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Transverse-electric (TE) surface plasmon polaritons are unique eigenmodes of a homogeneous
graphene layer that are tunable with the chemical potential and temperature. However, as their
dispersion curve spectrally lies just below the light line, they cannot be resonantly excited by an
externally incident wave. Here, we propose a way of exciting the TE modes and tuning their peaks
in the transmission by introducing a one-dimensional graphene grating. Using the scattering-matrix
formalism, we show that periodic modulations of graphene make the transmission more pronounced,
potentially allowing for experimental observation of the TE modes. Furthermore, we propose the
use of turbostratic graphene to enhance the role of the surface plasmon polaritons in optical spectra.

I. INTRODUCTION

Surface plasmon polaritons (SPPs) in graphene have
been an interesting area of theoretical and experimen-
tal research especially with the possibility of support-
ing SPPs with transverse-electric (TE) polarization in a
graphene layer [1]. More recently, TE SPPs were shown
to exist in a homogeneous layer of graphene for an ex-
tended frequency range at non-zero temperature [2] us-
ing a complex frequency approach that models an open
system with temporal decay. Although the TE SPP fre-
quency dispersion is very close to the light line due to the
small magnitude of the conductivity of graphene, propor-
tional to the fine-structure constant [1], TE SPPs cannot
be resonantly excited by an externally incident light be-
cause their dispersion curve lies below the light line.

Graphene is known for its tunability of optical conduc-
tivity by application of suitable gate voltage that induces
sufficiently low but finite chemical potential [3]. This
is because the electronic transitions occur near the K-
point [4] where the electronic dispersion is linear and the
density of states vanishes. Devices like optical modula-
tors [5] and polarizers [6], as well as absorption enhance-
ment devices [7, 8] benefit from this tunability, which
together with the existence of TE SPPs in graphene, pro-
vides exciting prospects for plasmonic applications [9]. In
addition, structures with periodic graphene open the pos-
sibilities of generating topological plasmonic states [10–
13] when a magnetic field is applied. Periodic plasmonic
structures of graphene [14–17], and even multilayer stacks
of periodic graphene strips [18–22] have been already
studied. The effect of stacking graphene-dielectric lay-
ers on the properties of transverse-magnetic (TM) SPPs
has also been analyzed for up to ten graphene layers [23].
Although periodic graphene grating structure has been
studied for TM SPP modes [14, 16], it has not been pro-
posed for excitation and measurement of TE SPPs in
graphene, to the best of our knowledge.

Various finite-element and finite-difference time-
domain methods have been employed in many studies
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of plasmonic structures [11, 24–30] to investigate SPPs.
These fully numerical approaches are usually suitable
for treating electromagnetic systems of relatively small
sizes, but suffer from an increase in computation time
for larger samples, since they require discretization of
Maxwell’s equations in real space over entire samples.
For larger samples and extended periodic systems, ex-
panding fields into Fourier harmonics presents a more
suitable approach [31]. One can approximate structural
details by expanding the solutions to Maxwell’s equations
in the Fourier space [32], organizing the obtained solu-
tions as coefficients of Bragg diffraction orders, which
is a more appropriate approach for an infinite system
with translational symmetries presented in this work. Al-
though studies exist that consider periodic modulation of
graphene at the atomic scale [33], these are suitable for
periods of the order of nanometers. For a modulation
period of microns order, which is sufficiently large com-
pared to the electronic wavelengths, we may approximate
the optical conductivity of graphene as isotropic [34] and
consider the periodic modulation on the order of wave-
lengths of electromagnetic waves.

In this paper, we theoretically show that the TE SPP
modes can be excited by incident light with an angle close
to normal incidence with the help of one-dimensional pe-
riodic modulation in graphene. We demonstrate the ex-
citation of the TE SPP modes as pronounced dips in
the zeroth Bragg order transmission spectra. We also
show that the in-plane wave number of the transmission
dips are tunable with the grating period. To enhance the
transmission feature of the graphene grating, we propose
the use of multilayer turbostratic graphene strips [35, 36].

To obtain the transmission spectra showing features
due to the TE SPP modes, we employ the scattering-
matrix formalism [37, 38] that is commonly used for sys-
tems periodically modulated in space. The fact that the
width of a single- or multiple-layer graphene is much
smaller than the SPP wavelength allows us to obtain
an explicit analytical expression for the scattering ma-
trix. The SPP modes, which are the eigen solutions of
Maxwell’s equations satisfying outgoing wave boundary
conditions, correspond to the poles of the scattering ma-
trix for the grating system [38, 39] and manifest them-
selves as peaks and/or dips in transmission spectra. We
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FIG. 1. Schematic of a graphene grating in a perspective
view (a) and in the xz-plane side view (b). An infinitesimally
thin graphene is periodically modulated along the x axis at
z = 0 but homogeneous along the y axis. Arrows labelled
An, Bn, Cn, Dn schematically represent incoming or outgoing
coefficients of diffracted plane waves with an angle of inci-
dence not necessarily normal.

have developed an analytical approximation for the scat-
tering matrix, eigenmodes, and transmission, providing
a proof that the features observed in optical spectra of
periodically modulated graphene are in fact a manifesta-
tion of the TE SPP modes, which are unique to this kind
of material.

II. THEORETICAL MODEL

In this section, we first derive, in the spirit of the
scattering-matrix formalism [38], the transmission coef-
ficients for a system containing a thin layer of a period-
ically modulated dispersive material surrounded by vac-
uum. Generalizations of the presented method to two-
dimensional (2D) periodic modulation of a thin mate-
rial layer and to systems with a substrate and/or super-
strate are straightforward. The developed general for-
malism is then applied to a one-dimensional periodic ar-
ray of single- and multiple-layer graphene strips, by us-
ing the available analytic expression for the conductivity
of graphene. We also present here a useful approxima-
tion of the transmission at normal incidence, valid for
the frequencies near the crossing point of the folded SPP

mode dispersion, which allows us to analyse the optical
response of the periodically modulated system in terms
of its SPP modes.

In the following, we use the model of the permittivity
which is described in the entire space as

ε(x, z;ω) = 1 + χ(ω)Λ(x)δ(z) , (1)

where χ(ω) is the two-dimensional (2D) susceptibility of
the infinitesimal layer, Λ(x) = Λ(x+d) is a periodic func-
tion with period d describing the spatial modulation of
the layer, and δ(z) is the Dirac delta function approxi-
mating the system as an infinitely thin layer. An illus-
tration of the system, studied in this work, which is a
periodic array of graphene strips, as well as the geom-
etry of the electromagnetic field in the TE polarization
are shown in Fig. 1(a). The use of the δ function is justi-
fied by the condition that the graphene thickness is much
smaller than the wavelength of the electromagnetic field.

A. Scattering matrix, transmission, and the
eigenmodes of an inifnitely thin periodically

modulated layer

The scattering matrix, transmission and reflection co-
efficients, as well as the secular equation determining the
dispersion of SPP modes are obtained in this section by
solving Maxwell’s equations,

∇×E = iωH , (2)

∇×H = −iωεE , (3)

in which we assume non-magnetic materials and use the
units in which the speed of light c = 1. We also assume
a harmonic time dependence of the electromagnetic field
in the form of e−iωt and use the frequency- and position-
dependent permittivity ε(x, z;ω) introduced in Eq. (1).
For zero component of the light wave number in the y-
direction, solutions of Maxwell’s equations (2) and (3)
split into TE and TM polarizations. We focus below on
the TE polarization. The case of TM polarization for the
same system is addressed in Appendix A 3.

For TE-polarized waves propagating in the x-direction
[Fig. 1(a)] with the wave number q, the magnetic and
electric fields in Cartesian coordinates take the form

H =

Hx

0
Hz

 , E =

 0
Ey

0

 , (4)

respectively. The periodic grating profile Λ(x) can be
written as a Fourier series,

Λ(x) =
∑
n

Vne
ignx , (5)

where

gn =
2πn

d
(6)
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are the reciprocal lattice vectors and Vn are Fourier co-
efficients of the periodic function Λ(x). We can take the
general electric-field solution to Eqs. (2) and (3) in the
basis of the same Fourier harmonics,

Ey(x, z) =
∑
n

ei(q+gn)x ×

{
Cne

iknz +Dne
−iknz z > 0 ,

Ane
iknz +Bne

−iknz z < 0 ,

(7)

where An, Bn, Cn, and Dn are the field coefficients of
the incoming and outgoing waves of the Bragg order n,
as depicted in Fig. 1(b). The normal component of the
light wave number for each Bragg order is given by

kn =
√
ω2 − (q + gn)2 , (8)

with the square root in Eq. (8) chosen in such a way that
either Re kn > 0 or Im kn > 0, for any real frequency ω
and real wave number q, so the term Cne

iknz in Eq. (7)
describes, respectively, either a purely propagating in the
z-direction or a purely evanescent wave. For complex
frequencies, the choice of the square root is determined
by a proper analytic continuation of Eq. (8) from the real
ω-axis into the complex frequency plane.

Integrating Eqs. (2) and (3) across the infinitesimal
grating layer results in an infinite set of simultaneous
equations for the amplitudes An, Bn, Cn, and Dn:

kn(Cn−Dn−An+Bn) = −ω2χ(ω)
∑
m

Vn−m(Am+Bm) ,

Cn+Dn = An+Bn , (9)

see Appendix A for a derivation.
Equations (9) can be written in matrix form as(

C
B

)
= S

(
D
A

)
, (10)

where S is the scattering matrix, and A, B, C, and D are
vectors containing the field coefficients An, Bn, Cn, and
Dn, respectively. The scattering matrix can be expressed
as

S =

[
−W−1U W−1

W−1 −W−1U

]
, (11)

where W−1 is the matrix inverse of W = I + U, I is
the identity matrix, and U is the matrix describing the
coupling between diffraction orders, with the matrix ele-
ments given by

Unm =
ω2χ(ω)

2ikn
Vn−m , (12)

see Appendix A for details.
For each Bragg channel n, the transmission coefficient

Tn is given by the ratio of the energy of the diffracted
wave of order n to the energy of an incoming wave (cor-
responding to n = 0), which can be both evaluated from

Electronic energy

2µ

Photon with energy
ℏω > 2µ causes

interband transitionchemical
potential, µ

FIG. 2. Electronic dispersion of graphene near the K-point
with non-zero chemical potential µ and zero temperature T .

the normal component of the Poynting vector [38], which
yields

Tn =

∣∣∣∣knk0
C2

n

∣∣∣∣ . (13)

Here, it is assumed without loss of generality that

An = δn0 , Dn = 0 , (14)

where δnm is the Kronecker symbol, and the expansion
coefficients Cn in Eq. (13) are found by solving the linear
algebraic equations (10) [or Eq. (9)] with the boundary
conditions Eq. (14). Note that the above definition of the
transmission coefficients, Eq. (13), is valid for so-called
“open” Bragg channels only, for which

ω2 > (q + gn)2 , (15)

equivalent to kn being real, see Eq. (8). For “closed”
channels, the inequality Eq. (15) is not fulfilled, and the
values of Tn correspond to the near-field coefficients for
these channels.

All the electromagnetic modes of the system, including
the SPP modes and their dispersion relations, i.e. the de-
pendence of the mode frequency on the wave number, can
be found from Eq. (10) by applying the outgoing bound-
ary conditions, A = D = 0, for all diffraction orders.
This is equivalent to solving a secular equation

Det[S−1(ω; q)] = 0 , (16)

or finding the poles of the scattering matrix S(ω; q) in
the complex frequency plane for any real wave number q.

B. Graphene conductivity and normalized
frequencies and wave numbers

While the general method introduced in Sec. II A is
suitable for treating any thin periodically modulated
layer, in what follows, we consider a graphene grating
structure depicted in Fig. 1. In this case, the susceptibil-
ity is given by

χ(ω) =
2iNσ(ω)

ω
, (17)
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where σ(ω) is the 2D conductivity of a single homoge-
neous graphene layer and N is the number of parallel
graphene layers stuck together in such a way that, on
the one hand, the total thickness of the system is much
smaller than the SPP wavelength, but on the other hand,
all the layers are electronically decoupled and periodi-
cally modulated with the modulation function Λ(x), the
same for all layers. For the graphene strips shown in
Fig. 1, we take this periodic function in the following form

Λ(x) =
∑
n

Θ

(
b

2
− |x− nd|

)
(18)

where Θ(x) is the Heaviside step function, d is the period,
and b is the width of the graphene strips.

In the long-wavelength limit, the single-layer
frequency-dependent optical conductivity of graphene
σ(ω) is presented in Refs. [1, 40] and is shown in Fig. 3(a)
for zero temperature. In terms of the notations used in
Ref. [2], it is given by

σ(ω) = 2π[σintra(ω) + σinter(ω)] , (19)

and full expressions for σintra and σinter, the intraband
and interband parts of the graphene conductivity, are de-
rived in Ref. [2]. While the interband part, given by the
Drude model, describes the physical mechanism of con-
ductivity typical for normal metals, the interband part
can be understood from the electronic band structure
of graphene for a finite chemical potential µ, as shown
in Fig. 2. The interband part σinter comes from optical
transitions with energy greater than 2µ, contributing to
a dip and a step-like feature at Re Ω = 2 which can be
seen in Fig. 3(a), respectively, in the imaginary and real
parts of the total conductivity Eq. (19).

Here and below we use for convenience dimension-
less frequencies and wave numbers, all normalized to the
chemical potential µ as

Ω =
~ω
µ
, Q =

~cq
µ

, Gn =
~cgn
µ

, Kn =
~ckn
µ

.

(20)

Equation (8) then modifies to Kn =
√

Ω2 − (Q+Gn)2,
and similar changes are made in all other equations. The
periodicity of the structure generates the first Brillouin
zone with the range Q ∈ [−G1/2, G1/2], as depicted in
Fig. 3(b). The conductivity σ(ω) is then called below
σ(Ω), which is a function of the normalized frequency Ω,
but it also depends on a normalized inverse temperature
µβ = µ/kBT , where kB is the Boltzmann constant.

Let us note finally that multilayer graphene structures
generally have interlayer coupling which alters the elec-
tronic band structure near the K-point and thus qualita-
tively changes the optical conductivity spectrum. How-
ever, it is known that turbostratically stacked graphene
layers have negligible interlayer coupling [41], simply fac-
torizing the graphene conductivity [36]. Such graphene
stacks have already been synthesized [35, 42]. We pro-
pose to use turbostratic multilayer graphene strips [43]

(a)

Intraband

Interband
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R
e[
Ω
]

Real[σ]

Imag[σ]

(b)

−G1

2

0
+
G1

2

Q

(c)

0 5 10 15 20 25 30
0

2

4

6

8

θ(o)

d
(µ

m
)

µ = 0.1 eV ( ω = 304 THz)

µ = 0.2 eV ( ω = 608 THz)

µ = 0.3 eV ( ω = 912 THz)

µ = 0.4 eV ( ω = 1215 THz)

FIG. 3. (a) Conductivity of graphene at zero temperature
T = 0, sharing frequency axis with dispersion in panel (b).
The frequency of interband pole in conductivity is affected by
µ but not d. (b) Real part of the frequency of the TE mode
dispersion of homogeneous graphene structure folded into the
first Brillouin zone, shown for G1 = 2, 2.3 and 2.6. The size
of the first Brillouin zone, and consequently the frequency
of mode crossing at Q = 0, is controlled by µd. The TE
mode frequency is close to the light line due to small value
of the fine-structure constant. (c) The period of grating d
required for normalized frequency Ω = 2, various chemical
potentials µ and corresponding frequencies ω (legend) as a
function of desired incidence angle θ = sin−1(cq/ω) in degrees,
using Eq. (21).

to enhance features in transmission due to the TE SPP
mode, including the increase of its linewidth and the fre-
quency gap in SPP mode dispersion. In this work, we
obtain transmission spectra and approximate frequencies
of the TE modes for both single-layer (N = 1) and tur-
bostratic (N = 10) graphene grating by using the suit-
able number of graphene layers N in Eq. (17).
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C. Controlling mode frequency and wave number

The conductivity spectrum of graphene has a key fre-
quency Re Ω = 2 where the interband dip occurs at low
temperatures, see Fig. 3(a). Since the scattering matrix
depends on frequency ω = µΩ/~ and the SPP mode
coupling due to the periodic modulation of the system
depends on the grating period d, one can control this
coupling and the SPP mode properties by varying the
chemical potential µ and the period d. In fact, by tuning
the grating period d, the edge of the first Brillouin zone
G1/2 where the bands are folded also changes, leading to
variations of the frequency of the TE SPP folded mode
crossing at Q = 0, as it is clear from Fig. 3(b). Within
and above the micrometer range, the grating period has
a negligible effect on the conductivity spectrum, since
the photon wave numbers in this case are much smaller
than the electronic wave numbers [2] — this regime of
a negligible spatial dispersion is called above the long-
wavelength limit of the conductivity. One can therefore
independently choose a particular part of the conduc-
tivity spectrum shown in Fig. 3(a) and the desired nor-
malized coupled mode frequency, where the two TE SPP
dispersion lines (which are close to the light lines) cross.
These are, for example, Ω = 1.667 and Ω = 2 in Fig. 3(a)
and Ω = 2, 2.3, and 2.6 in Fig. 3(b). For a better de-
scription of this tuning process, we define the normalized
interband detuning ∆ = G1 − 2, between the crossing
in dispersion at Ω = G1 = 2π~c/(µd) and the interband
dip in the imaginary part of conductivity at Ω = 2 as
illustrated in Fig. 3(a). As an example, for a chemical
potential of µ = 0.2 eV, the zero detuning ∆ = 0 would
require the graphene stripe width to be in the order of
micrometers. Since the dispersion of the TE mode is
close to the light line [1, 2], we may approximate the TE
mode dispersion as the folded light line and estimate the
grating period required to tune the TE mode to a de-
sired frequency Ω, for any in-plane wave number Q. In
Fig. 3(c) we show the dependence of the grating period d
required for the TE SPP mode of the n = −1 diffraction
order to reach the frequency Ω = 2. For general Ω and
Q this condition is given by

d =
~c
µ

2π

Ω +Q
. (21)

Note that this dependence is shown in Fig. 3(c) in terms
of different values of the chemical potential µ in eV, un-
normalized frequency ω in Hz, and the angle of incidence
θ measured from the normal to the graphene plane and
defined as sin θ = Q/Ω. Clearly |θ| 6 30◦ in this case,
since Ω = G1 and |Q| 6 G1/2 within the first Brillouin
zone.

D. Role of the TE SPP modes in the transmission:
Analytic approximation at normal incidence

To reveal the effects of periodic modulation on TE SPP
modes and the role of these modes in the transmission, we
focus in this section on the normal incidence and develop
approximate analytical expressions for the transmission
around the frequency Re Ω = G1. To do so, we truncate
W in the scattering matrix [Eq. (11)] to the lowest three
diffraction orders, n = 0 and n = ±1:

W =


1 +

ΩṼ0

K−1

ΩṼ−1

K−1

ΩṼ−2

K−1

ΩṼ1

K0
1 +

ΩṼ0

K0

ΩṼ−1

K0

ΩṼ2

K1

ΩṼ1

K1
1 +

ΩṼ0

K1

 , (22)

where Ṽn = Nσ(Ω)Vn and Kn ≡
√

Ω2 − (Q+Gn)2.
The transmission coefficients are then given by the

middle column entries of W−1,

T±1 =
F±1

|W|
, T0 =

F0

|W|
, (23)

where

F±1 =
Ω2

K1K−1
Ṽ∓1Ṽ±2 −

(
1 +

Ω

K∓1
Ṽ0

)
Ω

K±1
Ṽ±1 ,

(24)

F0 =

(
1 +

Ω

K−1
Ṽ0

)(
1 +

Ω

K1
Ṽ0

)
− Ω2

K1K−1
Ṽ2Ṽ−2 ,

(25)

and the determinant of Eq. (22) is given by

|W| =
(

1 +
Ω

K0
Ṽ0

)
F0 +

Ω

K0
Ṽ1F−1 +

Ω

K0
Ṽ−1F1 . (26)

Note that the modulated TE SPP mode frequencies cor-
respond to the zeros of this determinant.

For Q = 0, corresponding to normal incidence, the ap-
proximate transmission coefficients obtained in Eq. (23),
can be further simplified by using the fact that K0 = Ω
and K±1 =

√
Ω2 −G2

1, that results in

F±1 = −ΩṼ1

K1
D−(Ω) , (27)

F0 = D−(Ω)D+(Ω) , (28)

|W| = D−(Ω)B(Ω) , (29)

where

D±(Ω) = 1 +
Ω

K1

(
Ṽ0 ± Ṽ2

)
, (30)

and

B(Ω) = 1 + Ṽ0 +
Ω

K1

[
Ṽ0 + Ṽ2 + Ṽ0

(
Ṽ0 + Ṽ2

)
− 2Ṽ 2

1

]
.

(31)
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Here, without loss of generality, we have made use of
the fact that the Fourier coefficients Vn of the grating
profile function Λ(x) are real, if Λ(x) is an even func-

tion of x; therefore Ṽn = Ṽ−n. Thus, for Q = 0, the
transmission coefficients in Eq. (23) reduce to

T0(Ω) =
D+(Ω)

B(Ω)
, T±1(Ω) = − Ω

K1

Ṽ1

B(Ω)
. (32)

As it is clear from Fig. 3(b), the two folded dispersion
lines originating from the unperturbed TE SPP of the
homogeneous layer, corresponding to the n = 1 and n =
−1 Bragg channels and crossing at Ω ≈ G1, produce
in a periodically modulated system two perturbed TE
SPP modes at each Q. The frequencies of these modes
can be found from the zeros of the determinant Eq. (26),
which factorizes at Q = 0, according to Eq. (29). One
mode, having frequency Ωd, is found from the condition
D−(Ωd) = 0, which yields

Ωd

G1
=

1√
1−

(
Ṽ0 − Ṽ2

)2
, (33)

and is further referred to as dark mode, as it does not
manifest itself in the normal-incidence transmission. In
fact, since F±1 and F0 are proportional to D−(Ω) there
is an exact cancellation of this factor in T±1 and T0. The
other mode, having frequency Ωb, which we further call
bright mode, is obtained from equating to zero the other
factor in |W| given by Eq. (29), B(Ωb) = 0, which yields

Ωb

G1
=

1 + Ṽ0√(
1 + Ṽ0

)2

−
[
(1 + Ṽ0)(Ṽ0 + Ṽ2)− Ṽ 2

1

]2 , (34)

This mode does contribute to the transmission, which in
turn can be approximated for the frequencies Ω close to
Ωb as

T0(Ω) ≈
D−(Ωb) + (Ω− Ωb)D′−(Ωb)

(Ω− Ωb)B′(Ωb)
, (35)

and a similar approximate expression can be obtained
also for T±1(Ω).

Note that Eqs. (33) and (34) are not explicit expres-
sions for, respectively, Ωd and Ωb, but should instead be
solved self-consistently, as the matrix elements Ṽn, even
though they are small, contain dependence on frequency,
which is present in the conductivity σ(Ω). However, one
can use Ω = G1 as a good starting value of the argument
of Ṽn(Ω) for a quickly converging self-consistent iterative
solution of Eqs. (33) and (34), which is implemented in
this work and illustrated below in Sec. III.

Note also that in the absence of the periodic modula-
tion, Ṽn = δn,0Nσ(Ω), and both modes have exactly the

same frequency, given by Ωb,d = G1/
√

1− Ṽ 2
0 , which

coincides with the homogeneous grahene dispersion [2]
folded into the center of the first Brillouin zone.

III. RESULTS

We now present transmission spectra of periodically
modulated graphene at µβ = 105, with 30% filling factor
(b/d = 0.3), for normal and close-to-normal incidence of
a TE-polarized incoming plane wave. Here, the grating
period d is chosen in such a way that ∆ = 0 (equivalent
to G1 = 2). For this grating period, the crossing point
of the folded light dispersion at Q = 0 coincides with the
interband dip in the imaginary part of the conductiv-
ity, see Figs. 3(a) and (b). It is therefore expected that
the coupling of the TE SPP modes of a homogeneous
graphene, which is caused by its periodic modulation, is
maximized, and thus features in transmission which are
due to the TE SPP modes are enhanced.

Fig. 4 shows the transmission spectra in the zeroth
diffraction order, 1−T0, for single-layer graphene grating
in panel (a), single-layer graphene grating without inter-
band conductivity σinter in panel (b), and turbostratic
(N = 10) graphene grating in panel (c), calculated with
scattering matrix truncated to the lowest 21 diffraction
orders (−10 6 n 6 10). In all three cases, the first
(n = 1) and minus first (n = −1) diffraction-order light
lines are evident as dips in 1− T0 that move apart from
each other almost linearly with Q, as Q increases start-
ing from zero. When the contribution of the interband
conductivity σinter is removed from the total conductiv-
ity σ, these dips are clearly seen in Fig. 4(b) in addition
to a step-like feature also moving linearly with Q along
the minus-first diffraction-order light line. This step-like
feature, also present in some form in the graphene trans-
mission [Figs. 4(a) and (c)], is caused by opening the
minus-first diffraction channel with increasing frequency
in accordance with Eq. (15). Such features are common
to the optical spectra of periodic systems [44, 45]. In
fact, as frequency increases to the point that Eq. (15) is
satisfied for n = −1, the transmission of the correspond-
ing (n = −1) diffraction order suddenly increases from
zero to a finite value [see Fig. 9(a) in Appendix B] that
results in a corresponding abrupt reduction in T0, which
is observed in Fig. 4(b).

The most important features in the spectra of period-
ically modulated graphene [Figs. 4(a) and (c)] are also
highlighted by their comparison with the normal metal
spectra [Fig. 4(b)]. These are peaks in 1 − T0 which ap-
pear also close to the folded light lines and are the mani-
festation of the TE SPP modes in periodically modulated
graphene. At the frequencies of these TE SPP peaks, the
energy of the incoming TE beam is diverted back into a
reflection channel, as demonstrated in Appendix B, show-
ing in the same and in a much wider frequency range the
transmission in zeroth and other (n = ±1) diffraction
orders, as well as the absorption, see Figs. 9 and 12 for
∆ = 0 (results for non-zero detuning ∆ are also presented
in Appendix B).

In the selected frequency range close to Ω = G1, one
would expect to observe in Figs. 4(a) and (c) two TE
SPP modes, separated by a frequency gap, in accor-
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FIG. 4. Transmission spectra (1 − T0) for zeroth diffraction order (close-to-normal incidence) when a TE polarised light
with parallel wave number Q, is incident on the grating with b/d = 0.3, ∆ = 0, for (a) single-layer graphene with σ/2π =
σintra +σinter, (b) single-layer graphene without interband conductivity σ/2π = σintra, and (c) turbostratically stacked graphene
with σ/2π = N(σintra + σinter), for N = 10. The dashed red line indicates T0 = 0. Spectra for Q 6= 0 are offset by powers of
×10 in increasing order of Q. Vertical dash-dotted lines are at TE SPP resonance frequencies for Q = 0.

dance with Fig. 3(b). This is a general property of planar
photonic-crystal structures which is usually caused by
guided-mode folding and their hybridization due to the
coupling between diffraction orders [38, 46, 47]. However,
for Q = 0, we see in Fig. 4(a) only one peak at around
Ω − 2 ≈ −1.76 × 10−4. The second peak is missing for
Q = 0 and appears only at nonzero values of Q. This
is, however, in a full agreement with our analysis of the
transmission, presented in Sec. II D in terms of the bright
and dark TE SPP modes. The real part of their frequen-
cies, Ωb and Ωd, are also shown in Fig. 4(a) by vertical
dash-dotted lines, demonstrating a good agreement with
the peak positions. The linewidth of the dark mode is
increasing with Q, and both modes are deviating from
their positions at Q = 0. We evaluate the frequency gap
between the two TE SPP modes to be approximately
1.47 × 10−4. Note that a similar behaviour has been
observed in transmission spectra of a distributed feed-
back microcavity structure [46, 47] in which bright and
dark modes originate from the interaction of the folded
guided-mode dispersion lines.

A further analysis of the transmission spectrum at
Q = 0 is presented in Fig. 5 which shows 1 − T0 cal-
culated using the approximation Eq. (35) (red line) and
the full scattering matrix truncated up to 21 diffraction
orders (blue line), demonstrating a good agreement be-
tween the two near Ω ≈ Ωb (vertical red dashed line).

Away from Ωb, the approximate transmission Eq. (35),
based on the first-order Taylor expansion, naturally de-
viates from the exact result. This analysis provides a
proof that the observed peaks in the transmission are in
fact a manifestation of the TE SPP modes predicted in a
homogeneous graphene layer [1, 2]. However, in homoge-
neous systems, these modes spectrally lie below the light
line and thus cannot be excited resonantly. By period-
ically modulating the homogeneous graphene layer, the
TE SPP modes can be seen in optical spectra.

Using turbostratic graphene grating as shown in
Fig. 4(c), TE mode peaks coming from interband conduc-
tivity can be further pronounced. Similar to the single-
layer case, the main peak reaches its maximum value of
1. However, the width of the peaks due to TE SPPs and
their positions in frequency are both affected by the use
of turbostratic graphene. Note that the TE mode peak
at Q = 0 has been shifted further away from the light
line, about a factor of 35 more compared to its previ-
ous position for the single-layer case in Fig. 4(a). The
peak is also wider in frequency making TE SPP mode
easier to detect. The peak frequency does not change
much for Q close to zero, but eventually starts to shift
to lower frequencies as Q is increased (this can be seen
in Fig. 12(c) of in Appendix B). The dark TE SPP mode
peak only appears for Q 6= 0 as seen in Fig. 4(c), sim-
ilar to the single-layer case. However, it demonstrates
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10−4

10−3

10−2

10−1

100

(Ω− 2)× 104

1
−
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FIG. 5. Approximation of transmission (red solid line) using
Eq. (35) showing consistency with the TE peak for Q = 0
and ∆ = 0. Red and black dashed lines indicate the real
part of the frequencies of the bright and dark TE SPP
modes, obtained using Eq. (34) and Eq. (33), respectively.
The frequency gap between the dashed lines is approximately
1.47× 10−4.

a fine structure, consisting of multiple peaks, which are
due to a stronger coupling between the TE SPP modes
and higher diffraction orders more strongly contributing
to the scattering matrix.

The effect of change in temperature on the transmis-
sion spectrum is presented in Fig. 6 for Q = 0. Tempera-
ture appears in S through the conductivity of graphene,
where the increase in temperature has the smearing effect
on the interband dip in the imaginary part of graphene
conductivity [2]. Figure 6 shows that the TE mode peak
is reaching its maximum height of 1 at zero tempera-
ture in both the single-layer and turbostratic case. For
the single-layer case, increasing temperature smears the
peak out, with the peak maximum reduced. For the tur-
bostratic case, the peak is still reaching the maximum
of 1 at 3K with minimal smearing. This insensitivity of
transmission to temperature suggests further in favour
of turbostratic over single-layer graphene for applications
using TE SPPs that aim to be robust against tempera-
ture change.

IV. CONCLUSIONS

We have shown that the complex-frequency transverse-
electric surface plasmon polariton (TE SPP) modes in
a graphene grating can be excited by external electro-
magnetic waves with close-to-normal incidence. Specif-
ically, a significant reduction in the zeroth diffraction-
order transmission is observed near the interband tran-
sition frequency of graphene. This reduction can be ex-
plained as a reflection of the energy of the incoming beam

10
-8

10-4

100

104

108

10
12

-3 -2 -1  0  1

(a)

T = 0K

T = 0.3K

 1
−
T

0

Ω − 2 (x10-4)

Single (N=1)

-6 -4 -2  0  2

(b)

T = 0K

T = 3K

Ω − 2 (x10-3)

Turbostratic (N=10)

FIG. 6. Transmission spectra (1−T0) for zeroth diffraction or-
der when a TE polarised light is normally incident (Q = 0) on
grating with b/d = 0.3, for ∆ = 0, shown from zero temper-
ature (red) to finite temperature (green), for (a) single-layer
graphene, and (b) turbostratically stacked graphene. Red
and green dashed dotted lines indicate T0 = 0 for zero tem-
perature and T = 0.3K (single) or T = 3K (turbostratic),
respectively.

due to the resonant coupling to the TE SPP modes. In
addition, we have shown that the frequency and the in-
plane wave number of TE SPP modes seen in transmis-
sion can be tuned by controlling the graphene chemi-
cal potential and grating period. Specifically, we have
demonstrated that for zero detuning, that is the grat-
ing period is chosen so that the TE SPP mode energy
matches the interband threshold of the graphene con-
ductivity, the features in the optical spectra due to the
TE SPPs are significantly enhanced. Furthermore, by
using turbostratic graphene layers with negligible inter-
layer interactions, we can enhance these features further,
making them experimentally more accessible than in the
single-layer graphene.
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Appendix A: Scattering-matrix approach

1. Solving Maxwell’s equations for an infinitely
thin periodic layer

We start from Maxwell’s equations having the form

∇×E = −∂tH , (A1)

∇×H = ∂tD , (A2)

where we assume non-magnetic materials, i.e. the per-
meability µ = 1 everywhere in space, and use the units
in which the speed of light c = 1. Assuming a harmonic
dependence on time of the electro-magnetic field in the
form of e−iωt, we obtain

∇×E = iωH , (A3)

∇×H = −iωε(ω)E . (A4)

For the TE polarization, the magnetic and electric fields
can be expressed in terms of their Cartesian components
as:

H =

Hx

0
Hz

 , E =

 0
Ey

0

 . (A5)

Maxwell’s equations then take the form−∂zEy

0
∂xEy

 = +iω

Hx

0
Hz

 , (A6)

 ∂yHz

∂zHx − ∂xHz

−∂yHx

 = −iωε

 0
Ey

0

 . (A7)

These can be rewritten as

−∂zEy = iωHx , (A8)

∂xEy = iωHz , (A9)

∂zHx − ∂xHz = −iωεEy. (A10)

As defined in Eq. (1), the permittivity in the whole
space is given by ε(x, z;ω) = 1 + χ(ω)Λ(x)δ(z), where
χ(ω) is the 2D susceptibility of a thin (graphene) layer
and Λ(x) is a periodic function describing its spatial mod-
ulation, which can be represented by its Fourier series as

Λ(x) =
∑
n

Vne
ignx . (A11)

Integrating Eqs. (A8) and (A10) over z across the point
z = 0, we obtain

− Ey|z=0+ + Ey|z=0− = 0 , (A12)

Hx|z=0+ − Hx|z=0− = −iωχ(ω)Λ(x) Ey|z=0 , (A13)

where 0+(−) is a positive (negative) infinitesimal. For the
TE polarization, it is easier to eliminate Hx and write

equations in terms of the Ey component having the fol-
lowing general form

Ey(x, z) =
∑
n

ei(q+gn)x ×

{
Cne

iknz +Dne
−iknz z > 0 ,

Ane
iknz +Bne

−iknz z < 0 .

(A14)

in which gn and kn are defined, respectively, by Eqs. (6)
and (8), and q is the wave number along x.

Substituting Eq. (A8) into Eq. (A13), we obtain

∂zEy|z=0+ − ∂zEy|z=0− = −ω2χ(ω)Λ(x) Ey|z=0 ,
(A15)

which after using the series Eqs. (A11) and (A14) be-
comes∑

n

ikn(Cn −Dn −An +Bn)ei(q+gn)x

= −ω2χ(ω)
∑
mn

eiqxeigm+nxVm(An +Bn). (A16)

By shifting the indices of summation n −→ n −m in the
right-hand side of Eq. (A16), we find

∑
n

ikn(Cn −Dn −An +Bn)ei(q+gn)x

= −ω2χ(ω)
∑
m,n

eiqxeignxVm(An−m +Bn−m) ,

(A17)

and then equating the coefficients at ei(q+gn)x in
Eq. (A17), we obtain

ikn(Cn −Dn −An +Bn)

= −ω2χ(ω)
∑
m

Vm(An−m +Bn−m) . (A18)

Finally, shifting the indices again in the summation in
Eq. (A18), by substituting m −→ −m+ n, we arrive at

ikn(Cn−Dn−An+Bn)=−ω2χ(ω)
∑
m

Vn−m(Am+Bm) .

(A19)
In addition to this, we find from the continuity of the
electric field, Eq. (A12), that

Cn +Dn = An +Bn . (A20)

An infinite set of simultaneous equations given by
Eqs. (A19) and (A20) presents a general solution of
Maxwell’s equation in TE polarization for the infinitely
thin periodically modulated layer.
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FIG. 7. Transmission spectra for single layer graphene (N =
1), for the minus-first diffraction order (a),(b), zeroth order
(c),(d), and first order (e),(f), for the period d adjusted so that
∆ = −1 (G1 = 1). Panels (b) and (d) zoom in the spectral
features near Ω = G1 in (a) and (c), respectively, for Q =
0. Panel (g) is absorption of open channels calculated using
Eq. (B1), with waterfall increment of +0.02. A(Ω < 2) = 0
for zero temperature. The gray solid lines correspond to the
forbidden frequency range where Eq. (15) is not satisfied, and
the curve has the meaning of the near-field amplitude.

2. Deriving the scattering matrix

To build a scattering matrix, let us rearrange
Eqs. (A19) and (A20) in the following way

Cn +Bn +
∑
m

ω2χ(ω)

ikn
Vn−mBm

= An +Dn −
∑
m

ω2χ(ω)

ikn
Vn−mAm (A21)

Cn −Bn = An −Dn (A22)
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FIG. 8. As Fig. 7 but for ∆ = −2 + 1.667 (G1 = 1.667), illus-
trating suppression of near-field and transmission amplitudes.

Thus, in terms of 2 × 2 matrices of diffraction-order
blocks, the above equations can be written as[

I I + 2U
I −I

] [
C
B

]
=

[
I I− 2U
−I I

] [
D
A

]
, (A23)

where vectors A, B, C, and D have components An,
Bn, Cn, and Dn, respectively, matrix U has the matrix
elements

Unm =
ω2χ(ω)

2ikn
Vn−m , (A24)

and I is the identity matrix.
The scattering matrix, relating the amplitudes of in-

coming and outgoing waves, is then given by

S =

[
I I + 2U
I −I

]−1 [
I I− 2U
−I I

]
. (A25)
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FIG. 9. As Fig. 7 but for ∆ = 0 (G1 = 2), illustrating the
amplification of the near-field and transmission amplitudes.

To further simplify it, we can write the inverse of the
square matrix in Eq. (A25) in terms of its blocks:

S =
1

2

[
W−1 W−1(I + 2U)
W−1 −W−1

] [
I I− 2U
−I I

]
, (A26)

where W = I + U. Finally, performing the matrix mul-
tiplication, we obtain

S =

[
−W−1U W−1

W−1 −W−1U

]
. (A27)

3. TM polarization

We note that TM polarization can be treated in ex-
actly the same manner as TE polarization solved above,
leading to the same result for the scattering matrix, pro-
vided that matrix U is replaced with UTM having the
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FIG. 10. Transmission spectra for turbostratic (N = 10)
graphene, for the minus first diffraction order (a),(b), zeroth
order (c),(d), and first order (e),(f) for detuning ∆ = −1
(G1 = 1). Panels (b) and (d) zoom in the spectral features
near Ω = G1 in (a) and (c), respectively, for Q = 0. Simi-
larly, panel (f) is zoom in of panel (e) at Q close to but not
zero. Gray regions and gold curves indicate forbidden fre-
quency regions. Panel (g) is absorption spectrum obtained
using Eq. (B1), with waterfall increment of +0.2.

following matrix elements:

UTM
nm = −1

2
iknχ(ω)Vn−m . (A28)

Also, in TM polarization, the vectors A, B, C, and D
have the same meaning of the expansion coefficients in
Eq. (A14), but for Hy(x, z) instead, which in this case is
the only non-zero component of the magnetic field.
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FIG. 11. As Fig. 10 but for ∆ = −2 + 1.667 (G1 = 1.667).

Appendix B: Transmission and absorption spectra

Here we present the transmission spectra, calculated
using Eq. (13), for grating with the filling factor b/d = 0.3
for the first Brillouin zone Q ∈ [0, G1/2] and for different
grating periods such that ∆ = −1, −2 + 1.667, and 0.
We also show the absorption defined as

A(Ω) = 1−
∑

n∈{Ω>|Q+Gn|}

[Tn(Ω) +Rn(Ω)] , (B1)

where

Rn(Ω) =

∣∣∣∣Kn

K0
B2

n

∣∣∣∣ (B2)

is the reflection coefficient of the n-th Bragg chan-
nel. Note that the summation in Eq. (B1) is performed
over open Bragg channels only, satisfying the condition
Eq. (15), as indicated in the formula.
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FIG. 12. As Fig. 10 but for ∆ = 0 (G1 = 2).

1. Single-layer case

Figures 7, 8, and 9 show transmission and absorption
spectra for single-layer (N = 1) graphene grating for ∆ =
−1, −2 + 1.667, and 0, respectively, corresponding to
G1 = 1, 1.667, and 2.

The SPP modes manifest themselves as peaks in the
transmission spectra in Figs. 7, 8, and 9 in panels (a),
(c), and (e), and as dips in panel (g), all moving almost
linearly with Q. The absorption A in panel (g) is zero for
Ω < 2 and is about 10−2 otherwise, which correlates with
the interband absorption having a sharp frequency cut-
off at Ω = 2 for zero temperature. In the zeroth-order
transmission 1 − T0, the TE SPP mode peaks are lost
due to the stronger interband absorption for frequencies
above Ω > 2, instead appearing as dips in the absorp-
tion spectrum A, for such frequencies. Since the mode
features are sharp in frequency, we show zoom in of the
TE mode transmission at Q = 0 for minus-first [panels
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FIG. 13. As Fig. 10 but for ∆ = 0.5 (G1 = 2.5).

(b)] and zeroth [panels (d)] diffraction orders. First order
transmission for small but finite Q is shown in panels (f).

For ∆ = −1 (Fig. 7), the TE mode dip (not peak) for
Q = 0 appears at frequency very close to G1, see panel
(b). When Q is slightly increased [panel (f)], the TE
mode dip moves away from G1 increasing in frequency
within the open channel region (not gray).

For ∆ = −2+1.667 (Fig. 8), the TE mode peak can be
also seen moving to higher frequencies for Q slightly in-
creasing from Q = 0 [panel (b)] to Q 6= 0 [panel (f)]. The
peak width is very small, about 10−10 in this case due to
the vanishing graphene conductivity near this frequency
of Ω ≈ 1.667 [2].

For ∆ = 0 (Fig. 9), the TE mode peak is clearly en-
hanced due to the dip in the imaginary part of the con-
ductivity. The TE SPP peak in the coefficient of the
evanescent near field (gray area) moves to lower frequen-
cies for increasing Q from panel (b) to (f), in agreement
with the observations in Fig. 4(a).

2. Turbostratic case

Figures 10, 11, 12, and 13 show transmission and ab-
sorption spectra for turbostratic (N = 10) graphene grat-
ing for ∆ = −1, −2 + 1.667, 0, and 0.5 respectively, cor-
responding to G1 = 1, 1.667, 2 and 2.5. Features related
to the mode peaks and interband peaks are qualitatively
the same here as in the single layer case in Sec. B 1 which
can be seen by comparing panels (a), (c), (e), and (g) of
all transmission spectra in this Appendix.

The factor of N = 10 multiplying the conductivity
increases the absorption by the same factor to the order
of 10−1. The zoom in panels (b), (d), and (f) show effects
of this factor in amplitude of peaks and the frequency of
peaks and dips moving further away from G1 by a factor
of 102, compared to the single-layer case. Importantly,
the zoom in frequency near Ω = 2 in Figs. 12(b), (d), and
(f) shows evidence of enhancement in first and minus-
first diffraction orders and a suppression to zero of the
transmission (1− T0 = 1) in the zeroth diffraction order.
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[14] P. A. D. Gonçalves, E. J. C. Dias, Y. V. Bludov, and
N. M. R. Peres, Modeling the excitation of graphene plas-
mons in periodic grids of graphene ribbons: An analytical
approach, Phys. Rev. B 94, 195421 (2016).

[15] L. Cui, J. Wang, and M. Sun, Graphene plasmon for
optoelectronics, Reviews in Physics 6, 100054 (2021).

[16] M. B. Rhouma, B. Guizal, P. Bonnet, F. Paladian,
and K. Edee, Semi-analytical model for the analysis of
a magnetically biased 1d subwavelength graphene-strip-
grating, Opt. Continuum 1, 1144 (2022).

[17] L. Xiong, C. Forsythe, M. Jung, A. S. McLeod, S. S.
Sunku, Y. M. Shao, G. X. Ni, A. J. Sternbach, S. Liu,
J. H. Edgar, E. J. Mele, M. M. Fogler, G. Shvets, C. R.
Dean, and D. N. Basov, Photonic crystal for graphene
plasmons, Nature Communications 10, 4780 (2019).

[18] N. K. Emani, D. Wang, T.-F. Chung, L. J. Prokopeva,
A. V. Kildishev, V. M. Shalaev, Y. P. Chen, and
A. Boltasseva, Plasmon resonance in multilayer graphene
nanoribbons, Laser & Photonics Reviews 9, 650 (2015).

[19] G. Li, V. Semenenko, V. Perebeinos, and P. Q. Liu, Mul-
tilayer graphene terahertz plasmonic structures for en-
hanced frequency tuning range, ACS Photonics 6, 3180
(2019).

[20] D. Rodrigo, A. Tittl, O. Limaj, F. J. G. de Abajo,
V. Pruneri, and H. Altug, Double-layer graphene for en-
hanced tunable infrared plasmonics, Light: Science &
Applications 6, e16277 (2017).

[21] H. Yan, X. Li, B. Chandra, G. Tulevski, Y. Wu, M. Fre-
itag, W. Zhu, P. Avouris, and F. Xia, Tunable infrared
plasmonic devices using graphene/insulator stacks, Na-
ture Nanotechnology 7, 330 (2012).

[22] M.-D. He, G. Zhang, J.-Q. Liu, J.-B. Li, X.-J. Wang, Z.-
R. Huang, L. Wang, and X. Chen, Plasmon resonances
in a stacked pair of graphene ribbon arrays with a lateral
displacement, Optics Express 22, 6680 (2014).

[23] S. Gong, L. Wang, Y. Zhang, Z. Yang, X. Li, Q. Wen,
Z. He, S. Liang, L. Yuan, C. Yu, Z. Feng, Z. Yang, and
X. Zhang, Ultra-extraordinary optical transmission in-
duced by cascade coupling of surface plasmon polaritons
in composite graphene–dielectric stack, Optics Express
28, 30502 (2020).

[24] I. Haddouche and L. Cherbi, Comparison of finite ele-
ment and transfer matrix methods for numerical investi-
gation of surface plasmon waveguides, Optics Communi-
cations 382, 132 (2017).

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

[26] J. Jung, T. Søndergaard, and S. I. Bozhevolnyi, Theoret-

ical analysis of square surface plasmon-polariton waveg-
uides for long-range polarization-independent waveguid-
ing, Phys. Rev. B 76, 035434 (2007).

[27] J. Shibayama, J. Yamauchi, and H. Nakano, Frequency-
dependent FDTD analyses of terahertz plasmonic de-
vices, in 2020 International Symposium on Antennas and
Propagation (ISAP) (2021) pp. 457–458.

[28] T. Zang, H. Zang, Z. Xi, J. Du, H. Wang, Y. Lu, and
P. Wang, Asymmetric excitation of surface plasmon po-
laritons via paired slot antennas for angstrom displace-
ment sensing, Phys. Rev. Lett. 124, 243901 (2020).

[29] M. Rana, B. Hossain, R. Islam, and Y. G. Guo, Surface
plasmon polariton propagation modeling for graphene
parallel pair sheets using FDTD, in 2015 IEEE Interna-
tional Conference on Applied Superconductivity and Elec-
tromagnetic Devices (ASEMD) (2015) pp. 179–180.

[30] J. Olkkonen, FDTD scattered field formulation for scat-
terers in stratified dispersive media, Opt. Express 18,
4380 (2010).

[31] T. Weiss, N. A. Gippius, S. G. Tikhodeev, G. Granet, and
H. Giessen, Derivation of plasmonic resonances in the
fourier modal method with adaptive spatial resolution
and matched coordinates, J. Opt. Soc. Am. A 28, 238
(2011).

[32] N. Anttu and H. Q. Xu, Scattering matrix method for
optical excitation of surface plasmons in metal films with
periodic arrays of subwavelength holes, Phys. Rev. B 83,
165431 (2011).

[33] G. M. Maksimova, E. S. Azarova, A. V. Telezhnikov,
and V. A. Burdov, Graphene superlattice with periodi-
cally modulated dirac gap, Physical Review B 86, 205422
(2012).

[34] A. Y. Nikitin, F. Guinea, and L. Martin-Moreno, Reso-
nant plasmonic effects in periodic graphene antidot ar-
rays, Applied Physics Letters 101, 151119 (2012).

[35] C. Wei, R. Negishi, Y. Ogawa, M. Akabori, Y. Taniyasu,
and Y. Kobayashi, Turbostratic multilayer graphene syn-
thesis on cvd graphene template toward improving elec-
trical performance, Japanese Journal of Applied Physics
58, SIIB04 (2019).

[36] I. H. Baek, J. M. Hamm, K. J. Ahn, B. J. Kang, S. S.
Oh, S. Bae, S. Y. Choi, B. H. Hong, D.-I. Yeom, B. Min,
O. Hess, Y. U. Jeong, and F. Rotermund, Boosting the
terahertz nonlinearity of graphene by orientation disor-
der, 2D Materials 4, 025035 (2017).

[37] D. M. Whittaker and I. S. Culshaw, Scattering-matrix
treatment of patterned multilayer photonic structures,
Phys. Rev. B 60, 2610 (1999).

[38] S. G. Tikhodeev, A. L. Yablonskii, E. A. Muljarov, N. A.
Gippius, and T. Ishihara, Quasiguided modes and optical
properties of photonic crystal slabs, Phys. Rev. B 66,
045102 (2002).

[39] D. A. Bykov and L. L. Doskolovich, Numerical methods
for calculating poles of the scattering matrix with appli-
cations in grating theory, Journal of Lightwave Technol-
ogy 31, 793 (2013).

[40] L. A. Falkovsky, Optical properties of graphene, Journal
of Physics: Conference Series 129, 012004 (2008).

[41] H. Min and A. H. MacDonald, Electronic structure
of multilayer graphene, Progress of Theoretical Physics
Supplement 176, 227 (2008).

[42] J. A. Garlow, L. K. Barrett, L. Wu, K. Kisslinger, Y. Zhu,
and J. F. Pulecio, Large-area growth of turbostratic
graphene on Ni(111) via physical vapor deposition, Sci-

https://doi.org/10.1515/nanoph-2017-0095
https://doi.org/10.1515/nanoph-2017-0095
https://doi.org/10.1103/PhysRevLett.118.245301
https://doi.org/10.1038/s42005-021-00607-2
https://doi.org/10.1103/PhysRevB.84.085427
https://doi.org/10.1103/PhysRevB.94.195421
https://doi.org/10.1016/j.revip.2021.100054
https://doi.org/10.1364/OPTCON.446632
https://doi.org/10.1038/s41467-019-12778-2
https://doi.org/10.1002/lpor.201500058
https://doi.org/10.1021/acsphotonics.9b01597
https://doi.org/10.1021/acsphotonics.9b01597
https://doi.org/10.1038/lsa.2016.277
https://doi.org/10.1038/lsa.2016.277
https://doi.org/10.1038/nnano.2012.59
https://doi.org/10.1038/nnano.2012.59
https://doi.org/10.1364/OE.22.006680
https://doi.org/10.1364/OE.404639
https://doi.org/10.1364/OE.404639
https://doi.org/https://doi.org/10.1016/j.optcom.2016.07.068
https://doi.org/https://doi.org/10.1016/j.optcom.2016.07.068
https://doi.org/https://doi.org/10.1016/j.jcp.2017.03.014
https://doi.org/https://doi.org/10.1016/j.jcp.2017.03.014
https://doi.org/10.1103/PhysRevB.76.035434
https://doi.org/10.23919/ISAP47053.2021.9391491
https://doi.org/10.23919/ISAP47053.2021.9391491
https://doi.org/10.1103/PhysRevLett.124.243901
https://doi.org/10.1109/ASEMD.2015.7453524
https://doi.org/10.1109/ASEMD.2015.7453524
https://doi.org/10.1109/ASEMD.2015.7453524
https://doi.org/10.1364/OE.18.004380
https://doi.org/10.1364/OE.18.004380
https://doi.org/10.1364/JOSAA.28.000238
https://doi.org/10.1364/JOSAA.28.000238
https://doi.org/10.1103/PhysRevB.83.165431
https://doi.org/10.1103/PhysRevB.83.165431
https://doi.org/10.1103/PhysRevB.86.205422
https://doi.org/10.1103/PhysRevB.86.205422
https://doi.org/10.1063/1.4760230
https://doi.org/10.7567/1347-4065/ab0c7b
https://doi.org/10.7567/1347-4065/ab0c7b
https://doi.org/10.1088/2053-1583/aa5c64
https://doi.org/10.1103/PhysRevB.60.2610
https://doi.org/10.1103/PhysRevB.66.045102
https://doi.org/10.1103/PhysRevB.66.045102
https://doi.org/10.1109/JLT.2012.2234723
https://doi.org/10.1109/JLT.2012.2234723
https://doi.org/10.1088/1742-6596/129/1/012004
https://doi.org/10.1088/1742-6596/129/1/012004
https://doi.org/10.1143/PTPS.176.227
https://doi.org/10.1143/PTPS.176.227
https://doi.org/10.1038/srep19804


15

entific Reports 6, 19804 (2016).
[43] R. Negishi, K. Yamamoto, H. Kitakawa, M. Fukumori,

H. Tanaka, T. Ogawa, and Y. Kobayashi, Synthesis of
very narrow multilayer graphene nanoribbon with tur-
bostratic stacking, Applied Physics Letters 110, 201901
(2017).

[44] B. Bolotovskii and A. Lebedev, On threshold phenome-
nain classical electrodynamics, Sov. Phys. JETP 26, 784
(1968).

[45] C. C. Wojcik, H. Wang, M. Orenstein, and S. Fan, Uni-

versal behavior of the scattering matrix near thresholds
in photonics, Phys. Rev. Lett. 127, 277401 (2021).

[46] T. Fujita, Y. Sato, T. Kuitani, and T. Ishihara, Tunable
polariton absorption of distributed feedback microcavi-
ties at room temperature, Phys. Rev. B 57, 12428 (1998).

[47] A. Yablonskii, E. Muljarov, N. Gippius, S. Tikhodeev,
T. Fujita, and T. Ishihara, Polariton effect in distributed
feedback microcavities, Journal of the Physical Society
of Japan 70, 1137 (2001).

https://doi.org/10.1038/srep19804
https://doi.org/10.1063/1.4983349
https://doi.org/10.1063/1.4983349
https://doi.org/10.1103/PhysRevLett.127.277401
https://doi.org/10.1103/PhysRevB.57.12428
https://doi.org/10.1143/JPSJ.70.1137
https://doi.org/10.1143/JPSJ.70.1137

	Transverse-electric surface plasmon polaritons in periodically modulated graphene
	Abstract
	I Introduction
	II Theoretical model
	A Scattering matrix, transmission, and the eigenmodes of an inifnitely thin periodically modulated layer
	B Graphene conductivity and normalized frequencies and wave numbers
	C Controlling mode frequency and wave number
	D Role of the TE SPP modes in the transmission: Analytic approximation at normal incidence

	III Results
	IV Conclusions
	 Acknowledgments
	A Scattering-matrix approach
	1 Solving Maxwell's equations for an infinitely thin periodic layer
	2 Deriving the scattering matrix
	3 TM polarization

	B Transmission and absorption spectra
	1 Single-layer case
	2 Turbostratic case

	 References


