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Abstract

We discuss analytically and numerically the propagation and energy transmis-
sion of electromagnetic waves caused by the coupling of surface plasmon po-
laritons (SPPs) between two spatially separated layers of 2D materials, such as
graphene, at subwavelength distances. We construct an adaptive finite-element
method to compute the ratio of energy transmitted within these waveguide
structures reliably and efficiently. At its heart, the method is built upon a goal-
oriented a posteriori error estimation with the dual-weighted residual method
(DWR).

Furthermore, we derive analytic solutions of the two-layer system, compare
those to (known) single-layer configurations, and compare and validate our nu-
merical findings by comparing numerical and analytical values for optimal spac-
ing of the two-layer configuration. Additional aspects of our numerical treat-
ment, such as local grid refinement, and the utilization of perfectly matched
layers (PMLs) are examined in detail.

Keywords: Waveguide configurations, time-harmonic Maxwell’s equations,
adaptive finite-element methods, surface plasmon-polariton

1. Introduction

Graphene is a two-dimensional carbon allotrope with one-atomic thickness
that is arranged in a honeycomb lattice structure [1]. It has a wide potential
for applications in nanophotonics due to a number of desirable electronic and
optical features, such as extreme confinement, low losses, and tunability [1, 2].
In the infrared regime, the electric surface conductivity of such a 2D material is
characterized by being complex-valued with a dominant positive imaginary part.
This allows for the propagation of surface plasmon polaritons (SPPs), which are
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highly confined to the 2D material and slowly decaying electromagnetic waves.
Within the frequency domain of interest, the wavelength of a SPP is up to two
orders of magnitude smaller than that of the exciting ambient light.

Waveguide structures that enable subwavelength confinement of the optical
modes are of great importance in nanophotonics [3, 4, 5, 6]. Traditionally, waveg-
uides have been implemented through local modulation of the shape and/or
refractive index profile of the optical dielectric medium [7]. These dielectric
waveguides, however, are restricted by the diffraction limit of light, Ay /n, where
Ao is the wavelength in free space and n is the refractive index [4]. SPPs, on the
other hand, can be confined within a very small area beyond the diffraction limit
of light, and can be used as an information carrier for highly-integrated photonic
circuits [8]. Thus, a number of plasmon-based waveguides have been proposed
in the past decade, such as metallic nanowires [9, 10|, metallic nanoparticle
arrays [5, 11], hybrid plasmonic waveguides [6], and gain assisted plasmonic
waveguides [12].

Although some studies that investigated the plasma modes and optical SPP
modes of a double-layer graphene were published [13, 14, 15|, the majority of
research on graphene has been on a single-layer systems consisting of a single,
planar sheet of graphene [16, 17, 18]. By introducing a second, parallel sheet,
placed at a small but finite distance to the other sheet, it is possible to drastically
change the confinement and propagation characteristics of SPPs. The purpose
of this paper is two-fold.

First, we numerically investigate an infinite 2D waveguide by computing
a finite element approximation for the solution of the corresponding scatter-
ing problem governed by time-harmonic Maxwell’s equations. This prototyp-
ical geometry is motivated by proposed waveguide configurations that include
graphene layers, or carbon nanotubes as an integral part of their design [19]. By
adjusting the confinement of the two-layer system, we find an optimal spacing
for which the coupling of the SPPs is maximal. To this end, a goal-oriented
mesh refinement strategy and a perfectly matched layer are utilized.

Secondly, we derive and discuss an integral equation describing the time-
harmonic electromagnetic field of a double-layer system. We examine the con-
tributions from a pole of the scattered field solution, which are responsible for
the generation of SPPs. We demonstrate that our findings are in accordance
with those from a single-layer system by observing the evolution of the scat-
tered field under different interlayer spacings. In conclusion, we note that the
maximal spacing found in the numerics is in agreement with the value found in
the analytical expressions.

1.1. Related works

The SPP dispersion of a single graphene layer and a single graphene layer
deposited on dielectric substrates has been extensively investigated by many
authors [20, 16, 18]. Additional confinement and a change of propagation
characteristics can be achieved by stacking another layer of these 2D mate-
rials on top of a single-layer [21]. By extension, theoretical aspects of bilayer
graphene [15, 22, 13], multilayer graphene [23], and intercalated graphite [24]



have been studied recently. For example, [15] finds a frequency for which reflec-
tion in a double-layer graphene system, with both equal and different surface
conductivities, is zero, leading to exponentially amplified transmitted modes.

[25, 26] shows that for plasmonic crystals, which consist of stacked metallic
layers arranged periodically with subwavelength distance, embedded in a dielec-
tric medium, the TM polarized waves experience an effective dielectric function
that combines a bulk energy of the microstructure of the ambient dielectric
medium and surface average of the surface conductivity of each sheet. Homog-
enization of layered structures and extension to a general hypersurface are also
discussed.

However, a rigorous numerical and analytical treatment of waveguide config-
urations involving time-harmonic Maxwell’s equations is not of primary interests
in these publications. This paper aims to address three points. First, we intro-
duce a reliable and efficient numerical method to readily compute propagation
characteristics of the SPPs in a double-layer structure. Second, we validate the
numerical findings against an analytical solution. Third, we demonstrate that
our numerical approach is easily extensible to different computational domains.

1.2. Paper organization

The paper is organized as follows. In Section 2, we derive the variational
formulation that serves as the basis for our numerical and analytical investiga-
tion. In Section 3 we develop the numerical framework, including a goal-oriented
mesh adaptation based on the dual weighted residual (DWR) method, and a
perfectly matched layer (PML). We perform a direct numerical simulation of
a prototypical two-layer system in Section 4, and identify optimal spacings of
two-layer systems for maximal transmission. In Section 5, we derive analytic
solutions for the two-layer system and validate our numerical findings against
them. Finally, Section 6 concludes the paper with a summary of our results and
an outlook.

2. Variational formulation

In this section, we lay out the variational formulation for time-harmonic
Maxwell’s equations with an interface condition. We introduce a rescaling for

time-harmonic Maxwell’s equations that will ease the numerical computation of
SPPs [27].

2.1. Preliminaries: Mazwell’s equations

Time-harmonic Maxwell’s equations with an electric current density read
[28, 29]:

—iwB(x)+V x E(x) = 0,
V-B(z) = 0,
iwe(x)E(x) +V x (u(x) 'B(®)) = Ja(z), (1)
V. (c(2)E(x)) = iV-JQ(az).



Here, E(x) and B(x) denote the electric and magnetic field, respectively. u(x)
and e(x) are complex-valued rank 2 tensor quantities, where p(x) denotes the
magnetic permeability and £(x) denotes the electric permittivity. The vector-
valued quantity J,(x) is an externally applied, electric current density. We
assume a general  dependence of all quantities with some (weak) regularity
conditions to ensure unique solvability that will be stated later. The (constant)
temporal frequency w > 0 arises from the time-harmonic nature of the solution
fields, i.e., a solution of (1) is a special solution of the general time-dependent
Mazxwell’s equations by rewriting all vector-valued components F by

F(x,t) =Re (e ™' F(x)). (2)

We are interested in simulating waveguide configurations that feature 2D
material sheets. The sheets are modeled as an idealized hypersurface ¥ with
an effective surface conductivity o(x) defined on X [30, 31, 2]. In general, ¥
shall consist of two parallel, possibly curved, conducting sheets separated by
a fixed distance d; see Figure 1. The discontinuity along the surface due to
the conductivity leads to a jump condition in the tangential component of the
magnetic field [30, 28, 2]:

[V x (;le)]E = o(x)Er .

(3)
v x E], =0,

where v is a fixed normal vector field associated with 3; the symbol [.]s; denotes

the jump over ¥ with respect to v,

[.’F]E(:c) = 21{‘% (.’F(ersu) f.’F(x—su)), (4)
and the subscript T" denotes the tangential part of the respective vector, Fr =
(vxF)xv. Under appropriate conditions on o (), jump condition (3) generates
SPPs on the interface [31, 2].

We make the assumption that e(z) and u(x) become homogeneous and
isotropic for large || and impose the Silver-Miiller radiation condition at infin-
ity [27], viz.,

lim {Bxx—c 'z|E} =0, lim {Exz+clz|B}=0, z¢%. (5
Here, ¢ = 1/,/epn denotes the speed of light. The explicit inclusion of this

condition is omitted in our numerical simulation by incorporating an appropriate
boundary condition and a PML.

2.2. Rescaling and variational formulation

Numerical values in SI units for solutions of (1) are many orders of mag-
nitude apart. Further, the typical length scale of SPP is one to two orders of
magnitude smaller than the free-space wavelength kg [2]. These discrepancies



o0

Figure 1: Schematic of the computational domain, 2, with boundary 9L, outer normal n,
and normal field v defined on the waveguide . An electric Hertzian dipole, Jg, is placed
inside a prescribed waveguide structure, .

in the magnitude of the length scales makes the direct numerical simulation of
the SPPs difficult. As a remedy we use a rescaling to dimensionless units that
normalizes the length scale by the free-space wavenumber, kg, [27]:

1

x — kgx, V — —V,
ko

! ! Ho
o= = —H, € = & =—¢E, 0 — 0p=,/—0.
Ho €0 €0

Here, ¢g and pp denote the vacuum permittivity and permeability, respectively.
This leads to two distinctly separated scales: one related to the free-space
wavenumber ~ 1, and another for the SPP wavenumber, kspp ~ 1/0., on
the conducting sheets [27]. The rescaled, dimensionless form of time-harmonic
Maxwell’s equation (1) reads

Vx(p'VxE)—¢ E = i, (6)
with the jump condition
[vx (4" B)ls = 0,Br, [vxE]x = 0. (7)

Let the computational domain {2 C R? be bounded, simply-connected, and
Lipschitz-continuous with piecewise smooth boundary 0€). Assume that X is a
Lipschitz-continuous, piecewise smooth boundary. The Silver-Miiller radiation
condition (5) reads

vx B4\ te, Er =0 (x € 0Q). (8)

Multiplying (6) with the complex conjugate of a test function ¢ and subse-
quent integration by parts using (7) and (8) recovers the corresponding weak
formulation:

AB.9) ~ i [ Jopan (9)



for p € X(Q) = {p € H(cwrl; Q) : op|s € L*(X)3, prloa € L*(092)3} and with
the bilinear form

Ab) = [ (V%) (V% @) = (er ) - p da

—i/z(ariﬂ)-g_odom _7;/(99\/M;15r('¢)'§_0d0m~ (10)

In the above, L?(-)® denotes the space of vector-valued square integrable func-
tions, and H(curl) is the subspace of L?(-)3 consisting of square integrable
functions whose (distributive) curl admits a representation by a square inte-
grable function. Equation (9) will serve as a starting point for a finite element
discretization. For elementary results on existence and uniqueness, we refer

to [27, 28, 32, 33].

3. Numerics: Computational domain and discretization scheme

In this section, we briefly present the geometry and numerical tools used in
the computations. A PML is introduced and its role in negating the undesired
effects of the absorbing boundary condition of the plasmon modes is described.
Additionally, a local adaptive mesh refinement strategy is presented that cap-
tures the highly oscillatory behaviors of the plasmons near the interfaces. The
variational formulation (9) is discretized on a non-uniform quadrilateral mesh
with higher-order, curl-conforming Nédélec elements [34]. Such a choice is ideal
where the weak jump condition is naturally treated by aligning with the mesh.
Let X1(92) C X () be a finite element subspace spanned by Nédélec elements.
Then under a sufficiently refined initial mesh, the variational formulation

ABng) = i [ Ju-pda
Q
is uniquely solvable for E}, € X;(€2) and for all ¢ € X (€2).

8.1. Geometry

In this paper we will study a prototypical geometry consisting of two flat,
conducting layers in a square domain. The two layers are arranged parallel
to each other with distance d apart; see Figure 3. This prototypical geometry
is motivated by proposed waveguide configurations that include for example
concentrically arranged carbon nanotubes as integral part of their design [19]
(see Figure 2. Even though our waveguide configuration is quite simple in
comparison, we make the claim that due to the dominance of the SPP interaction
of the two layers we actually capture the quantitative behavior of the two-layer
interaction quite well. Our computational framework has thus the potential of
guiding the design of more complicated waveguide structures in the future.

Two different current sources are considered: a single vertical Hertzian dipole
placed at the midpoint of the two sheets (see Figure 3b); and a double dipole
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Figure 2: Schematic of a prototypical multiwall carbon nanotube.
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(a) The computational domain. The location (c¢) Double dipole excitation.

of the Hertzian dipole(s) is shown in the right.

Figure 3: The computational domain Q (a), together with the two different current source
configurations (b, ¢) used in the numerical computations. The energy transmission ratio is
computed by measuring E% at £ = ztr and © = Zre.

configuration with one dipole placed directly on each sheet (see Figure 3c).
The use of such dipole sources in order to excite the desired SPP modes in
the waveguide configuration is again an idealization. However, due to the large
magnitude of the excited SPP modes, the influence of the dipole is neglibible
already after a short distance from the source. Only the dominant travelling
mode is observed, which enables us to study essentially “free” coupled SPP
structures in the waveguide.

In the numerical computation we regularize dipoles to a small but finite
thickness. This necessitates a change of sign in the double dipole configuration
when crossing over the interface . See Section 4.1 for details. In the case of the
double dipole excitation, the proximity of the sources to the interface renders
the SPP mode that is excited to dominate [30]. For the single dipole excitation,
however, the strength of the SPP vanishes exponentially with the distance d. For



this reason, we will primarily focus on numerical results obtained with double
dipole excitation, 2(b).

The values xy, and x.. are the transmission and reception locations, respec-
tively, at which the tangential component of the energy is to be measured. In
principle, a number of choices for the quantity of interest, J(FE), are possible.
In the following, we use a non-linear quantity of interest given by an energy
transmission ratio:

<

_ JTaeos® (51)| Br (e = 2,y dy
S cos? (38)| B |2(2 = 4, ) dy

S
5

J(E) (11)

3

The numerator computes the transmitted energy, measured at a vertical strip
located sufficiently far from the source, and the denominator calculates the
received energy. The integrands in J(FE) are modified by weight functions that
localize the integral to a vertical strip where we measure the field intensity for
transmission and reception. The choice (11) for the quantity of interest leads to
a localized right-hand side J of the dual problem that is sensitive to the highly
oscillatory SPPs associated with the electric field, E.

Remark. The functional J(E) is continuously differentiable as long as the
denominator is different from zero. This is indeed the case for the solution E
and all approximations E}, for our choice of geometry and dipole excitation.

8.2. Perfectly Matched Layer

A perfectly matched layer (PML) is a truncation procedure motivated from
electromagnetic scattering problem in the time domain. The underlying idea of
a PML is to surround the computational domain with an artificial sponge layer
such that all outgoing electromagnetic waves decay exponentially with minimal
artificial reflection [35, 36, 28.

As outlined in [27, 28], we carry out a change of coordinates from the compu-
tational domain with real-valued coordinates to a domain with complex-valued
coordinates. Projecting back to the real coordinates yields again system (1)
with (3), but with modified material parameters (g, , .1, 0,) inside the PML.
We refer the reader to [27] for details.

The PML can be implemented by suitably replacing (e, , -t , 0,.) within the
PML. For a spherical absorption layer we define the matrices

_ . 1 1 1 _ . -
A= Teﬁlerdlag (ﬁ’ 20 dicz> Te,e., B= Texlerdlag (d, d, cZ)Tewe,,_, (12)
111
—_ =1 73 - - =
C - Temerdlag (Ja Ja d)Temer7
T
d=1+1is(r), le—l—i/r/ s(7)dr. (13)
P

Here, r denotes the distance to the origin, s(7) is an appropriate nonnegative
scaling function that will be defined later, T, is the rotation matrix that

z€r



rotates e, onto e;. The material parameters are hence transformed inside the
PML as follows:

:u‘;l — B:LL;IAa

& — Al'e, BT (14)
o — C7'¢,B7 L

8.8. A posteriori error estimation and local refinement

One of the computational challenges of our problem is the need for a much
finer mesh refinement near the interfaces >15 and o3 in order to resolve all small
scale SPP structures. We discuss now an efficient adaptive refinement scheme
utilizing an a posteriori error estimator based on the dual weighted residual
(DWR) method [37].

Consider the following dual problem: Find a solution Z € H (curl; ) such
that

/Q[(,u;legoy(VxZ)—erg%Z] dx

_ / orpr - 7 doy + / Virte g Zdo, = DuJ ()], (15)
b o0

for all p € X (2), where J(FE) is a quantity of interest mapping
J : H(curl; Q) — C. (16)

The dual solution Z encodes how the target error quantity depends on local
properties of the data [37]. Next, we define local error indicators with the help
of the solutions E and Z of the primal problem (9) and dual problem (15),
respectively [27], [37, Prop. 2.1]:

. 1 .
|7(B) = T(Bu)| < Y ng+R with ng:= |oq+ s
Qe Ty

.

Here, pg and pf, denote the primal and dual cell-wise residual, respectively,
associated with variational equations (9) and (15):

po =i / To-(Z - Z)xq) do — A(Buw,(Z - Zn)xo),  (18)
Pl =DeJ (EW)[(E — En)xq) — A((E — En)xq, Zb), (19)

where A(.) is given in (10). Here, x¢o denotes the indicator function associated
to @, that is, xg(z) is 1 inside the cell @, and 0 otherwise. The local error indi-
cator n¢ given by (17) can now be approximated and used in a local refinement
strategy [37].

Remark. The remainder term R is cubic in the error |E — Ej| and can
therefore generally be neglected [37]. More precisely, for our particular choice



of quantity of interest (11) a lengthy calculation reveals
1 [
|R| = ‘5 /0 DLJ(Ey + s(E — Eg))[E — Ep]?s(s — 1)ds‘
1 R Y -3 3
(7] o GRIBE @ =awpdy) B~ B,
R/ » (QR) t || ||

provided that the numerator in (11) is smaller than the denominator (which is
true for our choice of geometry). Given the fact that we place the measurement
position x4, close to the source we conclude that |R| is well controlled and small
in our case.

Our goal is an optimal local refinement for the numerical simulation of energy
propagation of the SPPs at the location of our choosing. Consequently, the
weight Z — Zy, in residual (18) is generally large near the interface and at
points where the influence of the solution on quantity (11) is high.

In practice, the numerical evaluation of (18) and (19) is typically done with
the use of a higher-order approximation for the dual solution Z and the primal
solution E. However, such a calculation of a higher-order approximation is
computationally costly. We therefore use a patch-wise projection wéi}Z n to a
higher-order space on a coarser mesh level [38]:

Z—thﬁéi}Zh—Zh, E—Eh%ﬂé?,Eh—Eh. (20)

4. Direct numerical simulation

In this section we present computational results for the two-layer system
that was introduced above. We demonstrate numerically how the (effective)
wavenumber of SPP structures depends on the interlayer distance d and in-
vestigate the functional relationship of the energy transmission ratio to the
interlayer distance d. We determine the optimal spacing, which will later be
used to compare against the analytical findings from Section 5. We validate
our local refinement strategy by comparing the convergence rates with uniform
refinement, and demonstrate the effectiveness of the numerical tools discussed
in Section 3. All numerical computations are carried out with the finite element
library deal.II [39].

4.1. Setup and discretization parameters

We consider a vertical electric dipole positioned at a; = (—0.7,0) (for single
dipole excitation), and at ay /3 = (—0.7, £d/2) (for the double dipole excitation).
The current density J, is thus given by

Jo = (;)0)6(w —ay), and  J, = (30) (62(x — az) + 63(x — a3)), (21)

10



for single, or double dipole excitation, respectively. We use two values for the
surface conductivities, 05’312 = 0523 =0,

o = 0.002 + 0.2, and 0.002 + 0.154,

that are within realistic parameter ranges [27]. The computational domain, €2,
is chosen to be a square with edge length 4. A spherical PML is enforced for
p > 1.6. Following [28, 27|, we regularize the Dirac deltas in the current density
as follows,

sgn((y — d/2)(—y — d/2)) cos® (1/(27a) || (z — ai)l|2)
(1 _ 2) r2 ’
2 iy d
for || — a;||2 < 4, and 0 otherwise. The signum function ensures that the reg-
ularized dipole changes sign whenever the regularization crosses the conducting
layer 13, or Xo3. We choose a fixed value of r4 = 10-2712 throughout the paper.
We set the position at which we evaluate (11) to z¢, = —0.65 and x,, = 0.75.
This choice maximizes the distance |z,, — x| while ensuring that evaluation

points are sufficiently far away from the regularized dipole sources and the PML.
We use the following scaling function s(p) for the PML [27]

(51($ — ai) ~

(p— 0.8R)?

(R— 08R)?’ (22)

s(p) = so
and set the free parameter to sy = 0.05 in our computations.

4.2. Validation of local refinement strategy

We validate our numerical framework by comparing values for the quantity
of interest (11) obtained by extrapolating numerical values under uniform, and
under local refinement. The computations were performed for d = 0.20. The
results are shown in Figure 4. The data is fitted to the curve f(z) = a + ba®
and extrapolated. For local refinement, the fit parameters we obtain are ajocal =
0.205333, biocal = 1.25229x 108, c1oca = 1.57811, whereas for uniform refinement
we get aunif = 0.206216, bynir = 85.8656, cunir = 0.612326. As expected [27], we
obtain a much faster convergence rate (¢ &~ 1.6) in the quantity of interest for
local refinement as opposed to uniform refinement (¢ ~ 0.6). We conclude that
our computation of the energy transmission ratio with J(E) & ajocal is reliable
within 1%.

4.3. Optimal spacing

Next, we preform a parameter study of the energy transmition ratio for
varying interlayer spacing d ranging from dy,i, = 4 - 107'2 to dyay = 0.2, where
dmaz corresponds to about 1/3 of the single-layer SPP wavelength, 27 /Re(kp, ),
or 1/30 of the free space wavelength [27]. The (interpolated) results are shown
in Figure 5. We used a releatively coarse initial mesh for all computations
with around 20 thousand degrees of freedom. After 12 local refinement cycles

11
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Figure 4: Convergence of the energy tranmission ratio for uniform and local refinement for d =
0.20. The relative error of the transmission ratios obtained with both refinement strategies,
respectively, are plotted against the inverse of the number of degrees of freedom. We observe a
convergence order of about ¢ ~ 0.6 for uniform refinement and ¢ ~ 1.6 for local refinement. The
reference value J E* was obtained by taking a weighted average of the asymptotic transmission
ratios, Clocal @nd Cuniform-

using the adaptive refinement procedure outlined in Section 3.3, we reached
roughly 2 million degrees of freedom on the finest mesh. We make a qualitative
comparison of three representative cases: Figure 6 shows the real part of the
computed scattered electric field in a-direction, Re(ES°), for SPPs on a single-
layer system, and a two-layer system with d = dop, = 0.05245 and d = 0.1805,
respectively. In the case of optimal spacing, d = dopt, the wavenumber of
the excited SPPs is roughly twice as large as the one obtained for the single-
layer case, cf. Figures 6a and 6b. For large enough d, for example d ~ 0.18,
we observe that the wavenumber of the excited SPP approaches the single-
layer case, cf. Figures 6a and 6¢. This indicates that the two-layer system is
converging to the single-layer setting, analogous to the behavior observed for
the energy transmission ratio.

5. Analytic solution and validation

In this section, we derive an analytic solution for (1) and (3) for an (ideal-
ized) infinite two-layer system with single dipole excitation; see Figure 3b and
Figure 7). We identify the limiting behavior for the case of large interlayer
spacing d, compute the effective wavenumber of the dominant SPP mode and

12
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Figure 5: Energy transmission ratio as a function of interlayer spacing d computed for the
case 0 = 0.002+ 0.2¢. The computed optimal spacing for a maximal energy transmission ratio
is at dopt = 0.05245. The dashed horizontal line is the energy transmission ratio computed
for the control case of a single-layer sheet. For large d, the energy transmission ratio of the
two-layer system approaches the value for the single-layer control case asymptotically.

validate our numerical findings with these results.

For better readability and ease of comparison [30], we revert back from the
rescaled version (6) to the original form of Maxwell’s equations (1). Let us
consider two planar sheets in R? situated at y = 0 and y = d, respectively; see
Figure 7. The conducting sheets separate R? into three regions: Region 1 ({y >
d}) has wavenumber k; and shares the boundary with region 2 ({0 < y < d}),
whose wavenumber is given by ko. Region 3 ({y < 0}) shall have wavenumber ks,
where ch2 = w25ju. Here, €; denotes a complex-valued permittivity (j = 1,2, 3).
Let a vertical electric Hertzian dipole be positioned at (0,a) in between the
interfaces, viz., J, = 6(x)d(y — a)e,. Define the Fourier transform, F'(¢,y) of
the vector-valued fields (F = B, E) through the integral formula

Fleg) = 5= [ € Pl (23)

Applying the Fourier transform to Maxwell’s equations (1) gives

0 -
1§y, + a—Ejz = —iwBj,,
Yy
9 - zkf .
_ . _J 24
ay Jz w Jx ( )
iR
- @fsz = _jEjy + M(S(y)

A number of elementary algebraic manipulations of (24) yield the differential
equation

0? -
<8y2 + ﬂf) Bj. = —i§ud(y), (25)

13
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Figure 6: Plasmons observed in different configurations, with o, = 0.002+4-0.2¢. The wavenum-
ber of the excited SPPs in the two-layer case (b) with d = dopt & 0.05245 is roughly twice
as large as the one obtained in the single-layer control case (a), or the two-layer configuration
(b) with large spacing d =~ 0.18. The strong interlayer coupling for d = dopt in (b) results in
a much higher SPP amplitude.

where we have set 7 = k7 —£°. We now make the following solution ansatz for
the magnetic field obeying the Sommerfeld radiation condition [30]:

aettry, y >d,
B.(&y) = { ase’V 4 bpem i — Jreiflvmel 0 <y < d, (26)
bye~ Py, y < 0.

The remaining electric field components can be derived from the relations
- iw 0 -
Ejz = 79 49 Pz
k3 Oy
- w

Ej;y = & (§2f>’jz - i£u5(y)> .

Next, we determine closed expressions for the coefficients in (26) by matching
with boundary conditions (3) on each interface:

Pak? iBad —iBad _ SH iBa(d— —i
g boe P2 if2(d—a) | ,—ifrd
aq &kg ase e 2ﬁ2€ e s

fiR23(eiﬁ2a) + Rygeif2(2d-a))
202 1 — RygRgge2iBad ;

a9 =
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Figure 7: Schematic of a vertical electric dipole at a distance a from conducting sheet a3
in 2D. The dipole has a current density J, = Jod(z)d(y — a)ey. The bottom sheet lies on
y = 0 and the top sheet lies on y = d. Sheets separate the space into region 1 ({y > d}) with
wavenumber k1, region 2 ({0 < y < d}) with wavenumber k2, and region 3 ({y < 0}) with
wavenumber k3. Each sheet is prescribed with a surface conductivity o12 and o23, respectively.

&p RygePd(erl00) 4 Rogeifa(dta))

by = -

2 2[32 1 — RyaRgge?if2d ’
Bok3 S

by = =232 lag — by + 2—etf2e|.

N L TR

Here, the constants R;;,, are given by

- Bik} = Bk} + wpoi; Bif;
Y BikE 4 Bik? + wpoiiBiB

(27)

By substituting back into (26) and undoing the Fourier transform, all field
components of E and B can be expressed as analytic integrals. In particular,
we are interested in Ea,(x,y), the electric field component in z-direction between
the two-layers:

Paul) = o [ a é[RZS(ewm+R”ew.2(2d_“))eww
el 1~ RygRogc2ifad
R1262iﬁ2d(67i[32a —|—R236i'82a)
- 1 — RipRpze?ifd

e~y 4 sgn(y — a)ewzly*a‘ e, (28)

5.1. Approzimation of the pole contribution

SC

Next, we obtain the scattered electric field in z-direction, ES5S, observed at

y = 0 by subtracting the incident field

4?':% /_OO d¢ Esgn(y — a)ewﬂy_a'ei&”.
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from (28). Some additional minor rearrangement yields

won [ Ryseifaa Rypeifa(2d—a)

- Ank3 / ¢ 5[1 — R13Rp3e2P2d 1 — RyyRyze?ifad

R12R2362i62d(6iﬂ2a _ e*iﬁza)

a 1 — RiaRoge?iB2d

Each term of the integrand contains SPP contributions stemming from different

conducting sheets: Term (I) and (II) arise from the SPP situated at 333 and

312, respectively. Term (III) is a mized term due to the interlayer coupling of
SPPs.

We now discuss the role of simple poles in the evaluation of integral (29).

For the sake of simplicity, let us now assume that £k = k1 = ky = k3 and
0 = 023 = 012. Thus, R12 = R23 = R and ,6]' = 6, where

B35 (x,0)

— 00

]eiﬁﬂﬂ = (I) + (1) + (IID).  (29)

wpo B 2 2 2

Ri=—F——— =k - & 30
Waveguide modes correspond to single poles of the integrand in integral (29)
[30]. Inspecting (29) we see that these are exactly given by the condition Re?#? =
4+1. The solution for the branch with the plus sign recovers even waveguide
modes, and, correspondingly, the minus sign recovers odd waveguide modes [40].
For d sufficiently small, there is only a single dominant mode. We analyze

this case further. The common prefactor of term (I) and (II) is given by
R B (2k% + wpoB)wpoB (31)

1 — R2e2Pd — (2k2 + wuoB(1 — e9))(2k2 4+ wuoB(1 + eifd))’
The TM surface plasmon corresponds to the residue contribution to the electro-
magnetic field from the pole ¢ = k2 where k2 is a solution of the transcendental
relationship for the mode, 2k? + wuoB(1 — e#4) = 0 [30]. Now,

2k? + wpoB(1l — ) ~

— (& = kB)(id)kBwpo (empd ~

1 — e'Prd (32)
)
Here, the subscript p denotes evaluation at the pole. Each of I, II, III consists of
the branch-cut contribution and the pole contribution. We omit the discussion
of the branch-cut in this paper and focus only on the simple pole, & = kZ. This
is because for an infinite conducting sheet, the SPP is identified with the part
of the electromagnetic field equal to the contribution to the Fourier integrals of
the simple pole that solves the above transcendental relationship. For a more
thorough discussion on the branch-cut and its computation, we refer readers
to [27]. By the residue theorem,

w 00 eiﬂaeifas
1) =2 / L (33)

T Ank? R R

(I)p N _iw,uﬂf, 2k? + w'ugﬁp ei(kﬁerﬁpa)
O 2R i By 1+ 00) 1= (1 £ i d)

— 00
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Figure 8: Convergence of the two-layer system wavenumber kﬁm to single-layer wavenumber
k%,r numerically computed with a root solver for (37). The minimum loss is observed at
dr = dP" = 0.05538.

And similarly for the second integrand term,

wp [ ReiB(2d—a) gigw )
) 47rk2/_oo € & prempa = D + (D™ (34)
iwpfy 2k? + wuo By pi(kh o+ By(2d—a))

IN? ~ A : .
(1) 2k2 2k2% + wuo By (1 + ePrd) 1 — efrd(1 +if3,d)

The interlayer pole contribution is calculated in the same fashion.

w e Rzemﬂd(eiﬁa _ e—i,ﬁ’a) ] B
(II1) = T Ank2 / d§ ¢ 1~ R2c2ipd el = ()P + (LI)>*; (35)
—0o0
. e
(III)p ~ wﬂﬁg wpo Sm(/@pa) e (km +2ﬁpd)

k% 2k2 + wpoBy(1 + ePrd) 1 — eBrd(1 +if,d)

5.2. Limiting behavior and effective SPP wavenumber

For d > 1 and fixed dipole position a, we expect the solution of the double-
layer system to approach the solution of the single-layer system. We justify this
claim by observing that as d — oo,

. - 4
WOH 22 i(Bpat+kBaz)y _  WH 4k i(Bpatkl
@DF — _@Bpe ! T2k? (w,ua)Qe (p )

Eo\2 (36)
= _inﬂ<) eik,]iasfmak?/(wuo),
wpo

which corresponds to the single-layer solution [27]. Further, the remaining terms
(IT), and (III),, converge to zero due to the presence of ¢?’»?. Under the rescaling
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introduced in Section 2, equation (31) becomes
20ir€r + 00 Bp (1 —ePrrdn)y =0, with B, = \/prer — (kB )2 (37)

We numerically solve the above via a root finding algorithm and plot the real

and the imaginary part of the wavenumber kfw as a function of distance d,; see
Figure 8. For d, small, Im(kZ ) is greater than the single-layer counterpart.
However, upon entering a regime where the interlayer coupling dominates, i.e.,
where kﬁyr becomes less lossy than k% », We observe that there is an optimal
distance, d°P* ~ 0.05538, at which the scattered field solution in the x-direction
attains its maxium. For d,. large enough, only the contribution from the bottom
interface remains (term (II), and (III), vanish), and the wavenumber converges

to that of the single-layer case.

5.8. Comparison and validation of numerical results

Finally, we compare the numerical results obtained in Section 4 to the ana-
lytical solution derived above.

In particular, we expect to observe that the contribution from the interlayer
coupling term (IIT)? of the SPP dominates in the energy transmission ratio. In
this vein, our direct numerical simulation is performed for the double-dipole
excitation on the interfaces so that the (III)? dominates [27]; see Section 4. We
postulate that the complex-valued wavenumber kﬁyr given by (37) and associ-
ated with the SPP mode (III)? describes the effective transmission behavior of
the two-layer system.

The optimal distance obtained from the analytical solution is computed to
be d°P' ~ 0.05538; see Figure 8. In order to test the validity of our numerical
method, we compare this value against the optimal distance, dop; = 0.05245,
obtained by numerically computed the energy transmission ratio; see Figure 5.
Both values are in very good agreement. We attribute the small discrepancy of
both values to the different current sources that were used.

6. Conclusion

In this paper, we extended a variational framework for the numerical simula-
tion of the SPPs excited by a current-carrying source on an infinite conducting
sheet to the SPPs generated by single/double excitations in a waveguide config-
uration. The conducting sheets, e.g. graphene, are modeled as idealized hyper-
surfaces that naturally takes into account the jump condition of the magnetic
field.

We demonstrate that the interlayer coupling of the SPPs present in the two-
layer system is responsible for higher confinement and less losses than the single-
layer system. We computed optimal interlayer spacings using two approaches.
First, we compute via finite element simulations with double-dipole excitation.
Second, we derive the pole contribution of the z-directed scattered field solution
and solve for the wavenumber of the SPPs (37) numerically. The computed
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values are in agreement with one another. The numerical results on the energy
transmission ratio are in very good agreement with analytic results obtained for
the SPP mode of the double-layer structure.

Our numerics admit several generalizations and extensions. In particular,
our variational framework can be readily used without modification to model
any geometric configuration that is meshable by quadrilaterals. This flexibil-
ity enables numerical simulations of curved waveguides, systems consisting of
multiple layers, or complicated optical devices in the near future.

Acknowledgments

We wish to thank Professor Dionisios Margetis for useful discussions. We
acknowledge support by ARO MURI Award W911NF-14-0247.

References

[1] K. Novoselov, A. Geim, S. Morozov, D. Jiang, Y. Zhang, S. Dubonos,
I. Grigorieva, A. Firsov, Electric field effect in atomically thin carbon films,
Science 306 (2004) 666.

[2] Y. V. Bludov, A. Ferreira, N. Peres, M. I. Vasileskiy, A primer on surface
plasmon-polaritons in graphene, International Journal of Modern Physics
27 (10) (2013) 1341001.

[3] S. A. Maier, Plasmonics: Fundamentals and Applications, Springer, 2007.

[4] D. K. Gramotnev, S. I. Bozhevolnyi, Plasmonics beyond the diffraction
limit, Nature Photonics 4 (2010) 83-91.

[5] M. L. Brongersma, J. W. Hartman, H. A. Atwater, Electromagnetic energy
transfer and switching in nanoparticle chain arrays below the diffraction
limit, Physical Review B 62 (2000) R16356.

[6] R. F. Oulton, V. J. Sorger, D. A. Genov, D. F. P. Pile, X. Zhang, A
hybrid plasmonic waveguide for subwavelength confinement and long-range
propagation, Nature Photonics 2 (2008) 496.

[7] R. E. Collins, Field Theory of Guided Waves, Wiley, 1990.

[8] W.L. Barnes and A. Dereux and T.W. Ebbesen, Surface plasmon subwave-
length optics, Nature 424 (2003) 824-830.

[9] J.-C. Weeber, A. Dereux, Plasmon polaritons of metallic nanowires for
controlling submicron propagation of light, Physical Review B 60 (1999)
9061.

[10] J. R. Krenn, B. Lamprecht, H. Ditlbacher, G. Schider, M. Slerno, A. Leit-
ner, F. R. Aussenegg, Non-diffraction-limited light transport by gold
nanowires, Europhys. Lett. 60 (2002) 663-669.

19



[11] S. A. Maier, P. G. Kik, H. A. Atwater, S. Meltzer, E. Hadrel, B. E. Koel,
A. A. G. Requicha, Local detection of electromagnetic energy transport be-
low the diffraction limit in metal nanoparticle plasmon waveguides, Nature
Materials 2 (2003) 229.

[12] M. P. Nezhad, K. Tetz, Y. Fainman, Gain assisted propagation of surface
plasmon polaritons on planar metallic waveguides, Opt. Sci. A. 12 (2004)
4072.

[13] E. Hwang, S. Das Sarma, Plasmon modes of spatially separated double-
layer graphene, Physical Review B 80 (2009) 205405.

[14] E. Hwang, R. Sensarma, S. Das Sarma, Plasmon-phonon coupling in
graphene, Physical Review B 82 (2010) 195406.

[15] T. Stauber, G. Gomez-Santos, Plasmons and near-field amplification in
double-layer graphene, Physical Review B 85 (2011) 075410.

[16] A. H. C. Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, A. K. Geim,
The electronic properties of graphene, Reviews of Modern Physcs 81 (2009)
109.

[17] Z. Fei, G. O. Andreev, W. Bao, L. M. Zhang, M. A. S., C. Wang, M. K.
Stewart, Z. Zhao, G. Dominguez, M. Thiemens, M. M. Fogler, M. J. Tauber,
A. H. Castro-Neto, C. N. Lau, K. Fritz, D. N. Basov, Infrared nanoscopy of
Dirac plasmons at the graphene-SiOs interface, Nano Lett. 11 (2011) 4701.

[18] L. Ju, B. Geng, J. Horng, C. Girt, M. Martin, Z. Hao, X. L. Hans A. Bechtel,
A. Zettl, Y. R. Shen, F. Wang, Graphene plasmonics for tunable terahertz
metamaterials, Nature nanotechnology 6 (2011) 630.

[19] M. V. Shuba, G.Y. Slepyan, S. A. Maksimenko, C. Thomsen, A. Lakhtakia,
Theory of multiwall carbon nanotubes as waveguides and antennas in the
infrared and the visible regimes, Physical Review B 79 (2009) 155403.

[20] B. Wang, X. Zhang, X. Yuan, J. Teng, Optical coupling of surface plasmons
between graphene sheets, Applied Physics Letters 100 (2012) 131111.

[21] C. H. G. H. S. Chu, E. P. Li, Synthesis of highly confined surface plas-
mon modes with doped graphene sheets in the midinfrared and terahertz
frequencies, Physical Review B 85 (2012) 125431.

[22] E. H. Hwang, S. Das Sarma, Dielectric function, screening, and plasmons
in two-dimensional graphene, Physical Review B 75 (2007) 205418.

[23] L. A. Falkovsky, S. S. Pershoguba, Optical far-infrared properties of a
graphene monolayer and multilayer, Physical Review B 76 (2007) 153410.

[24] K. W. K. Shung, Dielectric function and plasmon structure of stage-1 in-
tercalated graphite, Physical Review B 34 (1986) 979.

20



[25] M. Maier, M. Mattheakis, E. Kaxiras, M. Luskin, D. Margetis, Universal
behavior of dispersive Dirac cone in gradient-index plasmonic metamateri-
als, Physical Review B 97 (3).

[26] M. Maier, D. Margetis, A. Mellet, Homogenization of Maxwell’s equations
in nonhomogeneous plasmonic structures, Submitted.

[27] M. Maier, D. Margetis, M. Luskin, Dipole excitation of surface plasmon on
a conducting sheet: finite element approximation and validation, Journal
of Computational Physics 339 (2017) 126-145.

[28] P. Monk, Finite Element Methods for Maxwell’s Equations, Numerical
Mathematics and Scientific Computation, Oxford University Press, 2003.

[29] J. A. Stratton, Electromagnetic Theory, McGraw-Hill Book Company, New
York, 1941.

[30] D. Margetis, M. Luskin, On solutions of Maxwell’s equations with dipole
sources over a thin conducting film, arXiv preprint.

[31] G. W. Hanson, Dyadic green’s functions and guided surface waves for a
surface conductivity model of graphene, Journal of Applied Physics 103 (6)
(2008) 064302, erratum, ibid. 113(2):029902, 2013.

[32] D. Colton, R. Kress, Integral Equation Methods in Scattering Theory,
Vol. 72 of Classics in Applied Mathematics, STAM, 2013.

[33] D. Colton, R. Kress, Inverse Acoustic and Electromagnetic Scattering The-
ory, 3rd Edition, Applied Mathematical Sciences, Springer, 2013.

[34] J.-C.Nédélec, Acoustic and Electromagnetics Equations, Vol. 144 of Ap-
plied Mathematical Sciences, Springer, 2001.

[35] J.-P. Bérenger, A perfectly matched layer for the absorption of electromag-
netic waves, Journal of Computational Physics 114 (1994) 185-200.

[36] W. C. Chew, W. H. Weedon, A 3d perfectly matched medium from modified
Maxwell’s equations with stretched coordinates, Microwave and Optical
Technology Letters 7 (13) (1994) 599-604.

[37] R. Becker, R. Rannacher, An Optimal Control Approach to A Posteriori
Error Estimation in Finite Element Methods, Acta Numerica 10 (2001)
1-102.

[38] M. Braack, T. Richter, Solutions of 3D Navier-Stokes Benchmark Problems
With Adaptive Finite Elements, Computers and Fluids 35 (2006) 27-392.

[39] D. Arndt, W. Bangerth, D. Davydov, T. Heister, L. Heltai, M. Kronbichler,
M. Maier, B. Turcksin, D. Wells, The deal.Il Library, Version 8.5, Journal
of Numerical Mathematics 25 (3) (2017) 137-145.

[40] S. R. J. Brueck, Radiation from a dipole embedded in a dielectric slab,
IEEE Journal on Selected Topics in Quantum Electronics 6 (2000) 899.

21



