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Abstract

Due to their promising properties, surface magneto plasmons have attracted great inter-
ests in the field of plasmonics. Apart from flexible modulation of the plasmonic properties
by an external magnetic field, surface magneto plasmons also promise nonreciprocal effect
and multi-bands of propagation, which can be applied into the design of integrated
plasmonic devices for biosensing and telecommunication applications. In the visible fre-
quencies, hybrid nanodevices consisting of metals and magnetic materials based on surface
magneto plasmon are proposed. In the infrared frequencies, highly-doped semiconductors
can replace metals, owning to the lower incident wave frequencies and lower plasma
frequencies. Furthermore, a promising 2D material-graphene shows great potential in infra-
red magnetic plasmonics. In this book chapter, we will review the magneto plasmonics
with a focus on device designs and applications. We will give the basic theory of surface
magneto plasmons propagating in different structures, including plane surface structures
and slot waveguides. Based on the fundamental investigation and theoretical studies, we
will illustrate various magneto plasmonic micro/nanodevices, such as tunable waveguides,
filters, and beam-splitters. Novel plasmonic devices such as one-way waveguides and
broad-band waveguides will also be introduced.

Keywords: surface magneto plasmons, plasmonics, magnetic field tuning

1. Introduction

Surface plasmons (SPs) are electromagnetic waves that are confined on and propagate along
and the surface of a conductor, usually a metal or a semiconductor [1]. SPs are caused by the
resonant oscillation of the free electrons in the conductor with the incident electromagnetic
waves. The resonant oscillation can be denoted by a characteristic frequency —the plasma
frequency w,, which decides the scale of the free electrons response to time-varying perturba-
tions [2]. Since SPs depend on the free electron motions, it can be imagined that an external
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magnetic field may have modulations on the SPs, due to the Lorentz force which can change
the response of carriers. In this situation, another characteristic frequency called cyclotron
frequency w, is often used, which is a function of the effective mass of the charge carriers and
the strength of the applied magnetic field [3]. One of the important consequences of magnetiz-
ing the plasmons is that the polarizability becomes highly anisotropic (the permittivity of the
conductor becomes a tensor) —even though the medium is isotropic when the magnetic field is
not applied. Therefore, SPs may have different properties when they are propagating under an

external magnetic field. In this situation, they are usually called surface magneto plasmons
(SMPs) [4].

SMPs can be divided in three principal configurations, according to three directions—the
orientation of applied magnetic field B, the propagation of the surface wave k, and the surface.
The first one is called perpendicular geometry, in which B is perpendicular to both the surface
and k. The second one is called Faraday geometry, in which B is parallel to the surface and k.
The third one is called Voigt geometry, in which B is parallel to the surface and perpendicular
to k. Compared with traditional SPs, SMPs have several unique properties. For instance, SMPs
in perpendicular geometry and Faraday geometry can support pseudo-surface waves, which
means they attenuate on only one side of the surface [5, 6]. SMPs in this Voigt configuration
support nonreciprocal effect, which means the SMP dispersions are different when they prop-
agate along two opposite directions. In addition, unlike SPs only has one propagating fre-
quency band which is below the plasma frequency [2], SMPs support two propagating bands.

The basic theory of SMPs in the perpendicular configuration was first given by Brion et al. [5]
in 1974. Then, in the same year, Wallis et al. reported the theoretical study of SMPs in the
Faraday configuration [6]. In 1987, Kushwaha [7] gave the theoretical derivation of SMP on a
thin film in the Faraday configurations. For the Voigt configuration, the pioneer work was
implemented by Chiu et al. [8] and Brion et al. [4] as early as 1972, separately. Then De Wames
and coworkers studied the dispersion relation of Voigt-configured SMPs on a thin film [9].
Then SMP properties considering holes [10], optical phonons [11-13], diffuse electron density
profiles [14], and metal screen [15] were theoretically proposed. They were also studied both
theoretically and experimentally in various structures [16-27]. In 2001, a review work of SMP
was given [28].

In recent years, due to the extraordinary optical transmission through periodic holds in nano-
meter scale, which is found in 1998 [29], numerous plasmonic devices, made of metals, have
been theoretically proposed and experimentally realized in the visible frequencies [1, 30].
Compared with studies about SPs before 2000 [31-40], these structures have been mostly
focused on the subwavelength confinement of electromagnetic waves [41]. For example, in
the slot waveguides [42] or metal-insulator-metal structures [43], electromagnetic waves can be
confined in a space as small as ~0.1A. Inspired by these structures, some SMP devices com-
posed of metals were proposed [44-49]. However, all of these SMP structures are difficult to
realize because they require unreachable magnetic fields. The reason is that in order to observe
the effect of an external magnetic field, it requires w,, w. and the incident angular frequency @
be comparable. However, for a metal in the visible frequencies, w, and w are usually in the
order of ~10'® and ~10" Hz, respectively. Therefore, it needs a magnetic field as strong
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as ~10% Tesla, which is difficult to realize in laboratories. So far, there are two ways to solve
this problem. One is using ferromagnetic materials, such as Ni and Co in nanostructures [50—
57]. By this method, the intensity of the applied magnetic field can be decreased to a scale of
~mT. But it introduces large loss. The other solution is using semiconductors instead of metals
in THz regime to decrease both w, and w. w, of a doped semiconductor can be decreased in an
order of ~10'> Hz. Therefore, the required external magnetic field can be less than 2 Tesla.
Some researches of SMP devices consisting of semiconductors have also been proposed
recently [58-62].

In this chapter, we will introduce the basic theory of SMPs in the Voigt configuration and their
applications in SMP devices design. In Section 2, we will give the dispersions of SMPs on a
surface, in a metal-insulator-semiconductor structure, and in a semiconductor-insulator-
semiconductor structure of the Voigt configuration. The nonreciprocal effect and the two
propagating bands will be discussed. In Section 3, some intriguing plasmonic devices based
on the SMPs will be presented, including one-way waveguides, broadly tunable THz slow
light waveguides, and focal-length-tunable plasmonic lenses.

2. Theory of SMPs on a surface and in a slot waveguide

The first theory of SMPs on a conductor plane surface in the Voigt configuration was presented
by Chiu et al. [8]. However, they only found the nonreciprocal effect. In the same year, Brion
et al. gave a more comprehensive study on SMPs, including the nonreciprocal effect and the
two propagating bands [4]. They also gave an explanation of why the higher band appears. We
will give a review of his research in this section. Although the energy of SMPs is confine on the
plane surface, the confinement is not subwavelength scale (in the order of ~2-3A). In order to
solve this problem, in this section, we derive the dispersion of SMPs in a slot waveguide, which
can confine light in 1/10 A in the lateral direction [63-66]. Some results are very similar with
that in Ref. [4], while some are quite different. For example, the nonreciprocal effect is elimi-
nated in a symmetric structure [63].

2.1. Dispersion of SMPs on a plane surface

The schematic structure is shown in Figure 1. The material of x <0 is a metal or a semiconduc-
tor, and its surface is oriented to +x-axis. The SMPs is propagating along the z-axis. In the Voigt
configuration, the applied magnetic field B is applied along the y-axis. Then the permittivity of
the metal/semiconductor becomes a tensor:

—Exz O Exx

The parameters in Eq. (1) have the expressions of
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B

Figure 1. Schematic structure of SMPs propagating on a metal/semiconductor surface in the Voigt configuration. The
external static magnetic field B is applied along the y-axis.
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in which w, is the plasma frequency of the conductor, w is the angular frequency of the incident
wave, ¢, is the high-frequency permittivity, and w. = eB/m* is the cyclotron frequency. e and m*
are the charge and the effective mass of electrons, respectively. B is the applied external magnetic
field. v = ¢/(um*) is the collision frequency of free electrons, y is the carrier mobility.

From the Maxwell equations, the wave equation can be derived as
Vx(VxE)—kgsEzo )

where kj is the wave vector in vacuum. ¢ is the permittivity of the material (for a conductor, it
is the dielectric constant tensor of Eq. (1)). ¢ is the light velocity in vacuum. If we assume that
the material of the region x > 0 is a dielectric with permittivity of ¢, and considering SMPs are
TM polarized (with the magnetic field component parallel to the y-axis), the electromagnetic
fields in the metal/semiconductor and the dielectric have the form:
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E = (Eyiy, 0, Epy)e®el(F91) x>0 ©6)
E = (E,.,0,E.)e™e (P x < 0 @)

where f is the wave vector of SMPs. From Egs. (6), (7) and (1), we have a nontrivial solution of
Eq. (5) only if

@

oy =p — e (8)
2
@

a? = Z—C—ZEV )

where €y = €, + €4.°/€,, is the Voigt dielectric constant. With the consideration of the charac-
teristics of the surface mode and the continuity of H, and E. at the surface, the dispersion
relation of the waveguide is given by

w? w? &
ed\/ﬁz—C—2€V+€V\/ﬁz—c—26d+lﬁed€ﬂ:0. (10)
XX

It can be clearly seen from Eq. (10) that this dispersion is non-reciprocal with respect to the
direction of propagation, i.e., the positive and negative values of the wave vector  are not
equivalent. The dispersion equation can be solved numerically by Eq. (10). In Figure 2, the
dispersion of SMPs on a plane surface is plotted, assuming that the conductor material is InSb
in the lossless case (v = 0) with w. = 0.5w,, and the dielectric material is air (¢; = 1). The other
corresponding parameters of InSb are chosen as m* = 0.014 my (m, is the free electron mass in
vacuum), w, = 12.6THz, and ¢.. = 15.68 [4].

As shown in the dispersion equation, the nonreciprocal effect is immediately observed. We
tirst discuss the case of f > 0. An interesting feature is that the dispersion curve consists of two
propagation bands with a gap between them. The lower curve starts from the origin, rises just
to the right of the light line (the line marked as «( = 0), bends over, and terminates when it
reaches the dispersion curve of the bulk magneto plasmons (the line marked as a = 0). The
higher branch starts from the line of ¢,, = 0, and approaches the asymptotic frequency for the
non-retarded magneto plasmons defined by ¢, + &,,-i¢,. = 0. The reduced wave vector at which
the upper band starts is specified by the equation of

2 (B 1+Q2
=) T e v

where Q. = w/w,. In order to let C, to be positive and finite, it must be satisfied that ¢../e4 > wp/
w., where wp = sqrt(w,ﬂ2 + w,?) is the hybrid cyclotron-plasmon frequency. For InSb and air, this
is given by . > 0.064. Therefore, the magnetic field should be at least 0.0643 Tesla to observe
the higher band.
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Figure 2. Dispersion curves of SMPs at the interface of InSb and air in the Voigt configuration (solid lines). w. = 0.5w,,.
& = w/w, and C = fc/w, are normalized frequency and wave vector.

For B < 0, the lower band starting from the origin to the asymptotic value defined by
€4t Exx T i€y, = 0. The higher band starts at the light line ¢,, = 1, rises to the right of the light
line, and cutoff when it meets the higher bulk magneto plasmon curve a = 0.

The two propagating band can be explained by Figure 3, where the Voigt dielectric constant is
plotted as a function of the normalized angular frequency & = w/w,. It can be seen that when
w. = 0.5w,, there are two regions, where ¢y, < 0. Because SMPs can only propagate on the surface
of a material with negative permittivity, SMPs have two propagating bands on a plane surface.

2.2. Dispersion of SMPs in a symmetric slot waveguide

In order to expand the theory of SMPs in a subwavelength scale, we study the dispersion of
SMPs in a slot waveguide with a lateral width in subwavelength scale. In this part, we study a
symmetric structure, which is shown in Figure 4. An insulator layer (the permittivity is denoted
by ¢4) with a width of w is sandwiched by two conductor layers. A TM-polarized electromag-
netic wave (the magnetic field component is parallel to the y-axis) is propagating along the z-
direction where E.(r, ), E.(t, w), H(r, w) o exp[i(fz-wt)]. An external static magnetic field B is
applied uniformly along the y-axis, in a Voigt configuration. Therefore, according to the Maxwell
equations, the electromagnetic field components in region I, II, and III can be written as
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Figure 3. Voigt dielectric constant ¢y as a function of frequency.

Figure 4. Schematic of SMPs propagating in a symmetric conductor-insulator-conductor structure in the Voigt configu-
ration. The external static magnetic field B is applied along the y-axis.
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Hy(HI) — Dekg(x+w/2) (16)

1
g _ ( Defs(x+w/2) _ D K3(X+w/2)> 17
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where A, B, C, and D are undetermined coefficients. x4, k, and k3 are expressed by

2 g Re, (18)
1" = k3? = B — kgev (19)

Employing the boundary conditions at the two interfaces (x = —w/2 and x = w/2) yields

(ﬁgxz B insz) ZK_l —K1w/2 (ﬁgxz — iExsz) _ ZK_l K1w/2
2 N T |¢ 2 2 ¢
(gxx + Exz ) &d (gxx + Exz ) &4

A
‘ ‘ < ) =0 (20)
[(ﬁsxz + zexsz) L 11<_1] Jri0/2 {(ﬂsxz + lfxxKZ) _ ”C_l] e—K10/2 B

(gxe + gxzz) &4 (Exx2 + Exzz) &d

The nontrivial solution of these linear equations requires the vanishing of the coefficients
determinant, and then we can derive the following relation:

tanh (w\ /B — edk§>

() S () () ]
(21)

Eq. (21) is the dispersion relation of TM-polarized SMPs in the Voigt configurations for the
symmetric slot structure. It should be noted that, when B = 0, Eq. (21) becomes the dispersion
relations of SPs in a MIM structure [43]; when w — <o, it becomes Eq. (10).

An intriguing feature of Eq. (21) is that due to the symmetric structure, the nonreciprocal effect
of Eq. (10) is eliminated because only > can be found in the equation. The dispersion curve is
shown in Figure 5. Without loss of generality, here we also assume the conductor material is n-
doped InSb. The width of the dielectric is w = 0.1 x 27tc/w),. It is found that g >0 and <0 SMP
waves have same dispersion curve when the magnetic field is applied (blue lines). In addition,
the two propagating bands are remained. The higher band can also be explained by the effect
of the applied magnetic field on the Voigt dielectric constant ¢y in Figure 3.

Although the dispersion curve is reciprocal, the mode distribution is still nonreciprocal in this
structure, which is shown in Figure 6. The normalized electric field intensities of the SMPs
modes indicate that with the magnetic field, the mode distribution becomes asymmetric. For
the SMPs mode in the lower band, most of the energy is confined on the lower surface of the
dielectric layer, while the energy is mostly confined on the upper surface in the higher fre-
quency band.
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Figure 5. Dispersion curves of SMPs in a slot waveguide of InSb-air-InSb in the Voigt configuration (solid lines).
w=0.1 x 21c/w,. C = fc/w, is the normalized wave vector.

2.3. Dispersion of SMPs in an asymmetric slot waveguide

In this part, we study the dispersion of SMPs in an asymmetric slot waveguide with a lateral
width in subwavelength scale, which is shown in Figure 7. The structure is similar with Figure 4,
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Figure 6. Normalized E, intensities of SMPs mode along the x-axis under an external magnetic field of w. = 0.5 w,. (a)
Lower band; (b) higher band.
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Figure 7. Schematic of SMPs propagating in an asymmetric conductor-insulator-conductor structure in the Voigt config-
uration. The external static magnetic field B is only applied on the conductor below the insulator.

an insulator layer is sandwiched by two conductor layers. However, the external magnetic field
is only applied on one of the two conductor layers. In this geometry, the conductor of region Il is
anisotropic, and its permittivity is a tensor, as we discussed earlier, but the conductor of region II
is isotropic. Therefore, according to the Maxwell equations, the electromagnetic field compo-
nents in region I, II, and III can be written as

H,\V = Ae™™* + Be"~ (22)
E.0 = - L (gex _ periv) (23)
wWENEY
Hy(U) — Ce*2(x—w/2) (24)
EZ(H) - ZK2 Ce—Kz(x—w/Z) (25)
WEYEM

Hy(IH) — Des(etw/2) 26)

1

) _ : K3 (x+w/2) i3 (x+w/2)

E, ot (end ¥ £0) (zﬂexzDe &xkzDe ) (27)

where A, B, C, and D are undetermined coefficients. ¢,, is the isotropic permittivity of region II.
K1, K2 and k3 are expressed by

K12 = % — ke (28)
K% = B2 — Koen (29)
K32 = p* — k%ev (30)
Employing the boundary conditions at the two interfaces (x = —w/2 and x = w/2), it can be

derived
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Figure 8. Dispersion curves of SMPs in an asymmetric slot waveguide in the Voigt configuration (solid lines).
w=0.1 x 21c/w,. £ = w/w, and C = fc/w, are normalized frequency and wave vector, respectively.
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Then we can derive the dispersion equation of SMPs in an asymmetric slot waveguide by the
nontrivial solution of these linear equations:

2 KBenr/ B — K ? — kgem
VB —Ren /B —RBev 1 L1 PVE R e tanh<mw>

B — eqks Em€V €] B2 — eqky  EmEVER

\/ﬁ —kzév 1 \/ﬁ kzem ' B s 0
\/—eda/ \/7k25m5d Z\/msﬁvexx B

One can know by a glance from Eq. (32) that in an asymmetric slot waveguide, SMPs have
nonreciprocal dispersion as those on a plane surface. In Figure 8, the dispersion curves of both
B >0 and g <0 are plotted, when w = 0.1 x 2nc/w,, w. = 0.1w,. It can be seen that due to
nonreciprocal effect, forward propagating and backward propagating SMPs have different
cutoff frequencies.

(32)

3. Applications of slot SMPs

In recent years, several kinds of SMP devices that can manipulate electromagnetic fields in
subwavelength scale have been proposed [46—49, 52-56]. However, most of them are focused
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on the magnetic-field tunable property. The nonreciprocal effect and the two propagating
bands are rarely utilized. In this section, we give three applications using the nonreciprocal
effect, two propagating bands and magnetic field tuning properties, respectively. The SMPs
applications are realized by semiconductors in the terahertz regime. However, the design
principle can be used in any SMP devices.

3.1. Broadly tunable one-way terahertz plasmonic waveguides based on nonreciprocal
effect of slot SMPs

With the rapid development in Terahertz (THz) technology in recent years, THz plasmonic
components, e.g. waveguides, have been proposed due to the sub-wavelength confinement for
miniaturized devices. However, most plasmonic waveguides are two-way waveguides, i.e.
light waves propagate in both the forward and the backward directions. One-way-propagating
waveguides are highly desired in splitters, switches and isolators. One method to realize one-
way plasmonic devices are based on interference of SPs [66]. This effect is strongly sensitive to
geometric structure variations. Another approach is by the nonreciprocal effect of SMPs under
an external magnetic field. 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.

In this section, we propose a simple THz one-way sub-wavelength plasmonic waveguide that
needs only 1 Tesla. By tuning the applied MF, the central frequency of the one-way-propagating
frequency band is shifted from 1.5 to 0.36 THz when the MF is increased from 0.5 to 5 Tesla.

The schematic structure of the proposed waveguide is depicted in Figure 9(a). It is composed of a
metal-dielectric-semiconductor. The metal and the semiconductor layers are half-infinite and the
thickness of the dielectric layer is w. The external static magnetic field is applied uniformly on the
whole structure along the y-axis (as indicated by B), forming a Voigt configuration. Without loss of
generality, we assume the metal, dielectric and semiconductor are Au, air and InSb, respectively.
Although Au is a conductor, it resembles perfect conductors in the THz regime [67]. Therefore, it
can be considered as an isotropic material even though the magnetic field is applied. In this
approximation, the conclusion of Section 2.3 can be applied. Figure 9(b) shows the dispersion

Figure 9. (a) Schematic structure of the one-way THz plasmonic waveguide. It is composed of metal (upper), dielectric
(middle), and semiconductor (lower) layers. (b) Dispersion relations of the THz SMPs without and with an external
magnetic field.
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curves of the lower band of SMPs waves with (B = 1 Tesla) and without the external magnetic
fields. It can be found that the dispersion curves are symmetric without the magnetic field. While,
when magnetic field is applied, the dispersion curves of the two propagating waves become
different. The cutoff frequency of the forward-propagating mode is w/w, = 0.59, while that of the
backward propagating mode is w/w, = 0.61. This means that the THz waves in the frequency
region of w/w, =[0.59, 0.61] (corresponding to f=[1.18, 1.23] THz) can only propagate backwards.

Then simulations are then conducted by the finite element method (FEM) using COMSOL
Multiphysics to verify the one-way effect. The results are plotted in Figure 2 (a)-(d). When the
magnetic field is not applied, the field distributions of the forward and backward propagating
waves are the same (see (a) and (b), respectively). However, when there is 1 Tesla magnetic
field, the forward-propagating THz wave is blocked (see Figure 2(c)), while the backward-
propagating wave can still propagate through the slit (see Figure 2(d)) (there is no bright-dark
field distribution in the slit as that in Figure 2(a) and (c) also confirms that no reflected SMP
wave can be realized in the slit to interfere with the incident wave). The compared transmitted
intensities of the forward and the backward propagating waves of Figure (c) and (d) are
depicted in Figure 2(e). It can be seen the one way region located at @ =[0.592, 0.612]w,,, which
agrees very well with the theoretical results.

The tuning ability of the one-way frequency band is also studied. By applying the non-
retardation limit [22], i.e. substitute > > k; into Eq. (32), we have k; = k, = k3 = , and fw >>1.
Thus the cutoff frequencies of the forward and the backward propagating modes wyyand wy;,
can be calculated as

Wy = [\/a) + 4w en/(eq + ex) - a)c} (33)
wyp = % {, fo? + a2, a)c} (34)

Therefore both wyy and wy, are functions of w., which indicate the one-way region can be
tuned by the external magnetic field. The one-way bandwidth is obtained analytically as
Aw = wys — wy, which increases with ¢;. According to Eq. (32), we calculate wyy and wy,
versus B, and the permittivity of the dielectric layer, shown in Figure 11(a) and (b), respec-
tively. It is found that the magnetic field affects both the cutoff frequencies of the forward and
backward propagating modes. However, the bandwidth of the one-way band Aw depends
little on B, but determined by the permittivity of the dielectric layer ¢,. This effect is owing to
the asymmetry of the mode distribution caused by the magnetic field.

Based on this one-way waveguide structure, we also proposed a THz plasmonic switch. It
should be noted that if we change the propagation direction of the applied magnetic field, the
dielectric tensor matrix in Eq. (1) is transposed. As a result, the one-way-propagating band will
not block the forward wave, but the backward wave. According to this principle, a T-shape
waveguide is designed, as shown in Figure 12. The width of the waveguide, the magnetic field
intensity, and the incident frequency are the same as those in Figure 10(c) and (d). It is clearly
seen that when the direction of the external MF is changed, a tunable THz plasmonic switch
can be realized.
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3.2. A terahertz slow-light system with tunable group velocities
in a broad frequency range by SMPs

In this part, we will apply the two bands of SMPs to a THz slow light system. Slow-light
technology has great application potentials in telecommunications, data processing, and light-
matter interactions. Compared with traditional electronic approaches [68], plasmonic
approaches are easy to achieve because its subwavelength confinement of electromagnetic
(EM) fields [69]. However, most slow light systems are not tunable so far, especially in the
THz frequency region. In this section, we propose a tunable THz slow-light system based on
SMPs with a semiconductor-insulator-semiconductor (SIS) structure. In this structure, both the
frequency and the group velocity of the slowed-down THz wave can be tuned. More impor-
tantly, due to the existence of two SMPs bands, especially the higher band which has a wider
tunable bandwidth, the proposed system has a very broad tunable bandwidth.

Because a plasmonic slow-light system is expected to have the same slow-light effect in both
forward- and backward-propagating directions, we use a symmetric structure as shown in
Figure 13(a) in which the nonreciprocal effect is eliminated. By the dispersion equation of
Eq. (21), the dispersion curves of the SMPs in the structure when the external magnetic field is
applied with intensities of 0, 0.5, 1 and 2 Tesla are plotted in Figure 13(b). The width of the
waveguide is w = 0.1 x 27tc/w, = 15 um (~1/20A of 1 THz wave). It can be seen from the figure
that with the increase of the magnitude of the external magnetic field, the two bands move
toward opposite directions (as indicated by the blue arrow). In addition, the shift of the higher
band dispersion curve is more obvious than the lower band dispersion curve. When the
magnetic field increases from 0 to 2 T, the cutoff frequency of the lower band changes from
1.9 to 0.8 THz, while that of the higher band changes from 1.9 to 4.8 THz.

We then study the slowed-down characteristics of the structure. Since the analytical expression
of the group velocity defined as v, = dw/dp cannot be obtained from Eq. (21), we calculate v,
numerically by fitting the dispersion curves in Figure 13. In Figure 14(a), the normalized
group velocity v, with respect to ¢ as a function of the incident frequency is plotted when the
external magnetic fields are 0, 0.5, 1, and 2 Tesla. It shows that v, can achieve ~10"%c in the
structure for both the lower and higher modes in the lossless case. When the magnetic field is
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Figure 13. (a) Schematic structure of the THz plasmonic slow-light system. (b) Dispersion relations of the SMPs without
and with an external magnetic field.
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Figure 14. Slow-light effect of the structure tuned by an external magnetic field. The lower and the higher bands under
the magnetic field are indicated by the blue and the pink shadows, respectively. (a) Normalized group velocity of the
structure with 0 to 2 Tesla external magnetic fields (lines: Numerical results by fitting dispersion curves in Figure 13(b);
triangular points: FDTD simulation results). (b) Incident frequencies versus their corresponding needed magnetic fields.
(c) and (d) FDTD simulations of THz pulses propagating in the slow-light waveguide compared with that propagating in
vacuum after 15 ps for f= 1.5 THz and f = 2.5 THz, respectively, when a 0.5 Tesla magnetic field is applied. The pulse is
launched at x = 0. Both the lower and higher band can slow down the THz waves.

increased from 0 to 2 Tesla, the corresponding frequency for v, < 10~°c moves from 1.9 to
0.8 THz for the lower band, while that of the higher band moves from 1.9 to 4.8 THz. To verify
these results, finite-difference time-domain (FDTD) simulations are conducted for B = 0 and
1 Tesla, respectively (shown as the triangular points). The group velocities of the simulation
results agree well with the analytical results from Eq. (21). This verifies the slow-light effects of
the system. More obvious FDTD simulated results of a slowed THz pulse in the structure are
shown in Figure 14(c) and (d). The incident frequencies are chosen as f = 1.5 THz and f = 2.5
THz, which are the frequencies corresponding to ve/c = 10~ of the lower band and the higher
band when a 0.5 Tesla magnetic field is applied, respectively. In the simulations, the THz
pulses propagating in the slow-light system and in vacuum along the x-axis are compared. It
shows that, for f=1.5 THz, the THz pulse moves 3.3 mm in vacuum while only 0.4 mm in the
structure after 15 ps. For f= 2.5 THz, the THz pulse moves 3.8 mm in vacuum while 1 mm in
the structure after 15 ps. The reason on the larger simulated group velocity compared with the
calculated one is that we added losses to InSb material in order to keep the simulation more
stable, which may dramatically limit the achievable slow down factors and introduce losses
[70]. Furthermore, the pulse is broadened because of the high dispersion of the system in the
frequency region where the signal group velocity is low (the dispersion is proportional to dov,/
dw), which could be solved by using solitons in Kerr dielectrics [71].

Although direct relation of the magnetic field intensity B and the incident angular frequency w
is difficult to obtain, it is found that the slow light region is always close to the cut-off
frequency of the SMPs modes, which can be derived analytically. From the non-retarded limit
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of Eq. (21), the cutoff frequencies of the lower and the higher modes can be obtained by
1+ ey tiey,=0and 1+ ey, — iey, =0, respectively. Then we have

B=+ P —w (35)

m* (1)2500
e w(eq + €w)

where ‘+ represents w < wy,, ‘—" denotes w > wy,. W, = sqrt[a)pz/(l + £4)] is the surface plasma
frequency. From Eq. (35), one can calculate the magnetic field needed to slow down the THz
waves. In Figure 14(b), the calculated magnetic fields versus the frequencies of the incident
THz waves are depicted. It is found that when the magnetic field increases to 6 Tesla, the group
velocities of waves in the region of [0.3, 10] THz can all be decreased. Therefore, a plasmonic
slow-light system with broad band tuning range is achieved.

From the results in Figure 14(a), it is inferred that the group velocity can also be tuned by
changing the intensity of the magnetic field. We choose 1 and 3 THz in the lower and higher
bands, respectively. We then calculate their corresponding group velocities dependent on B,
which are shown in Figure 15(a) and (b), respectively. When the magnetic field is increased,
the frequency-v, curves corresponding to the lower band and higher bands moves to the
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Figure 15. Group velocity of a monochromatic wave tuning by the magnetic field. (a) and (b) f=1 THz (in the lower band)
and f=3THz (in the higher band), respectively. Blue lines: Results from the analytical model. Red dots: FDTD simulation
results. (c) FDTD simulations of THz pulses propagating in the slow-light waveguide. The frequency of the incident wave
is 1THz. When the magnetic fields are 0, 1.1, 1.3, and 1.4 Tesla, the peak of the pulse moves 0.01/, 0.121,, 0.24],, and 0.441,
after the THz pulse is launched 15 ps, respectively, where I. is defined as I. =15 ps x c.
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opposite directions. Therefore, v, in the lower band decreases with the magnetic field, while v,
in the higher band increases. When the magnetic field increases from 0 to 1.36 Tesla, the group
velocity of 1 THz frequency deceases from 0.65¢ to 10~ c. For frequency at 3 THz, the required
magnetic field is from 1.04 to 0.88 Tesla in order to slow down the wave from 0.23c to 0.048¢c. In
Figure 15(c), the FDTD simulated magnetic-field-tunable group velocity of a THz pulse is
depicted. The incident frequency is 1 THz. It can be found that when B is increased, the
distance Terahertz pulse moves become shorter and shorter. When B = 1.39 Tesla, it can be
found that the THz pulse moves only 0.01l. after it is launched 15 ps, where I. is the
corresponding moving distance of light in vacuum. It is worth noting that the loss also
increases with the magnetic field. Therefore, in addition to the broad tuning range, the group
velocity can also be flexibly tuned in the proposed slow-light system.

We then discuss the effects of the material loss on the tuning properties of the slow-light
system. It is reported that the slowdown factor may be limited by the material losses [70]. This
phenomenon is also observed with this structure. In a semiconductor, the loss is mainly caused
by the collision of charge carriers, characterized by the collision frequency v in Egs. (2)-(4). For
a small loss, we have v = 0.0lw,, the group velocity v, is in the order of 10 °~10"c. It is
increased with the loss, which can be found in Figure 16. In addition, owing to the loss, the
group velocity no longer decreases monotonously with the frequency, but increases dramati-
cally at a resonant frequency after reaching the minimum value. Therefore, the tuning mecha-
nism of the proposed structure is still valid in a lossy system. The tunable range restricted by
the material loss could be effectively compensated by using active materials [71], designing
doping levels, etc.

3.3. Terahertz plasmonic slit lenses with tunable focal length

Among various plasmonic devices, planar plasmonic slit lenses (PSLs) are often used to realize
integrated optical collimators [72-74]. Plasmonic slit lenses consist of a metallic slab with
several nanoslits with various widths, thicknesses and material compositions. When light
wave propagates through these slits, it has different phase retardations. By adjusting the
materials and geometric parameters of the slits, phase control is able to be realized. Compared
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Figure 16. Effects of loss on the tuning properties of the slow-light system. The loss is characterized by the collision
frequency v of free carriers.
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to other lenses, PSLs have relatively simple structures. In this part, using the magnetic field
tuning ability of SMPs, we present an active THz PSL. The focal length of the PSL can be
actively tuned by an external magnetic field.

The PSL structure is shown in Figure 17. It is composed a symmetric 2D InSb slab surrounded
by air, and perforated with 2 N-1 slits. The thickness of the slab is h; the lens width is 4; and the
width of the i-th slit is denoted by w;. The incident plane wave is TM-polarized with frequency
f. Therefore, each slit can be considered as an SIS waveguide structure with finite length in z-
direction, or a single-mode Fabry-Perot (F-P) cavity, with the refractive index of n; above the
slit, n3 below the slit, and n,.4= f/ko the effective refractive index of the slit. § is the propagating
constant of SMPs that can be calculated by Eq. (21). In consequence, according to Fresnel
equations, the phase retardation Agp of the magnetic field component H, through a slit is
expressed as

H,, ia
A = arg {HZZ] = arg [% } (36)

1 — rior12e

where H,; and H,, are the incident magnetic field at the entrance and transmitted magnetic
field at the exit, respectively. a = kg x h x neff, rio = (n; — neff )/(ny + neff), r1o = (no — neff)/
(na + neff), tor =1 — r1g, t12 = 1 + r12. Therefore, according to Eq. (21), different slit widths and
magnetic fields provide different propagation constants, and also the phases. In the following
design procedures, without loss of generality, we set the thickness of the slab as & = 300 um,
and the incident frequency is f=1THz, thus ¢, = —45.6 + 16.4i for B=0 Tesla and ¢,= —14.3 + 6.61
for B =1 Tesla.

Since phase retardation is the key factor in the design, we study the impact of the external
magnetic field on Ag first. The dispersion of SMPs in an InSb-air-InSb structure considering
the loss of InSb is depicted in Figure 18(a), according to Eq. (21). It is found from the figure

I

Wiv Wy Wz Wi Wo W1 Wy

-
h B® ® ® ® ® ® ® @B I

e e o—3

Figure 17. Schematic structure of the tunable THz PSL. The structure consists of an InSb slab tunable by an external
magnetic field B, and perforated with 2 N-1 sub-wavelength slits. THz waves are indicated by the red arrows. They have
different phase retardations after the slits, thus focusing can be realized by modulating those phases. The thickness of the
slab is denoted by h. the width of the i-th slit from the middle to the two sides is w;. f; denotes the focal length of the lens.
The external magnetic field B is applied along the y-axis in order to change the focal length.
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Figure 18. (a) Dispersion relation of SMPs in an InSb-air-InSb structure. The electronic dissipation is considered. Electro-
magnetic wave in vacuum and magnetoplasmons (MPs) under the magnetic field of w. =0, w, = 0.5w,, and w. = 1w, are
denoted by the green, black, blue and red lines, respectively. The inset shows the enlarged view of the low-frequency
region. The insulator width is set as w = 0.1 x 27c/w,. (b) Phase retardation of a single slit under external magnetic field of
different intensity. The incident frequency is 1THz, and the thickness of the slab is 300 um. The inset shows the
corresponding increase of A¢ against the slit width for a magnetic field from 0 Tesla to 1 Tesla.

that, when the magnetic field is increased, the dispersion curve moves toward lower-
frequencies. In other words, for a certain frequency, the propagation constant increases with
the increase of the magnetic field, which can be seen clearly in the inset of Figure 18(a). As a
result, it can be inferred from Eq. (36) that the phase retardation of the propagation mode in a
slit is increased with the increase of the magnetic field. The curves of A versus slit width
under several magnetic field intensities are plotted in Figure 18(b), calculated by Eq. (36). It
shows that for a single slit, the phase retardation becomes larger when an external magnetic
field is applied. The reason is that with the increase of the external magnetic field, the negative
real part of bulk dielectric constant ¢y increases, which results in an increase of the effective
refractive index of the slit. Therefore, the phase retardation is increased. It can also be found
from Figure 18(b) that the change of the phase retardation of narrower slits is more obvious
than that of wider slits under the same magnetic field.

Then following Egs. (21) and (36), we design a lens with focal length of f;=7A for B =0, the slit
positions and widths are shown in Figure 19(a). The total width of the lens and slit number are
d =2 mm and 2 N-1 = 41, respectively. Therefore, when an external magnetic field is applied,
the phase curve at the slab output surface will be more convex (see Figure 19(b)) with the
magnetic field. In analogous to a conventional lens, the focal length of the proposed lens will
be reduced by the magnetic field.

To verify the tunability of the PSL, we calculate the distributions of magnetic field intensity of
the electromagnetic field by FDTD simulations. The results are shown in Figure 20. The
magnetic field intensity distributions of the lens for B = 0 Tesla and B = 1 Tesla are shown in
Figure 20(a) and (b), respectively. An obvious of focal length change is observed. From the
dependence of the focal length on the intensity of applied magnetic field shown in Figure 20
(c), it is found that it is changed by 3A (from 5.92A to 2.87A). There is also a deviation of the
calculated focal length (5.92A) from the designed one (7A), and some strong side lobes appear.
This focal shift effect is caused by both the small Fresnel number (about 1.6 for our structure)
and SMPs interactions between the slits [74]. We then change the designed parameters such as
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Figure 19. Design of a tunable THz plasmonic lens with focal length of 7A and d =2 mm, N = 21. (a) the slit position and
corresponding slit width of the designed structure. (b) the relative phase retardation of the slits under magnetic fields of 0,
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Figure 20. Magnetic field modulation on the THz PSL. (a), (b) IHyl2 distributions of the structure when the external
magnetic field is 0 Tesla and 1 Tesla, respectively. (c¢) FDTD-calculated focal length when the external magnetic field is
increased from 0 Tesla to 1 Tesla.

the lens width, the slit number, and designed focal length. The results are shown in Figure 21.
It is found that, compared with slit number and designed focal length, the slit width 4 has a
greater impact on the focal length change. The reason is that for a larger lens width, the
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number are fixed at f; = 104, 2 N-1 = 21, respectively; (b) N changes as 11, 16, 21, and 26, when the designed focal length
and lens width are fixed at f; = 104, d = 2.5 mm; (c) designed focal lengths changes as 71, 81, 94, 104, and the length width
and slit number are fixed as d =2 mm, 2 N-1 =41.

difference of the side slit width and middle slit width is greater. Therefore, the change of the
phase curve on the exit plane of the slab is larger when an external magnetic field is applied.

We then investigate a lens with two monotonically increased sets of slits. The lens width and
slit number are set as d =3 mm and N =31, as shown in Figure 22(a). The designed focal length
remains 7A. The structure has two monotone intervals: [0 mm, 0.9 mm], and [0.9 mm, 1.5 mm)]
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Figure 22. Bi-focus pattern by an external magnetic field. The parameters are same as the lens in Figure 20, except
d =1 mm, N = 31. (a) the slit position and corresponding slit width of the lens. (b) Phase retardation of the slits under
different external magnetic fields. (c) and (d) | H,|* distributions under a magnetic field of B =0 and 0.7 Tesla, respectively.
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Figure 23. Magnetic-field tunable lens for a dipole source imaging. The designed object and image distances are both 3A.
The source is an electric dipole with the electric field vibration direction perpendicular to the z-axis, which is represented
by a white circle on the top portion of the two figures. (a) |H, | 2 distribution under a magnetic field of B = 0 Tesla. The
obtained image distance is 2.251. (b) |H,|* distribution under a magnetic field of B = 0.8 Tesla. The obtained image
distance is 0.99A.

from the middle to the two sides. The corresponding slit phase retardations are shown in
Figure 22(b). When the magnetic field increases, phase retardations of the two intervals grow
asynchronously. Therefore, a discontinuous jump appears between the two intervals (see B=0
and 0.7 Tesla for comparison). The field distribution of the transmitted wave at B =0 Tesla and
B = 0.7 Tesla (where the largest jump appears) are depicted in Figure 22(c) and (d). It shows
that when the magnetic field is 0.7 Tesla, we can achieve two focal spots along the z-axis.

Last but not least, a magnetic-field tunable lens for a dipole source imaging is proposed. The
source is an electric dipole with the electric field vibration direction perpendicular to the z-axis.
The designed object distance and image distance are both 3A. The distributions of magnetic
field intensity for the external magnetic field of B = 0 Tesla and B = 0.8 Tesla are depicted in
Figure 23(a) and (b), respectively. It shows that the obtained image distance is 2.251 and 0.991
for B =0 and 0.8 Tesla, respectively.

4. Summary

In this chapter, we give a brief review on surface magneto plasmons. The theory of SMPs on a
plane metal/conductor surface is reviewed. Our recent research on the theories of SMPs in
symmetric and asymmetric slot waveguide is also presented. We also give the applications of
SMPs based on their unique and intriguing properties, such as the nonreciprocal effect, two
propagating bands, and tunability by an external magnetic field. A one-way THz waveguide, a
THz broadly tunable slow-light system, and a focal length tunable plasmonic slit lens are
presented, which show SMPs have big possibilities in applications of tunable plasmonic
devices. Although the applications of SMPs have some drawbacks so far, including large loss
and strong magnetic fields, with the rapid development of plasmonics, SMPs may open a new
avenue of manipulating lights in subwavelength range.
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