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Magnetic resonance of plasmonic modulation and switchable routing in gated graphene waveguides
and their robustness and broadband tunability
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We analytically derived an explicit condition for high-contrast plasmonic modulation and switchable routing
in coupled graphene waveguides consisting of two coupled gated graphene sheets sandwiching a gyrotropic
medium. The analytical condition intuitively predicts that by manipulating the graphene chemical potential and
the gyration of the in-between medium we can combine robustness of the plasmonic routing to the deviation
of design and material parameters due to imperfect fabrication and harsh environment with the extreme high
contrast. Also, it predicts broadband tunability of the high-contrast plasmonic routing. The intuitive analytical
condition reveals that the high contrast is achievable at a resonance gyration due to a magnetic resonance of
nonreciprocal directional coupling. The magnetic resonance of nonreciprocity breaks a currently held precon-
ception that the stronger magnetic field induces the stronger magnetically induced nonreciprocity. Numerical
simulations demonstrate the robustness of the magnetic resonance of nonreciprocity and its tunability over a
one-octave spanning spectral range. In practice, the chemical potential and the gyration can be manipulated by
controlling the gate voltage of the graphene and the external magnetic field, respectively. Our findings would
provide a robust and broadband tunable tool for high-contrast plasmonic modulator and switchable router and
for probing of ultrafast magnetization dynamics.
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Plasmonic waveguides offer a promising route for the
development of next-generation integrated nanophotonic cir-
cuits [1] and key elements of nanophotonic circuits are
plasmonic modulators, controllable plasmonic splitters, and
routers. Plasmonic modulators have been proposed based
on diverse principles including the Pockels effect [2–4], the
thermo-optical effect [5,6], and gain-assisted cavity coupling
[7–9]. Whereas the combination of plasmonics with mag-
netism become an active topic of research to achieve new
functionalities in nanosystems, the magneto-optical effect has
the advantage compared with other proposed principles, such
as the electro-optical effect and thermo-optical effect that the
switching can be much faster [10]. The generation of magnetic
fields by integrated electronic circuits can easily reach speeds
in the gigahertz regime. Furthermore, the effective magnetic
fields can be generated by the terahertz electromagnetic pulses
[11] and optical excitation with the femtosecond laser pulse is
also very promising since it can provide a spatial gradient of
the effective magnetic fields on submicron scales [12–15].

The performance of compact magneto-optical modulators
generally suffers from the small magneto-optical effect. A
compact configuration based on a magnetoplasmonic inter-
ferometer engraved in a hybrid ferromagnetic structure was
successfully developed, and its modulation contrast was on
the level of 2% at a waveguide length of 20 μm [16].
The configuration using the plasmon-enhanced transverse
magneto-optical Kerr effect in nanopatterned gold/garnet
structures [17], being relatively bulky and not fully waveguide
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integrated, was experimentally demonstrated to be resonantly
sensitive to the magnetically induced changes of plasmonic
wave number and allows a modulation contrast of 50%. Many
other elaborate configurations have been proposed to reso-
nantly enhance the magneto-optical effect and increase the
modulation contrast at the expense of reduced bandwidth de-
termined by the resonant configurations [18–26]. On the other
hand, graphene is a new kind of plasmonic material which
found wide applications, in particular, in the terahertz to mid-
infrared frequency range because graphene plasmons provide
an extremely tight mode confinement and a lower ohmic
loss compared to those by conventional plasmonic materials,
such as gold and silver and they are flexibly controllable
by using the graphene’s gate voltage [27–32]. The magneto-
optical properties of graphene in a magnetic field directed
perpendicularly to its plane were employed by graphene-
based magnetoplasmonic devices [33–35]. However, they are
nonsensitive to an in-plane magnetic field. Graphene-covered
gyrotropic medium in the in-plane magnetic field presents
interesting magnetoplasmonic effects which is promising for
compact, high-quality factor, and tunable magnetoplasmonic
devices [36,37]. In practice, sandwiching graphene structures
[38–40] and a graphene-covered magneto-optical semicon-
ductor film [41] have been fabricated.

In this Letter we present robust and broadband tunable
plasmonic routing based on a magnetic resonance of non-
reciprocal directional coupling in coupled gated graphene
waveguides. So far, for most of suggested devices based on
magnetically induced nonreciprocity it has been conventional
that the larger gyration induces the stronger nonreciproc-
ity. The plasmonic routing presented in this Letter has the
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FIG. 1. Scheme of gated graphene waveguides consisting of two
coupled gated graphene sheets sandwiching a gyrotropic medium.

extremely high contrast for a resonance gyration. For resonant
configurations the contrast is very sensitive to the deviation of
design and material parameters due to imperfect fabrication
or environmental change, thus, the robustness is central for
reliable technological exploitation of the plasmonic devices.
The graphene’s tunability is employed to combine robustness
and broadband tunability of the plasmonic routing with the
extreme high contrast. Certainly, it is quite expectable that
graphene’s turnability is promising for designing tunable plas-
monic devices. However, it is not clear how to adjust the
graphene’s chemical potential according to the design and
material parameters and the operation frequency and how
to adjust the gyration. The analytical condition for the high
contrast provides the answers to those questions. By manipu-
lating the graphene chemical potential and the gyration of the
in-between material the plasmonic routing preserves the ex-
tremely high contrast more than 103 in the deviation of design
and material parameters. Also, its operation frequency is tun-
able over a one-octave-broad spectral range. The robustness
and the broadband tunability are demonstrated by numerical
simulations. The plasmonic routing has a deep subwavelength
footprint thanks to an extremely tight mode confinement of
graphene plasmon.

We investigate propagation of graphene plasmon in cou-
pled graphene waveguides consisting of a gyrotropic medium
sandwiched by two gated graphene sheets shown in Fig. 1.
The graphene surface conductivity σ can be obtained by the
Kubo optical surface conductivity formula. Since the photon
energy in the midinfrared wavelength range is always less than
2μc, at room temperature the intraband transition dominates
the interband transition, σ can be expressed by the Drude
model in the midinfrared [28],

σ ≈ ie2μc

π h̄2(ω + i/τ )
, (1)

where e, μc, h̄, ω, and τ are the electron charge, the chem-
ical potential, reduced Planck’s constant, the optical angular
frequency, and the carrier relaxation time, respectively. Here,
the chemical potential can be controlled by changing the gate
voltage of the graphene sheet [36,37]. The permittivity tensor

of the gyrotropic medium is expressed as follows:

ε1 =
⎛
⎝

ε1 0 ig
0 ε1 0

−ig 0 ε1

⎞
⎠. (2)

Here, the off-diagonal component, the gyration can be con-
trolled by changing an external magnetic field along the
direction of the y axis in a magneto-optical material [25].
The dispersion relation of graphene plasmons propagating
along the x axis can be expressed as (see the derivation in the
Supplemental Material [42])
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where q+
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, k2
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0 (ε2
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0ε2, and k2

3 = β2 − k2
0ε3. In our case ε2 =

ε3, thus, k2 = k3 and q2 = q3. β is the effective propagation
constant of the graphene plasmon, k0 is the vacuum wave
number, and ε0 is the vacuum permittivity.

Graphene plasmon propagation of an incident wave is pre-
sented by a superposition of the odd and the even modes in
the coupled graphene waveguides,

Hy(x, z) = p1Ho
y (z) exp(iβox) + p2He

y (z) exp(iβex). (4)

Ho
y (z) and He

y (z) are transverse distributions of the magnetic-
field components of the odd and the even modes, respectively.
βo and βe are the effective wave numbers of the odd and
the even modes, respectively. The incident wave is assumed
to have a symmetric field distribution corresponding to the
symmetric odd mode for g = 0. The field distribution during
propagation varies due to the difference in wave number be-
tween the odd and the even modes βe − βo. We introduce a
parameter, the intensity ratio between the two graphene sheets
η(x) = |Hy(x,−a)/Hy(x, a)|2. η manifests the power splitting
ratio or the contrast of the plasmonic routing. It can be ex-
pressed as follows (see the derivation in the Supplemental
Material [42]),

η(x) ≈ |ξ1/ξ2|2,
ξ1 =

√
1 + g′2 − g′ + 1 − (

1 −
√

1 + g′2 − g′)

× exp(−iπx′
√
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√

2), (5)
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√
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)

× exp
( − iπx′

√
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√
2
)
,

where g′ = g/g0 and x′ = x/L0. g0 and L0 are

g0 = 2ε1 exp(−2k0ag), (6)

L0/a = π√
2

ε1 + ε2

2k0ag

1

2ε1 exp (−2k0ag)
, (7)

k0ag = k0aneff ≈ ε1 + ε2

α

aω

c

h̄ω

4μc
. (8)
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FIG. 2. Power splitting ratio according to the (a) gyration and
(b) the propagation length in the coupled graphene waveguides. The
results have been calculated from Eq. (5). In (a) the red, green, and
blue curves are for x = L0, x = L0/2, and x = 2L0, respectively. In
(b) the red, green, blue, yellow, and cyan curves are for g = −g0,
g = −2g0, g = 0, g = 2g0, and g = g0, respectively.

Here α = e2/(4π h̄cε0) ≈ 1/137 is the fine-structure constant.
In the derivation of Eqs. (5)–(8) we applied the first order
of approximation with respect to |(β0 − βe)/(β0 + βe)| �
1, which is justified for a gap thickness between the two
graphene sheets larger than the skin depth. In the derivation
we disregarded i/τ of Eq. (1). Figure 2 shows results from
Eqs. (5)–(7). As shown in Fig. 2(a), the power splitting ratio
can be controlled by changing g/g0. As shown in Fig. 2(b),
the power splitting ratio oscillates according to x/L0. In prac-
tice, the manipulation of the gyration g can be realized with
an external magnetic field. From Fig. 2 we can see η(g =
g0, x = L0) = 0 and η(g = −g0, x = L0) = +∞ that imply
the condition (g = ±g0, x = L0) for high-contrast plasmonic
modulation and switchable routing. The high-contrast plas-
monic modulation and switchable routing is achievable for a
resonance value g0 of the gyration. Although Eq. (5) gives
general information for the power splitting ratio, and the
magnetic resonance is shown in Fig. 2(a), it is difficult to
anticipate the magnetic resonance directly from Eq. (5). At
x′ = [2/(1 + g′2)]1/2 Eq. (5) leads to

η(x) ≈ |ξ1/ξ2|2 =
∣∣∣∣
g′ − 1

g′ + 1

∣∣∣∣
2

, (9)

which is very intuitive for the magnetic resonance. We call
g0 the resonance gyration. In Eqs. (6)–(8), we introduced a

parameter, the plasmonic thickness of the gyrotropic layer
between the two graphene sheets 2ag = 2aneff , where 2a is
the real thickness and neff is the effective refractive index
for the plasmon as similar as the optical length is defined
as the product of the length and the refractive index. The
physical meaning of the plasmonic thickness is the plasmonic
phase difference through the thickness divided by the vacuum
wave-number k0. In fact, k0ag is a crucial parameter for deter-
mining the resonance gyration g0, L0, and the power splitting
ratio η as seen in Eqs. (5)–(8). The plasmonic thickness of
the gyrotropic layer 2ag can be manipulated by changing the
graphene chemical potential μc with the gate voltage of the
graphene. Thus, we can predict that for arbitrary values of
the deviation of design and material parameters and for a
broadband range of the operation frequency the high-contrast
condition (g = ±g0, x = L0) can be satisfied by manipulat-
ing the gyration g and the chemical potential μc. We note
that Eqs. (6)–(8) imply, intuitively, ways for changing values
of the chemical potential and the gyration needed for the
high-contrast plasmonic modulation and switchable routing.
The resonance gyration g0 exponentially decreases with the
increase in 2k0ag which is proportional to the gap thickness
among the two graphene sheets 2a, the environmental material
parameter ε1 + ε2, and the squared value of the operation fre-
quency ω2. The needed value of the chemical potential μc is
proportional the squared value of the operation frequency ω2.

Figure 3 shows the high-contrast switchable routing and
its structural and environmental robustness. Figure 3(a) shows
the scheme for numerical simulation. The vertical dotted line
shows the interface between the no-gyration part g = 0 and
the gyrotropic part g = ±g0. The symmetric mode (odd mode)
of the no-gyration part g = 0 is incident to the left port.
Figures 3(b)–3(e) show results of the numerical simulation
for the distribution of Re(Hy) in the coupled gated graphene
waveguides demonstrating the switchable plasmonic routing
with the extremely high contrast. Here, g0 = 0.12, calculated
from Eq. (6), is used for the simulation. One can see that
the field intensity is concentrated on the top graphene, which
is switched to the bottom graphene by altering the gyration
from g = g0 to g = −g0. The gyration altering can be re-
alized by the reversal of the magnetic-field direction. The
graphene chemical potential μc calculated from Eqs. (7) and
(8) has been used for the numerical simulation. Figures 3(f)–
3(h) show that the extremely high contrasts more than 103

(99.9%) are preserved in the deviation of design and material
parameters a, L, and ε1. The red curves have been obtained
from Eqs. (7) and (8) predicting the chemical potential μc

according to the a, L, and ε1 for preserving the extremely
high contrast. This prediction has been demonstrated by the
extremely high contrasts from numerical simulations for the
parameters corresponding to the blue circles on the red curves.
In the numerical simulation we assumed τ = 1 ps as the carrier
relaxation time of graphene, which is experimentally achiev-
able at room temperature [43]. We note that the high-contrast
condition (g = ±g0, L = L0) from Eqs. (5)–(9) disregarding
i/τ well agrees with the simulation results taking into account
i/τ . The absorption results in an insertion loss, however, it
does not influence the high contrast because the intensity
reduction due to the absorption occur equally in the both
channels.
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FIG. 3. Robustness of the high-contrast switchable plasmonic routing to the deviation of the design and material parameters. (a) shows
the scheme of the plasmonic routing. (b)–(e) show numerical simulation results for the distribution of Re(Hy ) in the coupled gated graphene
waveguides. In (b)–(e) the design and material parameters have been assumed to be a =40, L=2000 nm, ε1 =13.9, and ε2 =1. The gyration
has been altered from g = g0 [(b) and (c)] to g = −g0 [(d) and (e)]. In (f)–(h) the red curves show the graphene chemical potential calculated
from L0 = L and Eqs. (7) according to a, L, and ε1, respectively. Numerical simulations have been performed for the parameters at the blue
circles on the red curves of in (f)–(h). Values of the power splitting ratio have been obtained from the numerical simulations and they have
been shown near the blue circles. For the numerical simulations we used g = g0 calculated from Eqs. (6). The operation frequency is 30 THz.

Figure 4 shows results of the numerical simulation in the
coupled gated graphene waveguides demonstrating the broad-

FIG. 4. Broadband tunability of the high-contrast switchable
plasmonic routing over a one-octave-spanning spectral range. The
design and material parameters have been assumed to be a =40,
L=1800 nm, ε1 =13.9, and ε2 =1. The red straight line shows the
chemical potential versus the second power of the frequency, which
has been obtained from Eqs. (7) and (8). Numerical simulations have
been performed for the parameters corresponding to the blue circles
on the red straight line. Values of the power splitting ratio have been
obtained from the numerical simulations, and they have been shown
near the blue circles. For the numerical simulations we used g = g0

calculated from Eqs. (6).

band tunability of the high-contrast switchable routing over
a one-octave-spanning spectral range. Here, the red straight
line is from Eq. (8) for k0ag = 2.65 corresponding to the
parameters a =40, L = L0=1800 nm, ε1 =13.9, and ε2 =1
in Eq. (7). The extremely high contrasts from the numerical
simulation (the values near the blue circles on the red curve)
demonstrate the linear relation between the chemical potential
and the second power of the tuned frequency. The extremely
high contrasts more than 103 (99.9%) are preserved over the
one-octave-broad spectral range. We note that through the
Letter we do not assume any particular dependence of the
gyration on the external magnetic field and the frequency.
For a magneto-optical semiconductor, if we assume that the
cyclotron frequency ωc is far smaller than the considering
angular frequency ω, g ≈ ω2

plωc/ω
3 where ωpl is the plasma

angular frequency [44]. Via the cyclotron frequency ωc =
eBext/meff , where e and meff are the charge and effective
mass of electrons, respectively, the gyration g can be manip-
ulated with the external magnetic-field Bext. The gyration g
strongly depends on the angular frequency ω: It is reversely
proportional to the third power of ω [24]. For example, a
strength of the external magnetic field needed for the same
value of the gyration at the frequency 15 THz is eight times
smaller than that at the frequency 30 THz. In this Letter we
intended to reveal analytically the intuitive condition for mag-
netic resonance of the plasmonic modulation and routing. The
analytical condition from Eqs. (5)–(9) includes the gyration as
one crucial parameter, and it does not include any particular
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dependence of the gyration on the frequency. Thus, in order
to reveal a principle for a more general case, here, we do
not assume any particular dependence of the gyration on the
frequency. Even, noticeable deterioration to the broadband
tunability is not induced by the absence of assumption on
frequency dependence of the gyration. First, needed values of
the gyration is achievable by controlling the external magnetic
field, second, the needed values of the gyration are allowed to
be in experimentally achievable ranges: g < 0.1 by changing
design parameters as shown in the intuitive analytical condi-
tion for the high-contrast plasmonic routing.

We investigated controllable plasmonic splitting in a cou-
pled graphene waveguide structure. The power splitting ratio
is controlled by changing the gyration of the in-between ma-
terial, and a high-contrast plasmonic routing is achieved at a
resonance gyration. Power flow on one graphene waveguide
is switched to the other graphene waveguide by sign-reversal
of the gyration. The high contrast of the plasmonic routing is
preserved in the deviation of design and material parameters
of the coupled graphene waveguide structure by adjusting the
graphene chemical potential. Also, the gated graphene allows
one to tune the operation band over a one-octave-spanning
broad frequency range, keeping the contrast higher than 103

(99.9%). The structural and environmental robustness and
the broadband tunability of the high-contrast plasmonic mod-

ulation and switchable routing have been demonstrated by
analytical analysis and numerical simulations. In practice, the
chemical potential and the gyration can be manipulated by
controlling the gate voltage of the graphene and the external
magnetic field, respectively. The intuitive analytical condi-
tion for the high-contrast plasmonic routing provides ways
to allow the needed values of the chemical potential and the
gyration to be in experimentally achievable ranges: 0.1 eV <

μc < 1 eV and g < 0.1. The simplicity of the considered
structure, which is promising for experimental realization, is
one of the important advantages of our finding. However, the
simplicity of considered structure does not mean that it is
trivial to realize the high-contrast plasmonic routing. It can be
realized only for a resonance gyration and the corresponding
graphene chemical potential satisfying the analytical condi-
tion for the high contrast, which we found in this Letter. Our
findings would provide a robust and broadband tunable tool
for a high-contrast plasmonic modulator, a switchable router,
and for probing of ultrafast magnetization dynamics.

The data that support the findings of this Letter are
available from the corresponding author upon reasonable
request.
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