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Magic angles, namely, relative rotations between two parallel graphene flakes that create bigger periodic
superlattices, are recently found to inherit the bilayer structure with exotic properties totally unknown to a
single isolated graphite sheet. An electromagnetic analog to these regimes is provided by modeling the two
monolayers of the same two-dimensional medium as anisotropic surface conductivities, which, if properly
tilted, give substantial enhancement for the fields across the formed cavity. Such results may apply the
paradigm of twistronics to nanophotonic design involving stacked optical materials, for serving a wide
range of applications: from electromagnetic sensing and signal processing to radiative heat transfer and
light harvesting.
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I. INTRODUCTION

In certain materials and under strict conditions, elec-
trons can move in an ordered and directional way without
the need of voltage to push them; that is superconductiv-
ity, an exotic property of matter with huge applicability
potential [1]. Such a fascinating effect is being studied for
more than a century [2] and the developed theories usually
thread it together with very low background temperatures
[3]. Since the resistance into superconducting media drops
to zero, the identification of the regime requires sophis-
ticated experimental measurements [4] able to recognize
the different phases into the host substance [5]. Finding a
superconductor operating at higher temperatures has been
the objective of long research efforts [6] involving sub-
stances like iron compounds [7] or boron-doped diamond
[8] and others with similar crystalline lattices. In addi-
tion, alternative mechanisms of superconductivity being
significantly different from conventional electron-phonon
interactions, like the emergence of time-reversal-breaking
states [9] or spin-orbit coupling between electron pairs
[10], have been reported.

Unconventional superconductivity has been recently
detected in a two-dimensional (2D) superlattice created
by stacking two sheets of graphene that are twisted rel-
atively to each other [11] at “magic” angles leading to
flat electronic band structure [12]. This major discov-
ery has been theoretically interpreted [13] and led to
several follow-up findings concerning strong many-body
correlations [14] and transitions between superconduct-
ing, insulating, or metallic phases [15]. The local density
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of states and charge distribution in magic-angle twisted
bilayer graphene has been also visualized [16] while the
conditions for maximized electron interactions into the
newly formed periodic superlattices have been identified
[17]. Interestingly, explanations regarding that extraor-
dinary magic-angle effect have been provided based on
vanishing Fermi velocities [18], appearance of topological
states [19] and phonon-mediated electron attraction [20].

In fact, magic angles in graphene bilayers ignited an
alternative approach to manipulate the electronic proper-
ties of 2D media, labeled as “twistronics” [21] that has
returned several premiums like quantized anomalous Hall
effect [22], Dirac revival transitions [23] and Landau fans
[24]. Correlated states in twisted flakes of 2D materials
have been found tunable via external electric offsets [25],
normal static magnetic bias [26] and in-plane alternating
magnetic fields [27]. Furthermore, suitable relative rota-
tions in bilayers have provided setups [28] serving a broad
range of applications such as gate-controlled quantum
interference via Josephson junctions [29] and manipula-
tion of radiative heat transfer via exotic directional energy
transport [30].

In this work, we consider two coupled, free-standing,
uniaxially anisotropic monolayers of 2D materials being
externally excited and placed at a short distance apart.
By tilting properly their optical axes, the electromagnetic
signal in between is maximized. Each flake is modeled
as a photonic metasurface with specific complex surface
conductivity tensor and it is found that, at these electro-
magnetically analogous magic-angle regimes, substantial
enhancement of the field concentration at the bilayer is
achieved. For realistic values of admittances emulated by
common 2D media like graphene nanoribbons or black
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phosphorus, the power into the cavity can be two dec-
imal orders higher compared to the no-rotation scenario
while such a score is decreasing with the distance between
the monolayers. The reported results may shed light on
the electromagnetic side of the effects occurring at the
magic angles of bilayer superlattices and expand the con-
text of twistronics towards photonic applications such as
signal control, light harvesting, or energy management at
the nanoscale.

II. SURFACE CONDUCTIVITIES OF 2D MEDIA

A. Permissible value ranges

Anisotropy in 2D media is a prerequisite to having
direction-dependent interactions with the incoming waves.
If one homogenizes a single graphene monolayer, it can be
well described by a sheet of surface impedance defined by
the following Drude model [31]:

σ(ω) = η0
q2μc

�2π

1
1/τ + iω

, (1)

where a time dependence of the form exp(+iωt) is sup-
pressed. The symbol η0 is used for the wave impedance
into free space while q is the electron charge. The nota-
tion μc is reserved for the chemical potential indicating the
level of electron doping of graphene while τ is the relax-
ation time of particles. Formula (1) is mainly valid for THz
waves and represents surface current controlled by electric
field, in a directionally agnostic way. To create anisotropy
one may utilize graphene nanoribbons of different features,
as depicted in Fig. 1(a); thus, there are two different surface
admittances σA �= σB to play with. As a result, the effective
conductivities along the two major axes (X , Y) are written
as [32]

σX = rσA + (1 − r)σB, (2a)

σY = σAσB

(1 − r)σA + rσB
, (2b)

where 0 < r < 1 is the relative portion of the first nanorib-
bon across the periodic configuration.

It should be stressed that the losses of the 2D materi-
als are described via the real part of the surface admittance
σ , which is positive for lossy structures. On the other hand,
Im[σ ] > 0 describes a dielectric response while Im[σ ] < 0
indicates plasmonic behavior. To understand what values
of Im[σ ] are attained by a graphene sheet at the THz
regime, in Fig. 2(a), we represent it as a function of the
operational frequency ω and the chemical potential μc, in
terms of 1/η0. One clearly notices that, across the consid-
ered band, graphene exhibits plasmonic response that gets
stronger for increasing μc. In particular, the 2D medium is
turned into more metallic at the range 1 THz < ω/(2π) <

10 THz and these values of Im[σ ] can become smaller
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FIG. 1. Illustrative representation of anisotropic graphene
monolayer, with optical axis (OA) tilted by angle ϕ, comprised of
graphene nanoribbons with different doping levels. The two sur-
face conductivities along the major axes (X , Y) are denoted by
(σX , σY) and form an effective conductivity tensor [σ ] expressed
in the global coordinate system (x, y). (b) Same as Fig. 1(a)
for a black phosphorus monolayer. (c) Schema of two cou-
pled monolayers of the same uniaxially anisotropic 2D medium,
characterized by effective surface conductivity tensors [σ1], [σ2]
and optical tilts (ϕ1, ϕ2), being kept at distance L apart and
excited normally by an electromagnetic (EM) wave of angular
frequency ω.

(more negative) for larger doping amounts. Similarly, in
Fig. 2(b), we show Im[σ ]η0 across the regarded THz spec-
trum of ω but with respect to particles’ relaxation time
τ ; the distribution pushes enhanced plasmonic behavior
towards higher frequencies compared to Fig. 2(a). It is,
thus, clear that for a realistic set of parameters (μc, τ),
the conductance of graphene can be regulated to cover
an extended value range. It is also worthwhile to note,
with slight modifications, σ is given by more sophisticated
models [33] leading to substantially positive Im[σ ]η0 and,
accordingly, suggesting significant dielectric effects. Con-
sequently, it is demonstrated that in the case of graphene,
the variation domain of Im[σ ] includes magnitudes of
several multiples of 1/η0 both of negative and positive
signs.

Anisotropy can be also built in like in the case of black
phosphorus, which is characterized by a zigzag structure of
phosphorene along one dimension while the molecules are
arranged at an armchair pattern along the other one. A top
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FIG. 2. Variation of the imaginary part of the normalized con-
ductivity at a graphene monolayer Im[σ ]η0 in the contour plot
with respect to the operational frequency ω/(2π) in THz and (a)
chemical potential μc in eV (τ = 0.1 ps), (b) relaxation time τ in
ps (μc = 1 eV).

view of such a 2D material is depicted in Fig. 1(b), where
the red-colored atoms are located below the blue-colored
ones and, in this sense, a uniaxial preference is achieved. In
Fig. 3, we consider a stack of several monolayers making
phosphorene of (small) thickness d, and extract the surface
admittances across the two indicated axes (X , Y) based
on ab initio calculations [34]. In Fig. 3(a) we represent
Im[σX ], namely the conductivity along the zigzag direc-
tion, with respect to the oscillation frequency 50 THz <

ω/(2π) < 200 THz and the size d of the sample. It is
clear that the dielectric response gets stronger for thicker
layers across the entire considered band and also Im[σX ]
increases with the operational frequency. In Fig. 3(b) we
show Im[σY] (armchair direction) at the same parametric
map and notice that the quantity remains positive and pos-
sesses larger values compared to Fig. 3(a). Despite the fact
that the variation trends are similar, we understand that
substantial anisotropy Im[σX ] �= Im[σY] can be routinely
achieved and each of the admittances may take values as
high as many multiples of 1/η0.

Once the optical axis gets tilted by angle ϕ, as indicated
in Figs. 1(a) and 1(b), the surface conductivity tensor of the
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FIG. 3. Variation of the imaginary part of the normalized con-
ductivities of a black phosphorus stacked monolayer in a contour
plot with respect to the operational frequency ω/(2π) in THz and
the thickness d of the stack in nm, along (a) X axis (Im[σX ]η0)
and (b) Y axis (Im[σY]η0). The represented values are based on
ab initio data [34].

monolayer [σ ] expressed in the global coordinate system
(x, y) is trivially found as

[σ ] =
[
σ̄ + �σ cos(2ϕ) �σ sin(2ϕ)

�σ sin(2ϕ) σ̄ − �σ cos(2ϕ)

]
, (3)

where σ̄ = (σX + σY)/2 and �σ = (σX − σY)/2. The
notation [σ ] ≡ [ σxx σxy

σxy σyy

]
, regarding the respective elements

of the 2 × 2 matrix, can be used interchangeably.
Uniaxial electromagnetic metasurfaces can be catego-

rized based on the conductivities along their major axes
(σX , σY). With reference to Eq. (2), and under the assump-
tion of lossless constituent media (Re[σA] = Re[σB] = 0),
one may formulate the map of Fig. 4(a) where the signs
of Im[σX ], Im[σY] are presented in each domain across the
plane of imaginary parts of (σA, σB) representing the two
strips shown in Fig. 1(a). If the signs of the imaginary
parts of (σX , σY) are opposite, the monolayer is character-
ized by hyperbolic dispersion relation [35]; in contrast, if
Im[σX ]Im[σY] > 0, the metasurface is called elliptic.

By inspection of Fig. 4(a), where the two materials par-
ticipate with equal portions (r = 0.5), one clearly infers
that hyperbolic regime (orange and light blue color) is fea-
sible only when Im[σA]Im[σB] < 0. Moreover, a compari-
son between the magnitudes |Im[σA]|, |Im[σB]| determines
along which direction (X , Y) the response is dielectric, and
across which plasmonic. In Fig. 4(b), we reduce the filling
factor of the first 2D medium (A) in favor of the second one
(B) by selecting r = 0.25 and we realize that the domains
giving hyperbolic effective properties get shrunk and in
most cases the metasurface is elliptic (deep blue and brown
colors); such a feature is anticipated since the structure
becomes less anisotropic. In this sense, it is natural that
the most interesting results appear for hyperbolic regimes
since the whole “magic-angle” switch is due to the effec-
tive in-plane anisotropy of the metasurface. Obviously,
these hyperbolic parametric regions vanish for r → 0, 1
while a symmetry with respect to the origin Im[σA] =
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–3 –2 –1 0 1 2 3 –3 –2 –1 0 1 2 3
–3

–2

–1

0

1

2

3

–3

–2

–1

0

1

2

3

FIG. 4. Domains across the map of the imaginary parts of
each strip’s conductivities (Im[σA]η0, Im[σB]η0) corresponding
to different signs of the imaginary parts of effective admittances
(σX , σY). Different filling factors of the first 2D medium into the
second one are considered: (a) r = 0.5, (b) r = 0.25.
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Im[σB] = 0 is observed, remarking the reciprocity in the
location of the two strips.

Usually hyperbolic media possess a richer repertoire of
responses when interacting with electromagnetic waves
[36]; indeed, for the simplest scenario of normal incidence
on a planar infinitesimally thin interface, a hyperbolic
structure affects each of the in-plane field components in
a dissimilar way imposing a 180◦ phase shift due to the
different sign of the conductivities. Therefore, both the
reflective and transmissive waves can acquire polarizations
and phases that, in a conventional (elliptic) scenario, call
for anisotropic bulk materials of nonzero thicknesses [37].

B. Structure feasibility

The feasibility of the structure depicted in Fig. 1(a)
is a matter that should be discussed since we regard
two strips of 2D media posed side-by-side with differ-
ent characteristics and at subwavelength distances. The
fabrication of such setups, however challenging, can be
well approximated by graphene nanoribbons with small
airgaps in between that will be taken into account (with
zero local admittance, σ = 0) in the effective anisotropy of
the device. As far as the nanoribbons themselves are con-
cerned, they can be constructed in a variety of ways such
as application of voltage bias along the zigzag direction
of the graphene crystalline grid [38], unzipping of period-
ically placed carbon nanotubes [39] or selective growth of
carbide surfaces with the help from homochiral polymers
as precursors [40]. Thin graphene nanotapes are fabricable
at different planes in cage layouts each side of which can
be doped at unequal levels [41] while adjacent carbon seg-
ments of different homogenized chemical properties can be
chemically solution synthesized [42].

Apart from graphene, nanoribbons of other 2D media
are also constructible. In particular, subwavelength strips
of black phosphorus of Fig. 1(b), which is already
anisotropic as demonstrated by Fig. 3, can be produced
via ionic scissoring of macroscopic crystals [43]. Inter-
estingly, electrochemical unzipping of single-crystal black
phosphorus into zigzag-phosphorene nanobelts, as well
as growth of elongated nanosheets via an oxygen-driven
mechanism, have been reported [44]. Finally, even hexag-
onal boron-nitride nanosegments, mostly terminated with
zigzag edges, can be produced via unwrapping multi-
walled nanocylinders of controllable vacancy defects and
conducting edge states [45].

It should be noted that Figs. 2 and 3 are included
mostly for demonstration purposes to define the permis-
sible ranges of surface conductivities employed in the
subsequent numerical results; we do not necessarily plan
on using these specific 2D materials. However, we advo-
cate that combinations of surface conductivities (σX , σY)

of different signs along each dimension can be achieved
and, thus, we may sweep the two parameters as if they

were independent of each other. Indeed, we just refer to
multiple methods for constructing nanoribbons of several
2D media, regardless of their dielectric or metallic behav-
ior they exhibit and place them one next to the other, even
with some inevitable (but small) physical separation.

Additionally, alternating plasmonic and dielectric
response across a continuous plane of graphene or another
2D material can be emulated in a variety of ways. More
specifically, different substrates have been utilized above
a flake to constitute a coupler between consecutive lay-
ers of alternating nature [46] while similar interactions
are observed in graphene nanoribbons sitting on suitable
bases, accompanied by radiative damping [47]. Further-
more, sinusoidal patterning of the boundaries of nanobelts
yields periodic strips of graphene interacting with the sub-
strate in a thickness-dependent fashion that may enable
each segment to respond differently with the background
electric field [48]. Finally, the design of multimode inter-
ference splitters comprising dielectric strips on a plas-
monic graphene monolayer has been proposed in an on-
chip implementation [49].

III. COUPLED MONOLAYERS

A. Boundary value problem

Let us consider the structure depicted in Fig. 1(c) where
two coupled flakes of the same 2D medium with differ-
ent twist angles (ϕ1, ϕ2) are located at distance L between
them. The effective surface admittance tensors of each
monolayer are denoted by [σ1], [σ2] in the coordinate sys-
tem (x, y, z) defined in Fig. 1(c), according to Eq. (3). If the
dimer is normally illuminated by an electromagnetic wave,
traveling along the z axis, the electric field into the cavity
takes the form

E = (
x̂Ax + ŷAy

)
e−ik0z + (

x̂Bx + ŷBy
)

e+ik0z, (4)

where k0 = ω/c = 2π/λ is the wave number and c is the
speed of light into vacuum. The weights {Ax, Ay , Bx, By} are
determined in the following. The x-polarized incident elec-
tric field is taken of unitary amplitude: Einc = x̂e−ik0z while
the reflected and transmitted components are written as
Eref = (

x̂Rx + ŷRy
)

e+ik0z and Etran = (
x̂Tx + ŷTy

)
e−ik0z,

respectively, where {Rx, Tx, Ry , Ty} are the complex reflec-
tion and transmission coefficients along each of the in-
plane directions. Obviously, the magnetic field H is found
via imposing Faraday’s law: H = i

k0η0
∇ × E, into each of

the regarded three vacuum regions.
After enforcing the boundary condition for continuity of

the electric field at z = 0: ẑ × (E − Einc − Eref) = 0, one
obtains

Rx = Ax + Bx − 1, Ry = Ay + By . (5)

Similarly, the boundary condition for continuity of the
electric field at z = L: ẑ × (Etran − E) = 0 yields two
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scalar formulas (one for each direction) expressing the
respective transmission coefficients in terms of the field
coefficients into the cavity, Eq. (4); in particular,

Tx = Ax + Bxe+2ik0L, Ty = Ay + Bye+2ik0L. (6)

The inhomogeneous boundary conditions referring to the
discontinuity of the magnetic fields by the local elec-
tric fields multiplied with the conductivity tensors, are
mathematically expressed as [50]

ẑ × (H − Hinc − Href)|z=0 = [σ1] · E|z=0 , (7a)

ẑ × (Htran − H)|z=L = [σ2] · E|z=L , (7b)

where the z component is ignored in the incorpo-
rated vectors. Note that Eqs. (7a), (7b) correspond to

Kirchoff’s law for the flowing current in the pres-
ence of voltage-controlled current source. By impos-
ing them, four scalar equations are educed, since each
of Eq. (7) is of vectorial nature. The formulated 4 ×
4 linear system with respect to the complex coeffi-
cients {Ax, Ay , Bx, By}, which are functions of angles
(ϕ1, ϕ2), is given by Eq. (8) below. The respective ele-
ments of the 2 × 2 matrices [σ1] and [σ2] appear in the
expression.

In this way, the field between the two monolayers is
derived in a rigorous way and constitutes the unique solu-
tion to the defined boundary value problem. Accordingly,
no approximation is made and evanescent modes are not
excited into the cavity since the structure is illuminated by
a normally incident plane wave (wave number k0 into free
space).

⎡
⎢⎢⎢⎢⎣

2
η0

+ σ1xx σ1xy σ1xx σ1xy

σ1xy
2
η0

+ σ1yy σ1xy σ1yy

e−ik0Lσ2xx e−ik0Lσ2xy e+ik0L
(

2
η0

+ σ2xx

)
e+ik0Lσ2xy

e−ik0Lσ2xy e−ik0Lσ2yy e+ik0Lσ2xy e+ik0L
(

2
η0

+ σ2yy

)

⎤
⎥⎥⎥⎥⎦ ·

⎡
⎢⎢⎢⎢⎣

Ax

Ay

Bx

By

⎤
⎥⎥⎥⎥⎦ = 2

η0

⎡
⎢⎢⎢⎢⎣

1

0

0

0

⎤
⎥⎥⎥⎥⎦ . (8)

B. Field concentration metric

The spatial average of light intensity across the form
cavity can be an indicator of how powerful the signal in
between the two coupled flakes as follows

P(ϕ1, ϕ2) ≡ 1
L

∫ L

0
|E(z)|2dz

= |Ax|2 + |Ay |2 + |Bx|2 + |By |2

+ 2
sin(k0L)

k0L
Re

[
(AxB∗

x + AyB∗
y)e

−ik0L
]

. (9)

Therefore, a meaningful metric for detecting the electro-
magnetic analog of “magic angles” would be the ratio Q =
P(ϕ1, ϕ2)/P(ϕ1, ϕ1), which expresses the enhancement in
the concentrated power under the relative in-plane rota-
tion by an angle (ϕ2 − ϕ1) and will be maximized in the
adopted optimization scheme. To avoid multiple identical
optimal setups, we sweep the first angle over the entire cir-
cle, −90◦ < ϕ1 < 90◦, and the second over half the range,
0◦ < ϕ2 < 90◦.

One may wonder how the field concentration defined
via Eq. (9) compares with power accumulation reported
through approaches involving the developed acous-
tic modes at very subwavelength distances L. Indeed,
graphene bilayers constitute mechanical nanoresonators

that are proposed to operate at the resonance frequency
of breathing modes [51] while Moiré interlayer potential
boosts the intensity of asymmetric modes for similar setups
[52]. Interestingly, substantial increase of the phonon den-
sity of states has been observed by regulating the lattice
twists at various stacking configurations [53]. However,
the recorded scores in the aforementioned works, are not
comparable with our computed quantities P in Eq. (9),
for two major reasons. (i) We are considering macroscopic
electromagnetic fields and evaluate the energy of the sig-
nal accumulated between the monolayers while most of
the other techniques study in-plane acoustic phonons and
determine the local potential energy of the particles. (ii)
We excite unilaterally the structure via a normally incident
beam while other the approaches consider a source-free
version of the setup and investigate the modes of phonon
dispersion.

Another issue is the suitability of the selected metric
Q and how the signal concentration |E|2 may be related
with the appearance of superconductivity or alternative
phase-changing effects. In fact, several experimental stud-
ies have shown that increased local fields create a fertile
ground for the particles to behave in various exotic ways
and modify abruptly their current states. In particular,
electric-field-induced superconductivity in an insulator by
using electric-double-layer gating at organic electrolytes
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has been reported [54] while the application of strong fields
effectively contribute to the high-temperature supercon-
ductivity in ultrathin iron selenides [55]. High magnetic
fields have also been found responsible for enhancing
electron-electron interaction in systems with low carrier
density [56] and may stabilize superconductivity because
transition temperature increases with the applied intensity
[57]. Of course, in most of the aforementioned works, the
electric or magnetic fields are static biases contrary to the
considered electromagnetic waves of our approach that
oscillate with frequency ω. However, matter waves, rep-
resenting high-energy particles, oscillate much faster and
may perceive the background fields as time invariant.

In any case, it should be remarked that maximization of
the power P across the considered cavity or optimization
of the adopted metric Q is not necessarily accompanied by
a transition in the behavior of the traveling electrons. Our
analysis follows the classical electrodynamics principles
studying electromagnetic fields coupled with homogenized
media and not isolated particles trading with crystalline
structures. Therefore, in the framework of the regarded
model, we do not demonstrate superconductivity or other
modification in the way the electrons interact with matter.
We simply advocate that a significant value in Q enables
the respective pair of optical axes tilts (ϕ2, ϕ1) to be char-
acterized “magic angles” in the electromagnetic sense.
Indeed, these rotations create a dramatic switch in the oper-
ation of the cavity since a huge change in a fundamental
quantity like the accumulated power is observed.

IV. MAGIC ANGLES

A. Optimal designs

In Fig. 5(a), we show the variation of Q across the
map of two angles (ϕ1, ϕ2) for 2D flakes of plasmonic
conductivity along X axis (σX = −i/η0) and dielectric
response along Y axis (σY = 4i/η0). The metric Q indicates
that the signal can be enhanced several times simply by
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FIG. 5. Process of detecting the magic angle that maximizes
the signal enhancement Q. The metric Q is shown across the map
of the optical axes twists (ϕ1, ϕ2) and the magic angle is denoted
by a blue × pointer for different axial surface conductivities:
(a) σX = −i/η0, σY = 4i/η0 and (b) σX = 4i/η0, σY = −4i/η0.
Distance between monolayers: L = 0.01λ.

rotating the two monolayers and the pair of magic angles
(ϕ1, ϕ2) giving maximal power concentration is indicated
by a blue marker ×. In Fig. 5(b), we assume dielectric
behavior along X axis and metallic along Y axis and more
substantial values for the field enhancement metric Q,
being proportional to the structure’s interaction with the
incident x-polarized wave, are recorded. This time the opti-
mal regime is achieved when the two flakes are rotated
around opposite directions (ϕ1ϕ2 < 0) and a very elon-
gated oblique parametric “plateau” is formed around the
blue marker. Therefore, larger sensitivity of the bilayer
signal accumulation capability, with respect to the optical
tilts, is expected.

If we repeat the computations behind Figs. 5(a) or
5(b) for numerous pairs of major surface conductivities
(σX , σY), we can store the maximal scores Q in order
to represent them in graphs where the optimization with
respect to angles (ϕ1, ϕ2) is implied. In Fig. 6, we con-
sider two lossless monolayers (Re[σX ] = Re[σY] = 0) and
show the greatest possible field enhancement as a function
of the imaginary parts of the two surface conductivi-
ties (Im[σX ], Im[σY]). In other words, each point on the
regarded map is the result of an optimization on the major
parametric plane of tilts (ϕ1, ϕ2). The depicted quantity
possesses much higher magnitudes compared to Fig. 5,
which is natural since an extensive assortment of surface
conductivity combinations has been investigated.

In Fig. 6(a), we consider an interlayer distance
L = 0.05λ and the maximum signal concentration is
recorded when the used monolayers are hyperbolic
(Im[σX ]Im[σY] < 0) and, especially, when one of the two
imaginary parts approaches the value Im[σX ] ∼= 3.5/η0
while the other satisfies the inequality Im[σY] < −1.5/η0.
In Fig. 6(b), the two monolayers are located much closer to
each other (L = 0.01λ) and the average field into the cav-
ity gets amplified while the optimal contrast between the
two major admittances (σX , σY) increases further to push
the global optimum outside of the regarded map.

The reasoning behind the high scores achieved by hyper-
bolic coupled flakes concern two factors: (i) the optically
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FIG. 6. Maximum signal enhancement 10 log10 Q (in deci-
bels) by regulating the optical twists (ϕ1, ϕ2) as a function
of the imaginary parts of normalized surface conductivities
(Im[σX ]η0, Im[σY]η0), for two different distances between the
two lossless monolayers: (a) L = 0.05λ and (b) L = 0.01λ.
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small distance between the two monolayers (L 	 λ) and
(ii) the phase difference imposed to the produced waves
due to the opposite signs of admittances (Im[σX ]Im[σY] <

0). Indeed, the tiny thickness of the cavity means that there
is no phase shift between the two reflections (firstly of
the incident wave by the first metasurface and secondly
of its transmitted wave by the second metasurface). As a
result, a matched regime (null aggregate reflection), which
is usually an indication of strong field into the bilayer, may
occur only if the dispersion is hyperbolic otherwise the
two reflections never cancel each other. When it comes to
the assumption that matching can be treated as a precondi-
tion for large accumulated power P, it is explained by the
empty area between the flakes, which does not permit the
development of large local fields as in the case of a dense
dielectric filling [58].

In Fig. 7, we assume that the monolayer is lossy along
the Y axis without reactive part (Im[σY] = 0) and lossless
along the X axis. In Fig. 7(a), the size of the bilayer is
kept fixed at L = 0.05λ and the highest metric Q after
sweeping all possible in-plane rotation angles (ϕ1, ϕ2)

is represented on (Im[σX ], Re[σY]) plane. However, the
performance is substantially suppressed compared to the
respective Fig. 6(a) due to the apparent Ohmic effects. The
best scores are found either for an overall lossless design
(Re[σY] → 0) or across the zone with Im[σX ] ∼= 3.5/η0, as
also indicated in Fig. 6(a). In Fig. 7(b), we decrease the
distance between the two monolayers (L = 0.01λ) and the
highest Q performances are detected at the same regions as
in Fig. 6(b) but are of much lower levels. Obviously, when
both Im[σX ] and Re[σY] vanish, the monolayer is fully
transparent and thus Q = 1 is not dependent on the implicit
tilts of the axes (ϕ1, ϕ2). Note that the low-performance
parametric locus is asymmetric with respect to Im[σX ] = 0
and becomes clear that plasmonic designs (Im[σX ] < 0)
are more vulnerable to losses than the dielectric ones
(Im[σX ] > 0), for both Figs. 7(a) and 7(b).
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FIG. 7. Maximum signal enhancement 10 log10 Q (in decibels)
by regulating the optical twists (ϕ1, ϕ2) as a function of the imag-
inary part of normalized surface conductivity along one direction
(Im[σX ]η0) and the real part of the respective quantity along the
other direction (Re[σY]η0), for two different distances between
the two monolayers: (a) L = 0.05λ and (b) L = 0.01λ.

B. Signal spatial distribution

In order to understand the power enhancement into the
cavity formed by the two anisotropic monolayers, it would
be meaningful to show the variation of the electric field
|E(z)|2 across the normal-to-interfaces z axis. In Fig. 8(a),
we pick the optimal scenario from Fig. 6(a) corresponding
to L/λ = 0.05 and represent the spatial distribution of the
signal in two scenarios: (i) when ϕ2 = ϕ1 and (ii) when ϕ2
equals to its magic value. It is noteworthy that the proposed
rotation not only boosts the signal between the sheets but
also reverts the trend from increasing to decreasing with
respect to z. However, the field behind the bilayer (z > L)
gets also significantly amplified while the reflections are
mitigated since the overall signal for z < 0 approaches the
incident unitary level.

In Fig. 8(b), we repeat the calculations of Fig. 8(a) after
choosing the best design from Fig. 6(b) corresponding to
L/λ = 0.01. In the one curve (red color), both tilts (ϕ1, ϕ2)

are optimally selected, meaning that we have an electro-
magnetically analogous magic-angle effect, and with the
other curve (blue color) we show the signal |E(z)|2 when
both angles are equal to the optimal value of ϕ1. Once
again, the increase in the power between the two mono-
layers is substantial and the design is almost transparent
to the incoming illumination, admitting practically all the
external field to penetrate into the cavity.

As implied above, the suppression of reflection is not a
trivial result since the two monolayers are positioned very
close to each other (small L/λ) and thus Fabry-Perot reso-
nances are not possible. Suitable in-plane rotations of the
impedance sheets render the bilayer practically transpar-
ent to the incoming illumination and, thus, the signal in
between is almost equal to the incident magnitude; more
substantial values are not possible since the two meta-
surfaces are free standing without denser substrates. One
may remark that larger signal concentration across the
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FIG. 8. Spatial distribution of the electric field signal |E|2 with
respect to the longitudinal distance z/L when the two mono-
layers have the same optical axis twists (ϕ2 = ϕ1) and when
there is a magic angle between them. Two different distances
between the two monolayers are considered: (a) L = 0.05λ (with
σX = 3.1i/η0 and σY = −10i/η0) and (b) L = 0.01λ (with σX =
10i/η0 and σY = −10i/η0).
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cavity can be achieved if a point source [59] is posi-
tioned between the monolayers. However, our intention
is to identify which configuration leads to significant field
enhancement in the presence of mildly varying background
waves instead of using hotspots to excite locally the sys-
tem; to put it concisely, we are searching for optimal
structures, not optimal feedings.

One of the major objectives of this work is to demon-
strate a dramatic change in the behavior of the bilayer
structure simply by rotating the optical axes. Such an
operational switch has mainly to do with the field devel-
oped between the two monolayers, namely, with the power
quantity P defined by Eq. (9) as well as with the met-
ric Q that compares P with the case of zero relative tilt
(ϕ2 − ϕ1 = 0). To understand that high scores of P (and,
accordingly, Q) are quite challenging to hit, we show in
Fig. 9(a) the electric field signal |E|2 (in decibels) across
the cavity (0 < z < L) while sweeping all possible tilts
(ϕ2 − ϕ1); with the blue dashed line, we denote the optimal
level of relative rotation. It is clear that retaining substan-
tial field between the flakes while being externally excited
is not trivial since the configuration is free standing (vac-
uum background); as a result, |E|2 rarely surpasses the
intensity of incoming wave. Note, additionally, that across
the central angular sector |ϕ2 − ϕ1| < 45◦, the signal is
very weak while the represented quantity is, on average,
declining with z.

It is noteworthy that the pattern is almost symmetric
with respect to (ϕ2 − ϕ1) and, importantly, that maximal
field concentration occurs for a very narrow range of (ϕ2 −
ϕ1) in the vicinity of the optimal tilt. In Fig. 9(b), we con-
sider metasurfaces of elliptic type (Im[σX ], Im[σY] > 0),
contrary to Fig. 9(a), where hyperbolic (Im[σX ]Im[σY] <

0) structures are employed. Once again, the sign of (ϕ2 −
ϕ1) is found to play little role but the magnitude of
the recorded signal is much smaller compared to that of
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FIG. 9. The electric field signal 10 log10 |E|2 (in decibels) as a
function of the longitudinal coordinate z/L and the relative rota-
tion (ϕ2 − ϕ1) of the monolayers for (a) hyperbolic metasurfaces
(σX = +9i/η0, σY = −8.5i/η0) and (b) elliptic metasurfaces
(σX = +9i/η0, σY = +0.5i/η0). Blue dashed lines indicate the
optimal tilt levels. Distance between monolayers is L/λ = 0.01.

Fig. 9(a). Such a feature is attributed to the elliptic mono-
layers, which, unlike hyperbolic ones, are less successful
in matching themselves with the vacuum background (for
L 	 λ). Finally, one may remark the increasing trend of
|E|2 with respect to z, contrary to the example of Fig. 9(a).

C. Interlayer spacing effect

In Fig. 10, we focus on the two monolayers optimized
when kept at distance L = 0.01λ and examine the behavior
of the signal enhancement when the rotation angles of opti-
cal axes and the size of the cavity change. Indeed, there is
no interest in investigating optimal setups at various inter-
layer spacings since maximal Q is a decreasing function of
L/λ; however, it is intriguing to observe the behavior of an
optimized system at a given L/λ, once that distance varies.

In Fig. 10(a), we represent the metric Q across the map
of optical length L/λ and the tilt of the first monolayer
ϕ1. The operational point as derived from the optimiza-
tion in Fig. 6(b) is denoted by a blue circle and the best
ϕ1 angle for L = 0.01λ is marked by a red dashed line.
One directly notices that for an increasing L/λ a substan-
tial drop occurs in the recorded Q while for an intermediate
zone of distances, two strong local maxima appear. These
two “bright” parametric strips merge into one as the size
of the bilayer shrinks, located around ϕ1 ∼= 30◦. Note that
for L > 0.05λ the metric increases again as dictated by the
Fabry-Perot dynamics of the considered structure.

In Fig. 10(a), we represent the quantity Q on the plane
(L/λ, ϕ2) this time. Again, two regions of significant field
enhancement are formulated but one of them gives much
stronger signal concentration than the other. Tuning the
parameter ϕ2 seems that it can lead to much higher Q
at smaller distances compared to sweeping ϕ1. It can be
attributed to the fact that the second flake interacts with a
beam already filtered through the first monolayer and thus
is easier to achieve high matching.
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FIG. 10. The signal enhancement metric 10 log10 Q (in deci-
bels) as a function of the distance between the monolayers L/λ

and (a) the optical twist of the first monolayer ϕ1, (b) the opti-
cal twist of the second monolayer ϕ2. The blue circles denote
the optimal designs and the red dashed lines indicate the opti-
mal levels of twists (ϕ1, ϕ2) for L = 0.01λ. Plot parameters are
σX = 10i/η0, σY = −10i/η0.
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V. CONCLUSIONS

Two monolayers of a 2D anisotropic substance are
placed close to each other and get normally illuminated.
If one properly rotates their optical axes, the electromag-
netic signals into the formed cavity become substantially
enhanced and, as a consequence, state transitions are
strongly encouraged. Our results constitute an electromag-
netic version of the findings related to the magic-angle
regimes in twisted bilayers of graphene and may inspire
the next experimental and theoretical efforts towards ver-
satile photonic design by simply rotating the employed
impedance metasurfaces.

An interesting expansion of the present work would be
to investigate multiple flakes of 2D materials and identify
optimal setups into a multidimensional parametric space
referring to the tilts of each sheet. In addition, the distances
between each pair of consecutive components may vary
to allow for ultrasharp resonances involving the energy
distribution across the regarded layout. Biaxial or even
fully anisotropic 2D media can be alternatively employed
for performing effective twists of their optical axes by
controlling the external biases to accomplish a number
of electromagnetic operations within a few-atom-thick
configuration.
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