design a T-shape waveguide, as shown in
Fig. 4. The width of the waveguide is 0.1λps . The MF intensity is 1 T, and the incident angular frequency is ω 
0.6ωps within the one-way-propagating band. It is clearly
seen that when the direction of the external MF is changed, a tunable THz plasmonic switch can be realized.
In conclusion, we present a one-way-propagating THz
plasmonic waveguide and a tunable THz plasmonic
switch based on the nonreciprocal SMPs. The proposed
waveguide structure and the concept may open a new
avenue of realizing various tunable THz plasmonic
devices.
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