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Abstract: Reducing open waveguides enabled by sur-
face waves, such as surface plasmon polaritons, to a
one-dimensional line is attractive due to the potentially
enhanced control over light confinement and transport.
This was recently shown to be possible by simply inter-
facing two co-planar surfaces with complementary sur-
face impedances, which support transverse-magnetic and
transverse-electric modes, respectively. Attractively, the
resultant “line wave” at the interface line features singu-
lar field enhancement and robust direction-dependent
polarizations. Current implementations, however, are lim-
ited to microwave frequencies and have fixed functional-
ity due to the lack of dynamic control. In this article, we
examine the potential of using gate-tunable graphene
sheets for supporting line waves in the terahertz regime
and propose an adequate graphene-metasurface configu-
ration for operation at room temperature and low voltage
conditions. In addition, we show the occurrence of quasi-
line wave under certain conditions of non-complementary
boundaries and qualify the degradation in line wave con-
finement due to dissipation losses. Furthermore, we show
the possibility to alter the orientation of the line wave’s
spin angular momentum on demand unlike conventional
surface waves. Our results on active manipulation of elec-
tromagnetic line waves in graphene could be useful for
various applications including reconfigurable integrated
circuits, modulation, sensing and signal processes.
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1 Introduction

The ability to focus and guide electromagnetic (EM)
energy, such as light, is of great scientific interest and key
to modern communications, sensing, and quantum pro-
cessing technologies. In particular, extensive research has
been done on localization and transmission of EM waves,
known as surface waves (SWs), at the interface between
two media due to their easily accessible, planar, and open
boundary configuration [1]. For example, surface plasmon
polaritons (SPP) [2] featuring subwavelength confine-
ment may exist at air-metal interface, and Block SWs [3]
featuring low attenuation loss may exist at the interface
between air and periodic dielectric stacks. The proper-
ties of SWs can be tailored through interfacing different
materials [4] or by altering the structure of the interface
surface, for instance, via metasurfaces [5, 6]. Since these
design approaches are scalable, they have been widely
used for applications across the entire EM spectrum [7-9].
Notably, metasurfaces have paved the way for implement-
ing transformation optics [10, 11]. However, once fabri-
cated, the EM response of the structures is fixed, allowing
only for limited functionality. By contrast, the prospect of
dynamically altering the photonic properties of the con-
stituent materials provides full active control over the
overall desired device operation [12, 13].

Especially attractive is the use of graphene as a plat-
form for active nanophotonic structures in the terahertz
(THz) to mid-infrared regime [14, 15]. Excess of electrons
or holes in this atomically thin material can produce col-
lective plasmon oscillations with relatively long lifetime,
hence lower dissipation losses than conventional metals
[16, 17]. In addition, the doping level in graphene can be
varied via electrostatic gating, hence allowing easy tuning
of its photonic response [18, 19]. As a result, graphene prop-
erties have been exploited for numerous photonic applica-
tions [20-22], including the use of graphene metasurface as
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a screen for modulating phase, polarization, steering, and
absorption profiles of free-space beams [23-26]. However,
for most functionalities involving in-plane routing of EM
signals, the plasmonic modes must ideally be confined also
laterally in the graphene sheet. This is known to occur in
graphene nanoribbons, which support strongly localized
edge modes besides the traditional surface modes [27-29].
Also recently, other one-dimensional (1D) guided modes in
graphene were proposed by depositing a graphene layer
onto a sculpted substrate with V-shaped wedge or groove
channels [30-33]. However, these modes require specific
geometries different from the usual flat sheet, and hence
hinder the ability to route signals over reconfigurable arbi-
trary pathways over the graphene surface.

In this work, we propose a more versatile, agile gra-
phene platform based on line waves (LW) [34]. This 1D
EM mode forms as an interference product between trans-
verse-magnetic (TM) and transverse-electric (TE) types of
SWs, at the line interface between co-planar, complemen-
tary boundaries, which support the two decoupled modes,
respectively. Given the open boundary nature of the struc-
ture, it decays away in both transverse directions from the
infinitesimal line, where ideally a singular field concentra-
tion exists, hence the name “line wave”. Meanwhile, the
mode confinement (phase velocity) of LW is dependent on
the parameters of the interfaced boundaries. In addition,
due to the spatial symmetry-inversion of the boundaries
about the propagation direction, the LW exhibits pseu-
dospin-polarizations locked to the wavevector, making it
immune to backscattering due to certain structural defects
[35-37]. Here, we discuss the required conductivity pro-
files of a freestanding graphene sheet necessary for LW
operation and present an adequate graphene-metasurface

Figure 1: Formation and ideal characteristics of line wave.
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configuration. In addition, we examine the general char-
acteristics of LW in case of non-complementary condi-
tions and dissipation loss. Moreover, we analyze the spin
angular momentum of LW and how that differs from other
types of EM waves. Then, we illustrate some examples of
the possible circuit functionalities using a tunable LW-
based graphene platform. Our contribution to combining
the unique properties of LW and graphene could advance
emerging THz applications such as robust integrated pho-
tonics, strong light-matter interaction, quantum informa-
tion processes, and reconfigurable systems.

2 Results and discussion

2.1 Principle analysis

To establish a criterion for the LW existence, we character-
ize the interfaced boundaries simply by isotropic surface
impedances (ZS). In general, using Z_ conditions, which
relate the tangential electric (E) and magnetic (H) field
components on the surface, allows for the analysis and
control of SW modes on a certain surface boundary [38—
41]. Distinctly, TM (TE) mode (also known as E (H) mode
or p (s) polarization) may form on an inductive (capaci-
tive) surface with positive (negative) sign of Z, specified
as follows [42]:

Zy = N1-1=jn |8, Z,=n,/J1-n*=—jp,x (1)

where 7, (=377Q) is the intrinsic wave impedance in free
space, n is the refractive index, and ¢ is an arbitrary posi-
tive real number. When interfacing boundaries of Z, and

Frequency ()

Wavenumber (f)

(A) Magnitude distribution of the E-field across the interface between complementary TE and TM impedance surfaces showing the line wave
formation with a direction-dependent polarization (pseudo-spin state) and maximum — ideally singular - field concentration along the inter-
face line, and (B) the associated ideal dispersion relation at variable impedance values, hence confinement rates, as well as a vector plot of
the E-field — in inset — showing the field’s intensity decay in the radial direction away from the interface line, and the change in the field’s
vector orientation at different directions in the transverse plane to the interface line.
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Z,, an effective cross coupling between the TM and TE
modes occurs when there is no mismatch in wave momen-
tum (8 =nk, k, being the wavenumber in free space) across
the interface. This corresponds to the two surfaces having
identical ¢ value, in which case they are considered com-
plementary as they have equal but opposite effect on the
E and H field components of the EM wave. As a result, the
line interface preserves EM duality and a LW emerges, as
shown in Figure 1, as desired.

Since doped graphene sheets may support both
TM and TE plasmons [43-45], they may also be used to
support LWs. The dispersion relations for TM and TE SWs
along a freestanding graphene sheet in free space can be
solved for 3 yielding [46]

By =k J1=Q21 0 0,V s By =k [1-(0,7,/2) )]

where o, is the optical surface conductivity of graphene
(see Section 4). Here, the factor of 2 takes into account
the two-faced layout of the graphene sheet, i.e. Zy, =2/og.
Clearly, no SW propagation is possible for a real-valued o,
whereas for a pure-imaginary o,a real solution with S >k,
exists for TM (TE) mode at Im[og] <0 (Im[og] >0), as also
directly inferred from Eq. (1). Figure 2A plots both real and
imaginary parts of the actual o, as a function of frequency,
with carrier relaxation lifetime 7=0.5ps. Here, Re[ag]
spikes in a step-like fashion at wh=2E,, where wh is the
photon (plasmon) energy and E, is the Fermi energy (i.e.
chemical potential) of graphene. This is associated with
the interband absorption of radiation, thus inhibiting
SW formation [47]. In contrast, at zero temperature, both
TM and TE exist without decay in the frequency ranges
wh<1.667E, and 1.667E, < hw < 2E,, respectively. However,
as temperature increases, Re[og] becomes finite at all

o, (KS)
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frequencies; hence, the modes acquire finite damping,
and Im[ag] value within the TE range becomes limited.

As Figure 2B shows, the TM mode is generally tightly
confined (Re[$] > k) and is highly attenuated (Im[5] > k)
in the vicinity of the transition point, corresponding to
E_=0.15 eV at frequency w/2r=60 THz. In contrast, the
TE mode extends significantly above the surface as its dis-
persion relation closely follows the free-space wave and is
lightly damped. Due to the discrepancy between the con-
finement factors of the two modes, it is not plausible to use
a freestanding graphene sheet to support LW operation at
room temperature. The mismatch in wavenumbers may be
alleviated by adding a dielectric cladding to the graphene
layer hosting the TE mode in order to increase the asso-
ciated mode confinement. In such case, it is necessary,
however, to evaluate the effect of the possible difference
in dielectric constant between a substrate and superstrate
on the TE mode formation. Assuming a vacuum super-
strate and a dielectric substrate are used, we find that the
TE mode exists only whene - 1< (40:Im[0g] [o,)%, wheree is
the dielectric constant, « = 1/137 is the fine-structure con-
stant, and o, =e?/zh is the characteristic conductivity [48].
Evidently, the allowable deviation (<10 for hw <2EF) in
dielectric values is trivial, thus practically excluding the
potential use of any substrate.

2.2 Proposed structure

Alternatively, we propose the use of a graphene-metas-
urface configuration such as shown in the schematic in
Figure 3A. The parallel stack structure is made of a layer
consisting of periodic subwavelength arrangement of

B 10,000 :
= 1000
£ :
£ s
S 100 '
=1 i
5 :
] 10 \
z \
QP 55 L. €/l (ev)
2 0 By 0.6 0.8
& 1. T
=
2
2 001
=
£ o.001
& ——-Im [Bl/k
o000 — Re [Bl/k,
0.00001 L

Figure 2: Surface conductivity of graphene and associated surface waves.
(A) Surface conductivity of graphene as a function of frequency (normalized by chemical potential) at different temperatures (T), and
(B) surface wave propagation constant (normalized by free-space wavenumber) as a function of chemical potential at w,=0.26 eV

(w/27=60 THz).
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Figure 3: Details of the proposed structure and associated properties.
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(A) Schematic of the proposed LW platform based on graphene-metasurface and the corresponding circuit model of a parallel transmission
line in the inset, (B) the surface reactance of the structure as a function of chemical potential at different frequencies, and (C) the associated

SW propagation constants as a function of chemical potential at w/27 =

metallic patches, which has an effective capacitive EM
response, and a graphene layer, which has an inductive
EM response. Here, it becomes possible to make better
use of the graphene properties by operating in the low
THz regime, where graphene’s conductivity (hence, Zs(g))
can be significantly tuned and dissipation losses are
minimum [49]. For in-plane wave propagation, the struc-
ture response can be modeled as parallel transmission
lines (i.e. 1/ZS=1/ZS@+1/ZS(m)), where the surface imped-
ance of the metasurface, assuming it has zero resistance,
is [50, 51]

—in,
k ng eor
2a-2In| csc| ==
T 2a

where a=10 um is the unit cell size, g=1 um is the gap
spacing between adjacent patches, and e =14 is the
effective dielectric constant. Note that since depositing
metal directly on a graphene sheet changes its conductiv-
ity significantly, here we consider an isolation layer of SiO,
with a thickness of 0.2 um (see Section 4). Accordingly,
by altering the impedance of the graphene sheet, while
that of the metasurface layer remains fixed at a given fre-
quency, the effective net response of the overall structure
can be varied from capacitive to inductive, as shown in
Figure 3B. In the meanwhile, at any given chemical poten-
tial the structure’s EM response switches from inductive
at the lower frequency end to capacitive towards higher
frequencies.

As Figure 3C shows, at low values of E,, TE mode
is supported with relatively greater confinement than
that of the previously studied case of isolated graphene
sheet. Specifically, for the given structure parameters,
the confinement factor at 3THz spans 1<Re[f,,]/k, <142

s(m) =

3 THz.

and decreases with the increase of E,, as expected. As
E, is increased further, a TM mode appears instead
with a maximum confinement close to the transi-
tion point. For the range 0.9<E <3, a confinement
factor of 1<Re[f,, /k]<4.1 is obtained. Since similar
momenta of the two modes are attainable in the range
1<Re[f/k,] <142 with little attenuation (Im[f]/k,<0.2),
the proposed structure proves capable of supporting LW
at room temperature. The possible LW’s operation range is
determined by the practical limitations incurred by both
modes. Particularly, the TE momentum has an upper limit
that is set by the fixed capacitive response of the metas-
urface, whereas the TM momentum has a lower limit that
is set by the highest achievable inductive response of the
graphene sheet (i.e. E,). Note that while the upper limit
incurred by TE mode can be improved by increasing the
capacitance of the metasurface, for instance, by shrinking
its gaps, this necessitates a higher chemical potential of
graphene to maintain the lower limit incurred by the TM
mode, and vice versa.

In general, since the energy dispersion (i.e. electronic
density of states) in graphene is linear and gapless around
its charge neutrality (Dirac) point, o, can be varied signifi-
cantly with carrier concentration (N) compared to other
materials, as E, =thm , where v, (=10 cm s7) is the
Fermi velocity [52]. However, as its energy states are filled,
it becomes predictably harder to raise E,. Here, N can be
increased via chemical doping or by applying electro-
static bias to the graphene sheet, as illustrated in Figure
3A, via gate voltage. The first approach, which entails
adding dopant atoms to graphene, would increase the
carrier scattering rate, 7, thus increasing the dissipation
loss, whereas in the latter approach, an applied voltage
exceeding the breakdown threshold of the supporting die-
lectric layer would render the devise obsolete. In contrast,
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the use of top-gated ionic gel has been experimentally
shown to be capable of providing doping levels up to
N=1.0x10"cm?, hence E,=1.6eV, with a low gate voltage
V=4V [53, 54]. This is as a result of its high gate capaci-
tance (C,,, =2uF cm™) due to the formation of a thin elec-
tric double layer (thickness =1 nm) close to the graphene
surface. Acting as one of the formed capacitor plates, the
graphene sheet would thus have a charge carrier concen-
tration of N= CEDLVg/e.

Here, we propose the use of ion-based solid electro-
lyte, which exhibits similar performance to ion-gel designs
but can be used as both a back gate and a substrate to
support graphene, hence allowing easier implementation
and more device functionalities [55, 56]. In addition, we
propose the use of multilayer graphene sheets in order to
achieve higher Fermi energy, given a fixed bias voltage.
Being electrically connected and having negligible sepa-
ration, the injected carriers due to a bias voltage are dis-
tributed among the different graphene layers [57]. As the
extra carriers add up to the total charge in the gate capaci-
tor, the equivalent Femi level corresponds to the sum of
the individual levels, leading to an increase in total con-
ductivity proportionally to the number of layers (n), as
follows [58]:

2N
o =0 +...+0"=m (4)
¢ g’ (w—jr™)

The above Drude conductivity model is valid since
the intraband contribution is dominant at the operating
range under consideration. Furthermore, note that the
carrier scattering rate and mobility in multilayer graphene
remain conveniently similar to that in a single layer [58].
Therefore, a good performance is attainable using only
three layers of graphene, where E,=3 eV merely requires
Vg =156 V.

2.3 Line mode characteristics

Figure 4A shows the propagation characteristics at 3THz
of the LW with different  values, at which the comple-
mentary surfaces have the relation Im[ZTM] xIm[Z,]= 7,
The attainable modes, with 1.05<¢ <2.47, have a nor-
malized propagation constant of 1.6 <Re[B/k ] < 5.9 with
the maximum occurring at {=1.13. On the other hand,
the figure-of-merit Re[]/Im[3] dictating the relative
propagation length of the mode increases proportion-
ally with the increase of ¢ due to diminishing attenua-
tion. Figure 4B plots the propagation results at { =1.94
as a function of distance between the interfaced regions,
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over which a linear rather than abrupt transition (see
inset) is assumed in the conductivity profile of the gra-
phene sheet. While the propagation length decreases
with larger transition distances (d), as expected, the
LW characteristics are roughly unchanged at d<1 um.
Therefore, the proposed configuration proves adequate
for supporting operational LW modes within the limited
range of Z_values of the proposed structure under real-
istic conditions.

To probe the LW properties more systematically,
Figure 4C shows the effect of dissipation loss on the
confinement and propagation factors of LW as a func-
tion ¢. Here, we use the actual complex conductivities
of graphene on both TE and TM sides of the LW and
multiply the real part of the overall surface impedance
by a factor of 0<6 <1, where 0 corresponds to the loss-
less case. While the LW tends to maximum confinement
at the lower limit ¢ =1, the effective propagation length
increases proportionally with ¢, indicating a trade of
between the two factors. In addition, the LW confine-
ment is deteriorated due to loss, predominantly at lower
¢ values, indicating a dependence of the LW propaga-
tion constant on Re[Z] rather than solely on Im[Z].
Meanwhile, Figure 4D compares the normalized inten-
sity profile of E-field distribution of the LW in the trans-
verse direction across the line interface at different ¢
values. Favorably, the LW features a comparable, albeit
slightly less lateral energy concentration at higher ¢
values, making such values equally fit for 1D waveguide
operation. Moreover, the associated moderate mode
confinement makes it easy to couple external waves, for
instance in air, to the LWs due to the little momentum
mismatch.

We note that an interface between inductive and
capacitive impedance surfaces of non-complimentary
values can support a quasi-line mode. As shown in
Figure 5A, this mode exhibits similar field profiles to tra-
ditional edge modes, indicating that LW and edge mode
share similar characteristics [59]. An implementation of
the quasi-line mode has been recently studied based on
a graphene/graphene platform at low temperature [60].
Figure 5B plots the normalized propagation constants of
the quasi-line modes in the lossless case along with that
of the conventional 2D SW. These 1D modes show two
notable properties: they exhibit sharp increase in confine-
ment reciprocally with , at either side of the interface; and
they cease to exist when Z,, >~ Z . The later property is in
agreement with the observation that no LW is supported
at <1, while the former property is akin to the asymp-
totic behavior of LW (see Figure 4C) presumably towards
infinite confinement (i.e. zero wave speed) at { =1. For the
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Figure 4: Numerical simulation of the line wave’s mode properties under different conditions.

(A) Propagation characteristics of LWs with different  values supported by the graphene metasurface at 3 THz, (B) associated propagation
characteristic of the structure at {=1.94 in the case of non-abrupt, linear change in Femi energy of graphene — as illustrated in the inset

- over different distances across the line interface, (C) general relation of confinement and propagation factors of LWs versus ¢ with pre-

scribed values of loss factor (Re[Z] _,
interface, over the surface, for LWs of different ¢ values.

sake of clarity, unsteady results from our full-wave simu-
lations near Z,, =~ Z,, and { =1 have been excluded from
the presented figures. Nonetheless, the asymptotic limit of
the wavenumbers for LW and quasi-line mode is evident
from the increase in mode confinement, which diverges
relative to that of SW [2] on similar Z_ surface towards
lower ¢ values.

2.4 Optical spin-orbit interaction

Recently, it has been shown that evanescent waves uni-
versally possess spin angular momentum tied to the prop-
agation direction [61]. This coupling occurs in TM (TE)
SWs due to the wave confinement in the perpendicular
direction to propagation axis, leading to a longitudinal

=0 Re[Zs]am,), and (D) general field intensity profile distribution in the transverse direction to the line

component of the E (H) field with a +7/2 phase difference
relative to the field component normal to the surface [62].
As such, the E (H) field vector rotates in the plane normal
to the surface (i.e. is elliptically polarized) resulting in a
purely transverse spin component that flips sign with the
reversal of propagation direction. In contrast, circularly
polarized (CP) plane waves in free space have purely lon-
gitudinal spin that is in the range [-1, 1] (i.e. parallel or
anti-parallel to the wavevector) depending on the helicity
of the mode. The decay of EM fields in the two directions
orthogonal to propagation axis in the case of LW, which
leads to the presence of all six EM field components,
makes LW different from the aforementioned cases. This
mode is essentially a hybrid of TE and TM modes yet
exhibits a different spin orientation from that of either
mode.
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Figure 5: Numerical simulation of the quasi-line mode confinement properties.

(A) Distribution of the E-field magnitude over a cross-sectional area within the transverse plane to the propagation direction of the line
mode (top) and a quasi-line mode (bottom), and (B) normalized propagation constant (confinement factor) of the quasi-line mode at differ-
ent surface impedance values in case of non-complementary and lossless impedance surfaces across the line interface and comparison with

conventional surface wave (SW) mode.

The spin orientation can be understood from
Figure 6A, which depicts the rotation of both E and H field
vectors at an angle with respect to the surface. The value
of the local spin density (in units of & per photon) is deter-
mined by the relation [63]

_ Im[E"xE+H" xH]
w

S

®)

where W=|E|2+|H|? is the local energy density of the
fields. Figure 6B plots the spin magnitude and the rela-
tive contribution of the individual spin components (e.g.
S; =S-X/|8) in the vicinity of the line interface above the

0.6 s
0.4
0.2

0

-0.2

Spin angular momentum

-0.4

=0.6

-0.8

Figure 6: Spin angular momentum properties of line wave.

surface. Clearly, the orientation angle of the spin in the
transverse xy plane is variable depending on the relative
Z_values across the line interface. In addition, a longitu-
dinal spin emerges upon the introduction of loss to the
supporting surface. As such, unlike conventional SWs, the
spin orientation relative to the propagation direction of
LW could be flexibly tuned. This observation also applies
to the case of quasi-line modes, making such tunability
easily attainable.

The spin-momentum locking property allows for
robust unidirectional flow of evanescent waves in general
via an excitation beam carrying similar spin angular

S
08 :\:\\-—-—_‘.__

(A) Snapshot in time of electric and magnetic field vectors of LW along the propagation axes with a cross-section view (top) and longitudinal
section view (bottom), (B) magnitude of spin angular momentum (red) and normalized contributions of the spin components along different
directions of the LW as a function of ¢ with and without loss, and (C) E-field magnitude distribution over the surface showing directional
excitation of LW via a CP electric dipole (left) and a pair of linearly polarized, in-phase electric and magnetic dipoles (right) on opposite sides

of the line interface.
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momentum [64]. This is usually tested through the near
field of a point source CP electric dipole placed in the
vicinity of a TM-supportive surface [65]. Likewise, a CP
magnetic dipole may excite a directional SW mode over a
TE-supportive surface. The LW may be excited with either
source since its spin relies on the dual contribution of the
E and H fields as shown in Eq. (5). As shown in Figure 6C,
it can also be excited using a dipole pair of different types
that are placed within half-wavelength distance apart
across the line interface. Here, the linearly polarized par-
allel dipoles excite SWs respectively omni-directionally,
proving that the unidirectional excitation of the LW is not
simply due to that of the surrounding SWs. Instead, it is
due to the phase relation between E and H fields, given
that the two components have a phase combination that
is unique to a particular spin orientation. This property
along with the tunability of the spin orientation of LW
offers a new degree of freedom for manipulating wave-
matter interactions, such as routing the flow of photolu-
minescence depending on the polarization of the emitter
transition [66], which has attracted focused interest lately
for use in quantum signal processes.

2.5 Reconfigurable circuits

Many recent research works have been done on transmis-
sion line structures with high field concentration [67-69]
including based on spoof SPP at the THz regime [70, 71].
However, the majority of the associated applications lack
reconfigurability, enabling only limited circuit function-
ality. Figure 7A shows a schematic of an agile, versatile
platform based on graphene-LW combination. By using
a large array of bias control pads beneath the structure,
we could guide signals along arbitrary pathways between
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selectively different inputs/outputs. Since the orienta-
tion of the impedance surfaces across the line interface is
reversed in the backward/forward propagation directions,
the associated spin orientations are opposite, allowing
the corresponding orthogonal polarization states of LW to
be used for transmitting and receiving of signals without
interference. In addition, the associated robustness could
be exploited to alter the surface impedances across the
line interface to control the mode confinement at spe-
cific sections along the waveguide for use as compact
delay lines with tunable phase shift [34]. Moreover, since
switching the impedance surface type across the interface
at a particular section would forbid further propagation of
a given LW polarization, this can be used as a switching
functionality or for implementing network devices such as
the magic-T structure shown in Figure 7C.

3 Conclusion

In summary, we have discussed the properties of LWs and
proposed a practical implementation in flat graphene,
which allows for their dynamic manipulation. Specifically,
a stack of multilayer graphene and a metallic patch meta-
surface over a back-gated electrolyte substrate was shown
to emulate the necessary impedance surfaces using low
bias voltage variation at room temperature. Unlike other
1D modes, our approach based on LWs allows for readily
reconfigurable wave pathways, mode confinement, and
polarization states. In addition, LWs are attractive for
sensing and potentially nonlinear applications due to the
higher mode confinement compared to conventional SWs.
Furthermore, we have shown that LWs exhibit unique
flexible optical spin-momentum relation, which could

Inductive Capacitive
region region

Figure 7: Illustration of an electrically programmable platform of line waves for (A) guiding signals along arbitrary-shaped pathways, (B)
robust straight delay lines with tunable phase shift capability, and (C) network circuits such as a magic-T coupler based on spin-filtered

channels.

The arrows indicate one sense of polarization that is specific to the shown propagation direction due to spin-momentum locking. Figures B
and C show the full-wave simulation results of the electric field intensity distribution above the surface of the proposed graphene metasur-
face structure with the actual complex conductivities corresponding to { =2.4.



DE GRUYTER

be beneficial for circuits based on spintronic processes.
Moreover, we have pointed out the occurrence of quasi-
LWs under certain conditions of non-complementary
boundaries, which exhibit similar characteristics to LW
albeit with asymmetric field profile and lower field concen-
tration. Finally, although our study concerns graphene at
the low THz regime, our results may be extended to similar
2D materials at other frequencies [49, 72, 73], allowing for
potentially more applications and improved performance.

4 Methods

4.1 Graphene conductivity

In our classical approach, the EM response of the gra-
phene sheet is derived from its optical surface conductiv-
ity (o). In the absence of external magnetic field, this is
given in the local limit of the random-phase approxima-
tion at a finite temperature by [15, 17]

ag(a), E,t,T)=0"%(w, E,, 7, T)+0™ (0, E,, 7, T)

intra __

_ie? -E
—L_ E_ +2k,TIn| exp| —£ |+1
an’*(w—jr™) k,T

mer €1 1 wh—2E,
o =—/| —+—arctan| ———
42 w 2k,T

(wh+2E, ) D ©

+Lin
27 {(wh—ZEF)Z +(2k,TY

where o is the angular frequency, e is the electron charge,
k, is the Boltzmann constant, T is the temperature, & is
the reduced Planck constant, 7 is the carrier relaxation
lifetime, and E, is the Fermi energy. The first (second)
term is attributed to intraband (interband) transition (i.e.
electron-photon scattering process), which is dominant
for wh <« 2E, (wh>2E,), in which case the sheet’s response
is inductive (capacitive).

In our study, where high doping at room temperature
and frequencies are well below 2E,, we can safely neglect
temperature and interband effects, which reduces the
expression above for o, to the Drude conductivity model
given in Eq. (4).

4.2 Numeral analysis

Full-wave simulations were performed using the Eigen-
mode setup (for dispersion relations) and Driven-mode
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setup (for transmission data) in ANSYS HFSS, which is a
finite element method-based commercial software. The
graphene was modeled as a sheet of zero thickness with
an assigned isotropic impedance value (i.e. surface imped-
ance boundary). The metallic patch metasurface was
modeled as perfect electric conductor of finite size. Unit
cell incorporating the stacked two layers with an isolation
dielectric was solved for using periodic boundaries, and
the extracted effective net impedance was found to be in
agreement with the theoretical calculations of the parallel
transmission line model in Figure 3B. Here, ¢ = (te, +1)/2,
where (1/e) <t<1is a constant dependent on the dielec-
tric layer thickness. Subsequently, the overall structure
was modeled as two adjacent semi-infinite surface imped-
ance boundaries, with values corresponding to Z,, and Z,
across the interface of LW.
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