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We introduce highly compact resonant-cavity-enhanced
magneto-optical switches for metal-dielectric-metal (MDM)
plasmonic waveguides. The field profile of the fundamental
mode of a MDM waveguide in which the metal is subject
to an externally applied static magnetic field is asymmetric.
The static magnetic field induced asymmetry, which enhances
or reduces the coupling between the waveguide and a side-
coupled resonator, and the relatively large induced wave
vector modulation are used to design a Fabry–Perot cavity
magneto-optical switch, consisting of a MDM waveguide
side-coupled to two MDM stub resonators. The on and off
states correspond to either the presence or the absence of the
externally applied static magnetic field. © 2016 Optical
Society of America
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Achieving active control of the flow of light in plasmonic de-
vices is of fundamental interest in plasmonics. A possible route
to actively control plasmons is to use an externally applied mag-
netic field [1,2]. As an example, external magnetic fields could
be used to control plasmonic devices through analogies of the
Kerr and Faraday effects [3,4]. Compared to electro-optics or
thermo-optics, magneto-optics could lead to faster modulation
speeds [2]. In addition, the magneto-optical effect breaks the
time-reversal symmetry, and the use of magneto-optical mate-
rials may therefore lead to nonreciprocal plasmonic devices [5–
7]. Surface plasmon polaritons propagating at metal-dielectric
interfaces in which one or both media are magneto-optical have
been investigated both theoretically and experimentally [8–15].

In this Letter, we introduce highly compact resonant-cavity-
enhanced magneto-optical switches for metal-dielectric-metal
(MDM) plasmonic waveguides. Based on the dispersion relation
of the optical modes supported by a MDM waveguide in which
the free-electron plasmonic metal is subject to an externally
applied static magnetic field along the direction perpendicular
to the plane of propagation, the field amplitude profile of the
fundamental mode of the waveguide is asymmetric. The static

magnetic field induced asymmetry, which can enhance or re-
duce the coupling between the waveguide and a side-coupled
resonator, and the relatively large induced wave vector modu-
lation can be used to design a Fabry–Perot cavity magneto-
optical switch with a large modulation depth. The switch consists
of a MDM waveguide side-coupled to two MDM stub resona-
tors, and the on and off states correspond to either the presence
or the absence of the externally applied static magnetic field.

A schematic of a MDM waveguide in which the metal is
subject to an externally applied static magnetic field is shown
in Fig. 1(a). Light in MDM waveguides can be coupled using a
variety of structures such as gratings and slit-based couplers
[16]. We consider TM modes, with non-zero field components
Ex , Ey, and Hz . In the presence of a static magnetic field B
in the z direction, the dielectric permittivity of the metal is de-
scribed by a tensor [7,17]:
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where ωP is the bulk plasmon frequency, and ωB � eB
m is

the cyclotron frequency. The decay time τ characterizes the
material loss in the metal, e is the electron charge, and m is
the electron mass. Here we use 1∕τ � 0.002ωP . By applying
the boundary conditions at the metal-dielectric interfaces, one
can derive the following dispersion relation for the optical
modes supported by the structure of Fig. 1(a) [18]:
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vector, ki �
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electric region [Fig. 1(a)]. We observe that the above dispersion
relation depends only on the square of the propagation constant
k. As a result, the propagation constants for the modes propa-
gating in the positive and negative y direction are the same.
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We found, however, that the corresponding field profiles are
different. In Fig. 1(b) we show the magnetic field distribution
of propagating waves excited by a dipole source placed in the
MDM waveguide structure of Fig. 1(a) calculated with the
finite-difference frequency-domain (FDFD) method [19]. We
observe that, even though the right-moving and left-moving
modes have the same propagation constant, the field amplitude
of the right-moving (left-moving) mode is larger at the lower
(upper) metal-dielectric interface.

In the absence of an externally applied static magnetic field,
the magnetic field amplitude profile of the fundamental TM
mode supported by the MDM waveguide has a maximum
at the two metal-dielectric interfaces, and is exponentially
decaying in the metal. The profile is symmetric with respect
to the x � 0 mirror plane in the middle of the dielectric layer
[Fig. 1(e)].

However, in the presence of an externally applied static
magnetic field B, the magnetic field amplitude profile of the
fundamental mode of the MDMwaveguide becomes asymmet-
ric. As in the case of no externally applied static magnetic field,
the profile has a maximum at the two metal-dielectric interfa-
ces, and the field amplitude is exponentially decaying in the
metal. However, the maximum field amplitudes at the two in-
terfaces are different, resulting in the asymmetry of the profile
[13] [Figs. 1(c) and 1(d)]. In addition, because of the symmetry
of the waveguide structure, the magnetic field amplitude profile
of the mode propagating in the negative y direction is the
mirror image with respect to the x � 0 plane of the profile
of the mode propagating in the positive y direction [Figs. 1(c)

and 1(d)]. Note that for applied magnetic field with opposite
orientations below and above the dielectric there is no asym-
metry in the magnetic field amplitude profile.

In Fig. 1(c), in addition to the numerically calculated
magnetic field amplitude profile obtained with FDFD, we also
show the analytically calculated profile, obtained by solving
the dispersion relation of the modes supported by the wave-
guide [Eq. (2)]. We observe that there is excellent agreement
between the analytical results and the numerical results
obtained using the FDFD method. This demonstrates that
the FDFD method that we use to model the MDM waveguide,
in which the metal is subject to an externally applied static
magnetic field, is indeed valid and appropriate for investigating
the properties of such structures.

We now consider the effect of the externally applied static
magnetic field on the propagation constant of the mode. In
Fig. 2(a) we show the real part of the propagation constant
in the absence (ωB � 0) and presence (ωB � 0.1ωP) of the
static magnetic field as a function of frequency. We observe that
the real part of the propagation constant of the waveguide mode
in the presence of the magnetic field Re�k�ωB � 0.1ωP�� is
larger than the real part of the propagation constant of the
mode in the absence of the magnetic field Re�k�ωB � 0��.
This is consistent with the dispersion relation of the modes
[Eq. (2)]. To see this, for simplicity we first consider the lossless
case (1∕τ � 0). Since for metals εxx < 0, we have εm < 0. In
addition, the amplitude of εm increases when the external static
magnetic field B is applied. As a result, the right hand side
of Eq. (2) increases and, consequently, kd ; therefore, k also
increases when the external static magnetic field B is applied.
Similarly, if the effect of the loss is included (1∕τ � 0.002ωP),
the real part of k increases, when the magnetic field B is applied
[Fig. 2(a)].

We also define the magnetic field induced wave vector
modulation as jΔk�ωB�∕kj ≡ j k�ωB�−k�ωB�0�

k�ωB�0� j. We observe that,
as the frequency increases, both the magnetic field induced
change in the propagation constant [Fig. 2(a)], as well as

Fig. 1. (a) Schematic of a MDM waveguide. The metal is subject to
an externally applied static magnetic field and has a bulk plasmon
wavelength of λP � 2πc

ωP
, where c is the speed of light in vacuum.

(b) Magnetic field distribution of propagating waves excited by a
dipole source placed in the MDM waveguide structure of (a), calcu-
lated using FDFD. Results are shown for w � 0.37λP, εd � 13.32,
ω � 0.16ωP , ωB � 0.1ωP , and 1∕τ � 0.002ωP . (c,d) Magnetic
field amplitude profile of the fundamental TM mode propagating
in the positive and negative y directions, respectively, calculated
using FDFD (solid black lines), and analytically (red dots). All other
parameters are as in (b). (e) Magnetic field amplitude profile of the
fundamental propagating TM mode for ωB � 0. All other parameters
are as in (b).

Fig. 2. (a) Real part of the y component of the wave vector, nor-
malized by kP � ωP∕c, as a function of frequency, calculated using
FDFD for ωB � 0.1ωP (black dots) and ωB � 0 (red dots). Also
shown are the analytically calculated results for ωB � 0.1ωP (red
solid line) and ωB � 0 (blue solid line). All other parameters are as in
Fig. 1(b). (b) Normalized amplitude of the change in the y component
of the wave vector, when the static magnetic field is applied to the
metal, as a function of frequency, calculated using FDFD for ϵd � 1
(red dots), ϵd � 3 (blue dots), ϵd � 5 (light blue dots), ϵd � 9 (black
dots), and ϵd � 13.32 (green dots). Also shown are the analytically
calculated results for ϵd � 1 (solid green line), ϵd � 3 (solid black
line), ϵd � 5 (solid pink line), ϵd � 9 (solid blue line), and ϵd �
13.32 (solid red line). All other parameters are as in Fig. 1(b).
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the magnetic field induced wave vector modulation [Fig. 2(b)]
increase. This is associated with the fact that the fraction of the
modal power in the metal increases, as the frequency increases
[20]. Thus, the effect of the magnetic field induced change in
the dielectric permittivity of the metal on the propagation con-
stant of the mode becomes larger, as the frequency increases.

In Fig. 2(b) we also show the effect of the dielectric permit-
tivity εd of the material between the two metal regions of the
MDM waveguide on the wave vector modulation jΔk�ωB�∕kj.
It is known that in a plasmonic MDM waveguide, as the per-
mittivity of the dielectric increases, the fraction of the modal
power in the metal increases [20]. Thus, we expect that the
wave vector modulation jΔk�ωB�∕kj will increase, as the dielec-
tric permittivity of the material between the two metal regions
εd increases. This is indeed verified by the results shown in
Fig. 2(b). The relatively large magnetic field induced wave
vector modulation obtained for large εd can be beneficial in
designing Fabry–Perot cavity magneto-optical switches [21],
as we will see below.

As before, in Figs. 2(a) and 2(b), in addition to the numeri-
cally calculated results obtained with FDFD for the propaga-
tion constant of the mode and the magnetic field induced wave
vector modulation, we also show the analytically calculated re-
sults, obtained by solving the dispersion relation of the modes
supported by the waveguide [Eq. (2)]. Once again, we observe
that there is excellent agreement between the analytical results
and the numerical results obtained using the FDFD method
in the whole range of parameters considered. This further dem-
onstrates that the FDFD method that we use is appropriate for
investigating the properties of such structures.

As a first step towards designing a Fabry–Perot cavity
magneto-optical switch based on the structure of Fig. 1(a), we
investigate a MDM waveguide side-coupled to a MDM stub
resonator, when the metal is subject to an externally applied
static magnetic field [Fig. 3(a)]. In Fig. 3(b), we show the trans-
mission as a function of the stub length L1 for the structure
of Fig. 3(a). We excite the fundamental mode of the input
waveguide using a point current source, and measure the power
of the transmitted optical mode in the output waveguide
[Fig. 3(a)]. We perform a similar simulation in a straight wave-
guide and the ratio of the power measured in the structure with
respect to the power measured in the straight waveguide is the
transmission of the structure. In the absence of an externally
applied static magnetic field (ωB � 0), the transmission exhib-
its a dip when L1 is equal to one of the resonant lengths of
the cavity [21]. The transmission at this length is relatively
low, since the incoming wave interferes destructively with the
decaying amplitude into the forward direction of the resonant
cavity field [22]. In the presence of an externally applied
static magnetic field B, the transmission for the structure of
Fig. 3(a) depends on the direction of the static magnetic field.
When the static magnetic field is in the positive z direction
(ωB � 0.1ωP), the magnetic field amplitude of the fundamen-
tal mode of the MDM waveguide is larger at the lower metal-
dielectric interface [Fig. 1(c)]. Thus, the coupling between the
waveguide and the stub resonator, which is side-coupled at the
upper metal-dielectric interface, is weaker compared to the case
of no externally applied static magnetic field. As a result, the
on-resonance dip in transmission is smaller [Fig. 3(b)]. We also
observe a shift in the resonant lengths, associated with the
change in the propagation constant of the mode in the presence

of the static magnetic field (Fig. 2). In contrast, when the static
magnetic field is in the negative z direction (ωB � −0.1ωP),
the magnetic field amplitude of the fundamental mode of
the MDM waveguide is larger at the upper metal-dielectric in-
terface [Fig. 1(d)]. Thus, the coupling between the waveguide
and the stub resonator is stronger. As a result, the transmission
is lower compared to the case of no externally applied static
magnetic field both off-resonance and on-resonance [Fig. 3(b)].

For a MDM waveguide side-coupled to a single stub with a
length of L1 � 0.43λP , there is a significant difference between
the transmission in the absence of an externally applied static
magnetic field (ωB � 0) and the transmission when the static
magnetic field is in the positive z direction (ωB � 0.1ωP)
[Fig. 3(b)]. This significant difference in transmission can be
used to design a Fabry–Perot cavity magneto-optical switch
consisting of a MDM waveguide side-coupled to two MDM
stub resonators, in which the metal is subject to an externally
applied static magnetic field [Fig. 4(a)]. By using two stubs and
properly tuning the length of the cavity L formed between
them, the difference in transmission between the on and off
states [Fig. 4(b)], and therefore the modulation depth of the
switch, defined as �T �ωB � 0.1ωP� − T �ωB � 0��∕T �ωB �
0.1ωP� [Fig. 4(c)], can be resonantly enhanced compared to
the single-stub structure. Thus, such a Fabry–Perot cavity
structure can act as a magneto-optical switch, in which the
on and off states correspond to the presence/absence of an ex-
ternally applied static magnetic field.

Similarly, for a waveguide side-coupled to a single stub
with a length of L1 � 0.67λP , there is a significant difference
between the transmission in the absence of an externally ap-
plied static magnetic field (ωB � 0) and the transmission when
the static magnetic field is in the negative z direction (ωB �
−0.1ωP) [Fig. 3(b)]. Again, this difference in transmission
can be used to design a Fabry–Perot cavity magneto-optical
switch consisting of a MDM waveguide side-coupled to two
MDM stub resonators [Fig. 4(a)], in which the on and off
states correspond to the absence/presence of an externally
applied static magnetic field [Figs. 4(d) and 4(e)]. Since the
transmission for the single stub structure for ωB � −0.1ωP,

Fig. 3. (a) Schematic of a MDM waveguide side-coupled to a
MDM stub resonator. The metal is subject to an externally applied
static magnetic field. The dashed line indicates the flux measurement
plane. (b) Transmission as a function of the stub length L1 for the
structure of (a). Results are shown for ωB � 0 (black line), ωB �
0.1ωP (red line), and ωB � −0.1ωP (green line). All other parameters
are as in Fig. 1(b). The vertical dashed lines correspond to L1 �
0.43λP and L1 � 0.67λP .
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L1 � 0.67λP is smaller than the one for ωB � 0, L1 � 0.43λP
[Fig. 3(b)], the transmission in the off state is smaller for the
double stub structure corresponding to Figs. 4(d) and 4(e),
compared to the one corresponding to Figs. 4(b) and 4(c).
As a result, the modulation depth as a function of the length
of the cavity L is more uniform for the structure corresponding
to Figs. 4(d) and 4(e).

As final remarks, a free-electron plasmonic material with
the required properties is indium antimonide (InSb). For such
a material, the bulk plasmon frequency is ωP ≃ 12.57 ×
1012 rad∕ sec (λP ≃ 150 μm) [23] and, thus, ωB � 0.1ωP
corresponds to an externally applied static magnetic field of
B � 0.1 T. The corresponding dimensions of the structure
are �w; L; L1�≃�55.5; 166.5; 100.5� μm. In addition, the loss
parameter used in this Letter (1∕τ � 0.002ωP) is appropriate
for InSb [23,24]. We also found that even for a significantly
larger loss parameter of 1∕τ � 0.01ωP the modulation depth
is ∼0.54 which is acceptable for switching applications [25]. In

addition, for the structure corresponding to Figs. 4(d) and 4(e),
the transmission for ωB � −0.1ωP is close to zero for light in-
cident from the left, while it is non-zero for light incident from
the right. Thus, this structure could also be used for magneto-
optical isolation [26]. Finally, since only the fundamental mode
is propagating in each waveguide section, we can use a single-
mode scattering matrix theory to account for the behavior of
these systems [27]. We found that there is excellent agreement
between the results obtained using such a scattering matrix
theory and the exact results obtained using FDFD.
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for ωB � 0 (black line) and ωB � −0.1ωP (green line). Results are
shown for L1 � 0.67λP. All other parameters are as in Fig. 1(b).
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as a function of L for the structure of (a). All parameters are as in (d).
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