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We discuss plasmons of biased twisted bilayer graphene when the Fermi level lies inside the gap. The
collective excitations are a network of chiral edge plasmons (CEP) entirely composed of excitations in the
topological electronic edge states that appear at the AB-BA interfaces. The CEP form a hexagonal network
with a unique energy scale €, = (e?)/(egety) with 1, the moiré lattice constant and e the dielectric constant.
From the dielectric matrix we obtain the plasmon spectra that has two main characteristics: (i) a diverging
density of states at zero energy, and (ii) the presence of a plasmonic Dirac cone at 2w ~ €, /2 with sound
velocity vp = 0.0075¢, which is formed by zigzag and armchair current oscillations. A network model
reveals that the antisymmetry of the plasmon bands implies that CEP scatter at the hexagon vertices
maximally in the deflected chiral outgoing directions, with a current ratio of 4/9 into each of the deflected
directions and 1/9 into the forward one. We show that scanning near-field microscopy should be able to
observe the predicted plasmonic Dirac cone and its broken symmetry phases.
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Introduction.—The study of graphene has brought to
light many unexpected basic as well as applied physical
properties [1,2]. More surprises appear when two graphene
layers are stacked and rotated one on top of the other,
forming the so-called twisted bilayer graphene (TBG).
When the rotation angle is large, the graphene layers are
electronically decoupled [3,4], but at small twist angles the
Fermi velocity of the carriers reduces considerably [5]. At
some particular magic angle, the electronic bands become
almost flat around charge neutrality [6-8]. In this regime,
new and unpredicted electronic phases emerge [9—-12].

Also collective modes in twisted structures have been
studied and show several new features [13—23]. In this Letter,
however, we will discuss the collective excitations associated
with the network of chiral electronic edge states (EES) that
appear when an electric field is applied perpendicular to the
sample and the chemical potential lies inside the gap [24-26].
In this regime, plasmons can be described by a simple
macroscopic model that is defined by a hexagonal lattice of
alternating Hall conductivities, as shown in Fig. 1(d).

The main results of our work are (i) that plasmons are
well represented by chiral edge plasmons (CEP) bounded
to the AB-BA interfaces, that scatter at the hexagon vertices
mainly in the two deflected chiral outgoing directions and
(ii) the prediction of a plasmonic Dirac cone, which
is formed by spinors composed of oscillating current
patterns in the zigzag and armchair direction, respectively.
A plasmonic gap can be opened by breaking the rotational
symmetry via strain or due to magnetic fields. Furthermore,
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the plasmonic density of states diverges in the limit of
vanishing frequency. We propose that these features can be
seen in scanning near-field microscopy.
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FIG. 1. (a) TBG’s unit cell showing the regions with stacking
AA, AB, and BA. (b) Propagating and antipropagating edge
modes corresponding at the K and K’ valleys, respectively, at
gapped AB/BA interfaces. (c) Hexagonal pattern showing unit
cell with stacking AB and BA and the network of EES encircling
these regions. (d) Hexagonal pattern showing the periodicity of
triangular regions with Hall conductivities iagy.
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Model.—The TBG forms a moiré pattern that, although
in general is incommensurate, can be approximated very
accurately by a triangular unit cell of lattice parameters
ti2)=[(1/2),(£v3/2)]ty, with 7= (a)/(2sin6/2), being
a =246 A the graphene lattice parameters and 6 the
twist angle; see Fig. 1(a). In the TBG unit cell, it is
possible to identify regions where the graphene layers are
either Bernal-stacked (AB and BA) or one on top of the
other (AA); see Fig. 1(a). An interlayer bias, A, opens an
electronic gap in the Bernal stacked regions [27]. Under
lattice relaxation, these regions expand at the expense of
the AA regions in order to reduce elastic energy [28]. For
small twist angles, the Bernal-stacked regions define a
periodic hexagonal structure, with a unit cell formed by
two triangles with stacking BA and AB, respectively; see
Fig. 1(c). This regime has recently attracted considerable
attention by various research groups [29,30].

Gapped Bernal-stacked regions are nontrivial insulators
and, consequently, have a finite valley Chern number per spin
[25.31-33], ie., CgB = —CRP = —C3* = CBY = sgn(A),
where K and K’ are the graphene Dirac points. At the
interface between the AB and BA regions, and because
of the difference in band topology, two EES per spin and
valley appear [26,34,35], with opposite propagation direction
in opposite valleys, which has been experimentally proven
[36-40]. In TBGs the existence of a network of EES
encircling the triangular regions with AB and BA stacking

|

i1

e—3(a+Gl+|a+G))

has been predicted [41-46] and recently experimentally
observed [47].

When the Fermi edge is inside the gapped regions, the
plasmonic collective excitations are formed by electron-
hole electronic transitions in the EES and have an one-
dimensional chiral character [48]. We name them chiral
edge plasmons. In the context of the quantum Hall effect
[49-52], CEP exist at the frontier of two-dimensional
electron gases with Hall conductivities C,(e?/h) and
C,(e*/h), and have a dispersion of the form %w,,(q) ~
(e?/2¢eey)qlog(qd)(Cy — C,), with & the effective thick-
ness of the two-dimensional system. A similar dispersion
has been obtained for CEPs at the interface between
topological insulators with different Chern numbers
[53,54]. In TBG, we expect that because of the Hall
conductivity patches, Fig. 1(d), the collective excitations
will consist of a network of CEP.

Formalism.—In order to discuss the emerging plasmonic
modes, we use the approach based on the current rather
than the charge response [49]. The information on the
system is given by the conductivity tensor, which in our
case has only nondiagonal Hall components with values
+6?, = gs(¢?/h) in the upper and lower triangles of the
moiré superlattice; see Fig. 1(d). Here g, = 2 is the spin
degeneracy. For a wave vector ¢ in the moiré Brillouin zone
(MBZ), the frequencies of the dielectric modes [55,56] are
obtained from the eigenvalues of the matrix

Mg (q)

where S,. and G are the unit cell area and the reciprocal
vectors of the moir€ lattice, respectively, 6, is the Fourier
transform of the Hall conductivity, and e=9°/(2¢yeq) is the
Fourier transform of the Coulomb interaction in two
dimensions. For a given eigenvalue w;(q), with eigen-
vector {ag(G)}, the corresponding dielectric eigenmode

has the form, ¢'(q,G) = [(e7976)/(\/|q + G])]a (G).
We have checked that this formalism gives the correct
chiral xedge plasmons when the Hall conductivity is
modulated only in one direction. For details, see the
Supplemental Material [57].

The matrix Mg g/(q) is real and symmetric, and there-
fore its eigenvalues and eigenvectors are real. The spec-
trum is antisymmetric with respect to zero frequency
and zero momentum, i.e., for each eigenvalue w(q),
there exists a corresponding eigenvalue w(—q) = —w(q)
with the same eigenvector. This symmetry in reciprocal
frequency-momentum space directly arises from the exist-
ence of real valued time-dependent electric fields [54,61].
Because of the underlying lattice symmetry, we also have

o(q) = 0(=4x.9,) = —0(q:.—qy) = 0(Ruq) = —0(Rsq).

"~ Su2e0e\/]q+Gllq+ G|

2-(a+G) x(q+G)]6,,(G-G), (1)

|

Plasmon dispersion.—Collective charge density excita-
tions of gapped twisted bilayer graphene are given by the
positive eigenvalues of the matrix Mg ¢/(q). Because of
the chiral nature of the excitations they only exist in half
of the MBZ, see shadow regions in Fig. 2(a). The com-
plementary white regions are occupied by plasmonic
excitations belonging to the opposite graphene valley. At
low energies, the collective excitations are CEP moving
along the AB-BA boundaries with a chiral sense of rotation
imposed by the arrangement of the Hall conductivity. The
character of the excitations becomes clear when we plot
the electrical current associated with a dielectric mode,
7'(r) = —6,,(r)V@i(q, r). In Figs. 3(a) and 3(b), we plot
the x and y components, respectively, of the electrical
current for a mode near I'. The current is localized at the
sides of the triangles that form the unit cell and circulates
in opposite directions in triangles with opposite Hall
conductivity.

In Fig. 2(d), we plot the first nonzero eigenvalues of
Mg (q) along the direction I' = K' — M — IC =T of the
MBZ. [62] The most striking feature of the network of CEP
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FIG. 2. (a) Moiré Brillouin zone. Plasmons exit in the shadow

regions. (b) Dispersion of the dielectric modes in the MBZ. Dirac
cones appearing at the points K and K'. Red dashed line shows
the plane of zero energy. (c) Plasmonic density of states. The flat
dispersion in the I' — M — I" direction produce a high density of
states at low energies. The DOS decays to zero at the frequency of
the vertex of the plasmonic Dirac cone. (d) Dispersion of the
dielectric modes along the direction I' = X' — M — KL — T of the
MBZ. (e) As in (d) but obtained with a network model of CEP
that scatter at vertices.

dispersion is the existence of a Dirac point at the K’
point of the MBZ. The dielectric modes for momentum q,
near the K’ point, ¢ = K’ + Kk, can be written in terms

of spinors y, = (2:)"83';45)@"“ and y_ = (fgfnag(/zz)eikr with
0 = tan"'(k,/k,). The up and down spinors are the
dielectric modes of the degenerated CEP at the point K.
Therefore, near X' the CEP are described by the rotated
Dirac equation H = hvp(o.k, + o.k,) + Ep, being v
and Ej the velocity of the plasmons near K’ and the
energy of the plasmons at the vertex of the cone, res-
pectively, see Fig. 2(c). Figure 3(d) shows schemati-
cally the electrical currents of the CEP at the X' point;
they correspond to currents moving along the sides of
the triangular networks in the X (armchair) and ¥ (zigzag)
directions. The actual form of the current, as obtained
numerically, is plotted in the Supplemental Material [57].

In Fig. 2(c), we plot the plasmons density of states
(DOS) as function of frequency. The linear dispersion
near the Dirac point X' leads to a vanishing DOS at the
energy of the Dirac cone vertex Ep. On the other hand,
the w(—q) = —»(q) symmetry, combined with the chiral
character of the plasmons, produces zero energy excita-
tions along the zone boundaries of half the MBZ, see
Figs. 2(a)-2(b) and a peak in the plasmon DOS at zero
frequency; see Fig. 2(c).

Schematic Current in plasmon 1
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FIG. 3. Currents in the (a) x and (b) y directions for the low
energy plasmons near the I" point of the MBZ. (c) Schematic
picture of the edge currents corresponding to this plasmon.
Schematic picture of the currents corresponding to the two
plasmons at the Dirac point K'. The plasmons bring electrical
currents in perpendicular directions.

Schematic Current in plasmon 2

Plasmons in TBG as a network of CEP.—The currents
depicted in Fig. 3 suggest that plasmons in TBG may be
described by a network model [63], similar to that used
to describe the low-energy dispersion relation of the elec-
tronic system [43,64]. We thus expect only weak depend-
ence on the carrier density in contrast to its electronic
counterpart [44].

The plasmonic network is composed by the CEP of the
AB-BA edges and vertices, where the incoming edge
plasmon is scattered in the three possible outgoing direc-
tions, see Fig. 1(c). This model incorporates Coulomb
interactions through the CEP dispersion relation, m;,(q),
but neglects the interedge interactions. Symmetry and
current conservation impose that the scattering by a vertex
is defined by just two parameters: (i) the ratio between
the transmitted current flowing in the forward P, and each
deflected direction P,, and (ii) the phase of the outgoing
forward plasmon, ¢. Remarkably, our results [57] show
that the antisymmetry of the plasmon spectrum alone fixes
the values Py = 1/9 and P; =4/9, and forces ¢ to be
either O or z. The parabolicity of the spectrum at the I point
fixes ¢ = n. See Figs. 2(d) and 2(e) for a comparison
between the plasmon dispersion and the one provided by
the network model.

Symmetry breaking.—The existence of a Dirac point
indicates the possibility of opening a gap in the CEP
spectrum by, e.g., privileging clockwise electric currents
of the form J, + iJ, over anticlockwise currents J, — iJ,.
This can be achieved by applying a magnetic field
perpendicularly to the layers. In that case, an energy
gap will appear near Ej, and in the presence of a magnetic
field, biased TBG will thus become a photonic crystal
for nanolight. Also elastic strain should open up a gap
by breaking the rotational symmetry. Arguably, the most
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interesting prospect would be the possibility of creating
a Haldane gap leading to topologically protected
plasmonic currents, see Supplemental Material [57].

Energy scale and sound velocity.—The CEP dispersion
is given by only one energy scale, €, = (e?/eyety) =
(18.1[eVnm]/ety), that is determined by the size of the
TBF lattice parameter #,. For typical samples with twist
angle 6 ~0.01° —0.75°, the corresponding lattice param-
eter is fty ~ 19 nm—1.4 ym and the corresponding plas-
monic energy scale €, ~2.5-200 meV for a dielectric
constant €~ 5, much smaller than the bias voltage or
gap of 400 meV [47]. We thus expect a large energy
window where the CEP are not damped by electron-hole
excitations, especially not around the Dirac energy
Ep~e,/2.

The plasmonic sound velocity vp is independent of
the moiré lattice and can be approximated by vp =
3v/3ac/e, where ¢ is the speed of light and a~ 1/137
the fine-structure constant. In general, v, < ¢, thus justi-
fying our nonretarded electrostatic approach. For € =5,
vp ~ 0.0075¢, which is of the same order as the Fermi
velocity of graphene.

Real space images of the plasmons.—A picture of the
electric fields associated with the CEP can be obtained by
using a scanning near field optical microscopy (SNOM)
setup [65—67]. This technique consists of illuminating with
an infrared laser the metallic tip of an atomic force
microscope (AFM) placed on top of the TBG. The light
induces an electric field dipole at the tip that oscillates with
the frequency w of the laser and this oscillation produces an
electric field on the underneath TBG. In order to screen this
field, the carriers of the TBG reorganize and induce
collective charge excitations, that in the case of gapped
TBG are CEP. These plasmons create an electric field that is
backscattered in the tip and analyzing the relative variation
of the scattering amplitude as a function of the position of
the AFM tip it is possible to obtain real-space images of the
plasmonics fields.

The tip under illumination can be modeled as an
effective point dipole and the electric fields can be
evaluated at r =ry; see Supplemental Material [57].
We obtain real-space images of the electric near-field
backscattered by the TBG’s plasmons. In Figs. 4(a)—-4(b),
we plot the map of the amplitudes of the field in the z
direction, s,(w), and the corresponding phase shifts ¢_(w)
for a frequency hw = €,/2. Both quantities have sixfold
symmetry and they are not sensitive to the chiral nature of
the edge states. The brightest regions of the amplitude of
s, correspond to the corners where the topological edges
intersect. However, the phase shift of the field in the z
direction is strongest in the middle of the triangles of
the unit cell. Similar curves are obtained for different
frequencies, the main differences appear in the values of
the amplitude average 5. and phase shift average ¢, over
the unit cell.
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FIG. 4. Maps of the amplitude of the z component (a) and phase
shift (b) of the electric near field. Maps of the amplitude of the
negative (c) and positive (d) circular polarized electric fields.
Variation of the average amplitude (e) and phase shift (f) of the z
component of the near electric field as a function of the frequency.
Parameters were chosen to be zg = 40 nm and 6 = 0.005¢,.

In Figs. 4(e)—4(f), we plot these quantities as a function
of the frequency. 5, shows a maximum at zero frequency
and a minimum at energies slightly lower than the energy of
the Dirac vertex Ep. However, its mathematical expression
is a complicated function of plasmon frequency and little
knowledge on the plasmon dispersion can be obtained.
Much more information is obtained from the average value
of the phase shift ¢., which is proportional to the product of
the frequency and the plasmon density of states. Therefore
the zero phase shift at the energy Ej indicates the absence
of plasmons at this frequency and shows the existence of a
Dirac cone in the plasmon dispersion.

In Figs. 4(c) and 4(d), we plot the real-space images of
the amplitudes of the left, s_, and right, s, circular
polarized backscattered near electric fields. Because of
the chirality of the edge plasmons, the electric fields
generated by the plasmons have different chirality on the
two triangles of the unit cell. The electric fields are located
at the sides of the triangles of the unit cell. Upper triangles
generate light with negative circular polarization whereas
lower triangles produce positive circular polarized light.

Summary.—We have shown that the collective excita-
tions of biased TBG when the Fermi level lies inside the
gap are chiral edge plasmons that are confined at the
AB-BA interfaces. Contrary to the Drude-like plasmons of
Ref. [19], CEP are entirely made of intra-edge excitations
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of the topological electronic states that occur at the AB-BA
edges. Because of their chiral nature, they only exist in half
of the MBZ for one valley and show a large DOS at low
frequencies. A simple network model shows that scattering
of edge plasmons at vertices occurs maximally into the
deflected directions. Most strikingly, we observe a plas-
monic Dirac cone at finite energy that is composed of
oscillating currents in the x and y directions. Breaking the
rotational symmetry by a magnetic field opens up a tunable
gap, paving the way towards a plasmonic transistor at
tuneable frequencies Ep ~ 1-100 meV depending on the
twist angle.
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