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In this Letter, we report about magnetic field switching of plasmon polaritons propagating into a planar gyrotropic
waveguide covered by two graphene layers at a deeply subwavelength scale. It is shown that applying an external
magnetic field may lead to energy redistribution between two waveguide surfaces. The effect value resonantly de-
pends on the relation between waveguide size and exciting light wavelength. A change in chemical potential of
graphene layers may be used for tuning the phase shift between plasmon polaritons at near-resonant wavelengths.
Evident effect may be observed at low magnetic fields (less than one tesla) for wavelengths about microns on a scale
of tens of nanometers. Such an effect may be used for plasmonics, photonics. and optoelectronics devices, as well as
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sensing applications.
OCIS codes:

systems.
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Today graphene attracts great researchers’ attention in
plasmonics. In contradiction to metal-based plasmonics,
it may support both TE- and TM- surface plasmon polar-
itons (SPPs) [1-9]. Multilayer graphene-based structures
may be used like hyperbolic metamaterials [10,11]; they
may support deeply subwavelength surface modes [12];
heterointerface of graphene sheet arrays may have neg-
ative plasmon refraction [13]. Most authors consider only
simple dielectric medium, where graphene layer (GL) is
placed. We know of only a few theoretical works in
which authors investigated GLs with more complex sub-
strates [14-16]. Recently, GL on yttrium iron garnet film
has been fabricated [17]. While the magnetic properties
of GL were interesting, such a structure may open wide
perspectives for graphene-based magnetoplasmonics
devices. Magneto-optical properties of GLs in a magnetic
field directed perpendicularly to its surface are well
known [18-20], but they are nonsensitive to an in-plane
magnetic field. Recently, we have demonstrated that
graphene may affect magnetic speckle-pattern rotation
of light in gyrotropic optical fiber significantly, even in
the case of quartz fiber with low gyrotropy [21]. An inves-
tigation of substrate gyrotropy influence on plasmonic
properties of GL may be quite interesting.

Itis well known from microwave techniques, that in rec-
tangular waveguides filled by transversely magnetized
ferrites, electromagnetic energy has a lack of reflection
symmetry along an axis perpendicular to both external
magnetic field and guiding wave direction [22-24]. One
may hope that a similar effect will take place in planar
gyrotropic waveguide at infrared or optical frequencies.
Inthe case of an SPPs waveguide, we may expect plasmon
energy redistribution between two guiding surfaces. Such
an effect may be used for plasmonics, photonics, and
optoelectronics device, as well as sensing applications.
Waveguide properties of double GLs have been investi-
gated earlier [25-29]. In this work we investigate magnetic
field control of infrared and optical SPPs in double
GL-based plasmonic waveguides filled by magnetized
gyrotropic medium.
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Let us consider plasmonic waveguide formed by two
GLs filled by gyrotropic core at 0 < x < a, where a is
a distance between GLs. Let us assume that top and bot-
tom mediums (shell of the waveguide) are equals and
have gyrotropy too. Such a waveguide is placed in an
external magnetic field H lying in the plane of GLs.
Coordinate axes are chosen in such a way that the y-axis
coincides with the SPPs propagation direction; z-axis
coincides with the magnetic field direction (i.e.,
H = (0,0,H,)). The scheme is shown in Fig. 1.

Let the electromagnetic field with harmonic time-
dependence (~ exp(iwt)) propagate in the system along
the y-axis (~exp(-ify), where f is the propagation
constant). Electrodynamic properties of the gyrotropic
core and shell may be described by electric permittivity
tensors:

Ec.sh 2= c,sh 0
—VEq csh Ecsh 0 . (1)
0 0

Eesh =

E||c.sh

Fig. 1. Scheme of bilayer graphene waveguide with a gyro-
tropic core and shell.
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GLs may be represented as infinitely thick conductive
surfaces [4]. Conductivity of GL ¢ has been considered in
many works [4,19,30-32]. We will use the expression re-
sulting from the Kubo formula [33]. In the present work,
it is essential that 6 depends on chemical potential which,
for example, may be changed easily by gate voltage.
In chosen geometry, gyrotropy affects only TM-modes
of the waveguide. Using Maxwell’s equations, one may
derive tangential components of electromagnetic fields
in the form H.(x,y) = H.;(x) expl-ify], E,(x.y) =
E,5(x) exp[-ify], where

Aexp(-yx).x>a

H.5(x) = { Bexp({x) +Cexp(-{x),0<x<a
Dexp(yx),x<0
iy A exp(-yx) [koe sn. X 2 @

Eyp(x) = 4 1[¢, C exp(={x) - {_Bexp({x)]/koe .0 <x <a

—ty_D exp(yx) [koe 15,2 < 0.
©))

In Eq. (2) the following notation has been introduced:
Y+ =7 L Peqsu/sn {+ = L Peq /e, ko = wfc =2/,
Elshe = Eshe — €2 gnol Esne € 1S the speed of light in vac-
uum; 4 is the wavelength of exciting light; y, { =
(F* - k3e1,.)'/% are the constants of SPPs localization.
Fields (2) should satisfy the boundary conditions

(E; - Ez) xnyy =0, (Hy - Hy) xny, = 4zjy/c, (©))

where n;, is normal vector directed from medium “1” to
medium “2” and j, is the surface current density in GLs.
Putting fields (2) into conditions (3), we will derive a sys-
tem of equations for field amplitudes A, B, C, and D.
From this system one may get the dispersion equation
for surface plasmon polaritons:

exp(fa)(ercrs + eral- @) (erer- + €1l D)
= eXp(_é’a)(gJ_cy+ - gish€+q)+)(glcy— - glshé‘—(p—)’
q)i = 1 - 4@'71'0'}/i /CkOEJ_Sh' (4)

Equation (4) yields a propagation constant . With S
we may calculate localization constants y, {, and deter-
mine the field distribution from (2). This equation is dif-
ficult for analysis, and may be solved only by numerical
methods.

To characterize SPPs redistribution we will introduce
the following parameter:

— Eyﬂ (a)
E yp (0)
_ ~D_y Leigy7!
(8L0y+ - q)+ﬂ8lsh8a c/gc)Sh(Ca) + é’glshq)+Ch(Z:a) '

In general, 7 has complex values and may be expressed
as 7 = |n|exp(ip), where |y means rate between
amplitudes and ¢ is a phase shift for SPPs on the top
and bottom graphene layers.

®)

It is easy to show that, for a nongyrotropic core and
shell, there may be two TM-modes (symmetric and
asymmetric), and n = £1. The dispersion equation can-
not be split into symmetric and asymmetric modes if only
waveguide core is gyrotropic. Equation (5), if taking into
account dispersion Eq. (4), may be transformed:

(6)

n=+ \/(eic}’ + Dfeg,e, 0/60)2 - (Cgshd))z
(Q.cy - q)ﬂgshea C/Ec)z - (ﬁ:gsh(l))z ‘

From Eq. (6), we may conclude that there are only few
nontrivial cases in which the effect of energy redistribu-
tion is absent. The first one, when ¢, , = 0, we have just
discussed. The second one corresponds to the condition
® = 1 - 4dinoy/ckyeg, = 0. Energy redistribution will take
place, even for @ = 0, if we assume that both core and
shell are gyrotropic.

For numerical calculations, let us assume for graphene
conductivity that scattering rate I' ~ 1 meV at tempera-
ture 7' = 300 K [34]. In recent experiments, the chemical
potential of GLs p, has reached as high as 1.17 eV [35].
For definiteness, we will assume that p,,, variation is of n-
type. We will consider only the symmetric waveguide,
when top and bottom GLs have the same conductivity
o (u., are equals). An anti-symmetric waveguide will have
some features, and should be investigated separately. For
the core and shell of the waveguide, we will use the
parameters of Bi-doped YIG. It has great gyrotropy,
and is frequently used for magneto-optical applications.
In addition, a small change in Bi-doping level should lead
to a small change in refractive index and gyrotropy of
material. Verde constants of core and shell will be con-
sidered as equals. They define an antisymmetric part of
the electric permittivity e, = VHje'/?/z. Bi-doped YIG
has V ~107% rad/(Gs pm) [36]. A wavelength of light
in a vacuum will be set as 1 = 1.5 pm (the wavelength
of erbium-doped fiber lasers radiation frequently used
for fiber-optic communication). The refractive indexes
of core and shell will put n, = (g,)/? = 2.36 and
Ngp, = (E'Sh)l/z = 2.34.

An analysis showed that, for such parameter values,
only the quasi-antisymmetric mode may exist for wave-
guide sizes not more than ~10 nm. Typical electric field
distributions for ¢ = 100 nm, p4, = 1 eV, and magnetic
field values H = 0, £1 T are shown on Fig. 2. One can
see that guided waves are weakly localized (localization
constant Re[y] ~ 0.08 pm™1). The ratio between ampli-
tudes reaches about 2.

Calculations show that localization of guiding waves
depends on the waveguide size and difference between
core and shell refractive indexes. Thus, for the same dif-
ference of refractive indexes, but for a five times wider
waveguide (¢ = 500 nm), the localization parameter is
greater: Re[y] ~ 0.38 pm~!. For this size, ratio between
amplitudes reaches only 1.2. On the other hand, for a
waveguide with ¢ = 100 nm, but ng, = 2.30, we will have
Re[y] ~ 0.23 pm™! and the redistribution effect value is
only about 1.3.

Let us examine in detail how the effect depends on
waveguide size and magnetic field value. Figure 3 shows
results of the calculations. One can see that a decrease in
waveguide size leads to an increase in |g|. Thus, for a
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Fig. 2. Typical electric field distributions. Dashed lines
show the graphene layer position. The waveguide size a =
100 nm; the graphene chemical potential u., = 1 eV; and the
wavelength of the exciting wave 1 = 1.5 pm.

waveguide size of ~10 nm, || may reach 2, even in suf-
ficiently low magnetic fields of 1 kOe. As we have pointed
out earlier, SPPs are localized weakly for a smaller wave-
guide. An increase in magnetic field leads to an increase
of ||, and has no effect on SPPs localization. We should
note also that there is some critical relation between
wavelength and waveguide size, when the quasi-antisym-
metric mode becomes quasi-symmetric. This corre-
sponds to the phase shift ¢ change from +7 to zero. A
calculation shows that, for such a critical relation, |z]
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Fig. 3. Dependence of redistribution effect on the waveguide
size a and the magnetic field value H.
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reaches a maximum, i.e., SPPs are localized near only
one of the waveguide surfaces.

Let us now investigate the influence of GLs chemical
potential variation and exciting light wavelength on the
redistribution effect. Indeed, refractive indexes and
Verdet constants of core and shell will depend on excit-
ing light wavelength. For simplicity of calculations and
interpretation of the results, we will neglect core and
shell dispersion properties. We will consider a wave-
length range of 500 nm < 1 < 2.0 pm. It covers some part
of visible light and near-infrared radiation. Results of the
calculations are shown in Fig. 4. One can see some fea-
tures we have mentioned above. At some wavelength,
which is critical for chosen size of the waveguide, the
quasi-antisymmetric mode (with ¢ near +x) becomes
quasi-symmetric one (with ¢ near 0). At the same wave-
length, || reaches a maximum: in a magnetic field
directed along the z-axis, SPPs propagating along the
y-axis are localized at x = a, while in a magnetic field
of the opposite direction they will be localized at
x = 0. Variation of the GLs’ chemical potential leads to
the shift of this critical wavelength. Despite the small ef-
fect of chemical potential variation on || at wavelengths
far from the critical one, at a critical wavelength it may
change || in some magnitude orders. In addition, de-
creasing the GLs’ chemical potential changes the wave-
length’s range of transition from a quasi-antisymmetric
SPPs mode to a wider quasi-symmetric one. This gives
us possibility to control both redistribution and the
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Fig. 4. Dependence of redistribution effect on the exciting
light wavelength for different values of chemical potential.
The insets show the wavelength range near the critical behav-
ior. The waveguide size a = 25 nm.
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SPPs phase by chemical potential of GLs at wavelengths
near the critical one. We wish to emphasize the fact that
almost full redistribution (|| ~ 10¥%) may be reached for
a wavelength 1~ 1.246-1.247 pm in a highly subwave-
length scale of only 25 nm.

An imaginary part of the GLs’ conductivity changes the
sign when the frequency w lies in the window 1.667 <
hw/ug, < 2 because of interband absorption. At such
frequencies (or chemical potentials), a single GL cannot
support a TM-mode of SPPs. In our calculations, this
situation corresponds to u,, = 0.5 eV, while at u,, =
0.25 eV and at yu, = 1.00 eV we have haw/pu,, > 2 and
hw/ug, < 1.667, consequently. At high frequencies (low
i), GLs are almost transparent, the structure resulting
from small size cannot support well a localized guiding
mode (it becomes an optical planar waveguide working
in a sub-critical regime), and one can see small broad
peaks in Fig. 4. At low frequencies, only Drude-like intra-
band conductivity is significant. At such frequencies, the
GL behaves like a metal nanocoating, but with some or-
der of magnitude lower conductivity; SPPs are better
localized in the structure, and we can see a sharp peak
in Fig. 4. Effective refractive index is varied by GLs, when
1.667 < hw/puy, < 2. This change leads to a small shift of
the critical wavelength. A negligibly small shift of the
critical wavelength due to variation of y. may be ex-
plained by small GL conductivity at the frequencies
under consideration. GL has a higher conductivity at
THz and microwave frequencies, but at such frequencies
gyrotropy of dielectric permittivity of substrate becomes
negligible.

It is notable that a change of SPPs propagation in the
opposite direction without changing the magnetic field
will also lead to SPPs relocalization. Magnetic field
and SPPs propagation directions are coupled by ¢,
and y, in Eq. (2), which contain the term with pfe,.
Thus, if only propagation or magnetic field direction will
be reversed (only sign of ¢, or f), SPPs will change the
localization surface. In the case of both directions
changed, we will not observe any redistribution effect.

Finally, we have proposed and theoretically investi-
gated the possibility of magnetic field control of SPPs
in a GL-covered gyrotropic planar waveguide. Investi-
gation showed that SPPs may be switched from one
GL to another by low magnetic fields. The effect reso-
nantly depends on the relation between the waveguide
size and the exciting electromagnetic wave wavelength.
Change in chemical potential of GLs leads to a small shift
in resonant wavelength, and tunes the effect value and
SPPs phase shift. Investigated effect should sustain even
if we change GL to another two-dimensional (or quasi-
two-dimensional) conductive layer. A shift of the critical
wavelength may be greater if it is material with higher
conductivity. However, as we know, GL may support
SPPs with the greatest propagation length. Investigated
features make the proposed structure promising for both
nanoscale light control and sensing applications.
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