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Abstract. It is shown that exciton swapping between two graphene sheets may occur under specific con-
ditions. A magnetically tunable optical filter is described to demonstrate this new effect. Mathematically,
it is shown that two turbostratic graphene layers can be described as a “noncommutative” two-sheeted
(2 + 1)-spacetime thanks to a formalism previously introduced for the study of braneworlds in high energy
physics. The Hamiltonian of the model contains a coupling term connecting the two layers which is similar
to the coupling existing between two braneworlds at a quantum level. In the present case, this term is
related to a K-K' intervalley coupling. In addition, the experimental observation of this effect could be a
way to assess the relevance of some theoretical concepts of the braneworld hypothesis.

1 Introduction

During the last few years, graphene has taken a grow-
ing importance in solid-state physics [1-41]. Indeed, it
is an amazing case of two-dimensional carbon crystal,
and its remarkable properties make it a strategic ma-
terial for future nanotechnologies. For instance, doped
graphene [36,37] thanks to electrostatic gating [38,39] can
lead to efficient tunable optical devices. Moreover, re-
cent works on graphene also underline the importance
of electronic transport in turbostratic (twisted) bilay-
ers [3-17]. In this context, the study of the specific fea-
tures of graphene is of prime importance to develop new
technological applications. In the present paper, we de-
scribe a new effect in which exciton swapping may occur
between two graphene layers. An experimental device re-
lying on a magnetically tunable optical filter is suggested.
On a theoretical point of view, exciton swapping is well
described by using a formalism introduced previously in
high energy physics to describe the quantum dynamics of
particles in a two-brane Universe.

During the last two decades, the possibility that
our observable (3 + 1)-dimensional Universe could be
a sheet (a 3-brane or braneworld) embedded in a
(N + 1)-dimensional spacetime (called the bulk, with
N > 3) has received a lot of attention [42-45]. Such an
exotic concept appears very productive to solve puzzling
problems beyond the standard model of particles [42-45].
In recent papers [46-49], it was proved that in a uni-
verse made of two branes, the quantum dynamics of Dirac
fermions can be rigorously described in a more simple
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and equivalent frame that corresponds to a two-sheeted
spacetime in the formalism of the noncommutative ge-
ometry [46,47]. Noncommutative geometry is a wide con-
cept which covers different aspects [50-56]. For instance,
it can concern a 3-dimensional space with noncommuta-
tive coordinates [40,41,54-56]. But it can also be a way
to describe a discrete two-sheeted spacetime such that
local coordinates (i.e. on each spacetime sheet) remain
commutative [46,47,50-53]. In the braneworld model, the
coupling term connecting the branes at a quantum level
leads to Rabi oscillations between the two worlds, for par-
ticles endowed with a magnetic moment and subjected to
a magnetic vector potential [46-49)].

Graphene layers are known to be solid-state re-
alizations of a (2 + 1)-spacetimes in which massless
fermion live. For that reason, graphene is well adapted
to study theoretically and experimentally concepts of
low-dimensional electrodynamics and quantum dynam-
ics [20-24]. Since a graphene sheet can be considered as
2-brane embedded in a (3 + 1)-bulk, a graphene bilayer
could be a solid-state realization of a universe containing
two branes (a two-brane universe). In the present paper,
we show that this analogy is well-sounded and we demon-
strate the possibility to apply tools from noncommutative
geometry to study such a system. The fact that a noncom-
mutative geometry can emerge in graphene is an intriguing
possibility. Noncommutative geometry as a suitable tool
to study graphene monolayer properties has already been
reported in literature [40,41] in the context of noncommu-
tative coordinates. Nevertheless, it will be shown in the
present paper that a graphene bilayer can be a solid-state
realization of a “noncommutative” two-sheeted spacetime.
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Fig. 1. (a) Hexagonal lattice of graphene with the two sub-
lattices A and B. a1 and a2 are the vectors of the unit cell.
(b) Brillouin zone of the hexagonal lattice. (¢) Energy behav-
ior in the vicinity of the Dirac points K and K’.

In addition, our approach suggests that exciton swap-
ping may occur between the two graphene layers, which is
a solid-state counterpart of particle oscillations predicted
in brane theory [46-49)].

In Section 2, we recall the basic assumptions under-
lying the description of electron and hole in graphene
through a Dirac equation formalism. Next, in Section 3,
we present the model of fermion dynamics in a two-sheeted
spacetime and its adaptation to describe a set of two
graphene layers. In Section 4, using a tight-binding ap-
proach, it is shown that considering two twisted graphene
layers is a prerequisite to get a K-K’ intervalley coupling
between two perfect graphene layers in mutual interac-
tion as described in Section 3. This is this coupling which
leads to excitonic swapping between the layers as shown
in Section 5. Finally, in Section 6, an experimental device
is suggested to investigate this new effect.

2 Graphene electronic properties

Graphene is a one-atom thick layer made of sp? carbon
atoms in an hexagonal lattice arrangement (Fig. 1a) [1,2].
Self-supported ideal graphene is a zero-gap semiconductor.
In the vicinity of the six corners (called Dirac points) of
the two-dimensional hexagonal Brillouin zone (Fig. 1b),
the electronic dispersion relation is linear for low ener-
gies (Fig. 1¢). Electrons (and holes) can then be described
by a Dirac equation for massless spin—1/2 particles in
an effective (2 4 1)-spacetime [2]. While massless Dirac
fermions propagate at the speed of light in the (3 + 1)
Minkowski spacetime, in graphene the effective massless
Dirac fermions propagates at the Fermi velocity (vp =
10 m s~! in the present case). On a graphene layer, the
Hamiltonian of the effective Dirac equation is given by [2]:

Hy = —ithvp(010, £ 020,) + mv?a;g (1)

where “+7 (respectively “—7) refers to the K (respec-
tively K’) Dirac point of the Brillouin zone of the graphene
hexagonal structure (Fig. 1a). oy, (k = 1,2, 3) are the usual

Pauli matrices. For a self-supported graphene sheet the
mass term m is equal to zero and electrons (and holes)
behave as relativistic quasiparticles. Nevertheless m may
differ from zero in the case of a sheet deposited on a
substrate [25-28]. Using m — movp/h and (2o, x1,22) =
(vp t,x,y), from equation (1) it is possible to conveniently
describe the electron (or hole) dynamics through an effec-
tive Dirac equation such that [2]:

(170 —m)y =0 (2)
with n =0,1,2 and

0 _ g3 0 1 _ iO’Q 0 2 72‘0'1 0
v —(003)’7 —(o m)” —( 0 ial)

such that

{v,4"} =2¢" (0,9 =0,1,2)

with
g"’ = diag(1, -1, —1).

The wave function is defined as:

v=(3)

where x (respectively 0) is related to the wave function on
K (respectively K’). In addition, x (respectively ) can be
written as:

_ [ xa . N
X = (XB) (respectlvely 0= (93 ))

where A and B are related to the two sublattices of the
graphene sheet (see Fig. 1a). While one does not consider
the usual electronic spin, a pseudospin arises, for which
the two states are related to the two labels A and B of
the graphene sublattices [1]. In addition, since there is two
inequivalent families of Dirac cones (respectively located
at points K and K’ in the Brillouin zone), an isospin de-
gree of freedom also arises from the two states associated
with the two kinds of Dirac points [19].

It can be noticed that the above (2+1)-Dirac equation
can be easily extended to its (3 4 1)-dimensional version.
73 and 4° matrices (such as v° = i7%y142+3) can be in-
troduced and we may consider for instance:

3 _ 0*0’1 .5 __ 0i0’1
7—(01 0)’_”—(1'010)' )

The Clifford algebra is verified since:

(v, 7"y =2¢", {#°,7"} =0 and (—in")?= -1,

where g"” is the four-dimensional metric tensor of the
Minkowski spacetime (with u, v = 0,1, 2, 3). Note that the
+2 and ¥° matrices are interchangeable through substitu-
tions 72 — 7% and —iy® — 43 which lead to equivalent
descriptions. Moreover, it is well known that +° can be
also used to define a five-dimensional Dirac equation as
shown in Section 3.



3 Two-layer graphene
as a “noncommutative” two-sheeted
spacetime

Let us consider a graphene layer as a 3-brane, i.e. a three-
dimensional space sheet, for which one dimension (say x3)
is reduced to zero. We suggest to derive the graphene bi-
layer system description from the two-sheeted spacetime
model introduced in previous works [46-49] by making
x3 — 0. The resulting model will be supported in Sec-
tion 4 with a tight-binding approach.

In a prior work, the relevance of the two-sheeted ap-
proach was rigorously demonstrated for braneworlds de-
scribed by domain walls [46]. Indeed, when one studies
the low-energy dynamics of a spin—1/2 particle in a two-
brane Universe, the quantum dynamics of this particle is
equivalent to the behavior it would have in a two-sheeted
spacetime described by noncommutative geometry [46].

Specifically, a two-sheeted spacetime corresponds to
the product of a four-dimensional continuous manifold
with a discrete two-point space and can be seen as a five-
dimensional universe with a fifth dimension reduced to
two points with coordinates +6/2. Both sheets are sep-
arated by a phenomenological distance §, which is not
the real distance between the graphene layers as shown
in the next section. Mathematically, the model relies on
a bi-euclidean space X = M, X Z5 in which any smooth
function belongs to the algebra A = C>*°(M) & C>*(M)
and can be adequately represented by a 2 x 2 diagonal
matrix F = diag(f1, f2). In the noncommutative geom-
etry formalism, the expression of the exterior derivative
D = d+ @, where d acts on My and ) on the Zs inter-
nal variable, has been given by Connes and Lott [50,51]:
D (f1, f2) — (df1,df2, g(f2—f1), 9(f1—f2)) with g = 1/6.
Viet and Wali [52,53] have proposed a representation of
D acting as a derivative operator and fulfilling the above
requirements. Due to the specific geometrical structure of
the bulk, this operator is given by:

0, 0 0
DH:(OM6H)7 pw=0,1,2,3 and D5 = (_93)7 (5)

where the term g acts as a finite difference operator along
the discrete dimension. Using (5), one can build the Dirac
operator defined as ) = I'NDy = I'"D, + I'Ds. It
is then convenient to consider the following extension
of the gamma matrices (by using the Hilbert space of

spinors [50,51]):
70 s_ (7" 0
F“<07u>andf<0_75 . (6)
In the present work, v* and 7° = iv%y'y2~43 are the
Dirac matrices defined by relations (3) and (4) relevant
for graphene. We can therefore introduce a mass term
M = mlgxs as in the standard Dirac equation. The two-
sheeted Dirac equation then writes [46-48]:

Dairac? = (i) — M) ¥ = (il'"Dy — M) ¥ (7)

_ (MO —m gy Yo\ _
gy’ iy Oy —m ) \ ¥p
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with ¥ = ﬁ;) the two-sheeted wave function. In

this notation, the indices “a” and “#” discriminate each
sheet [46-48], i.e. each graphene layer when 23 — 0. Each
component of the wave function 1) is then the probability
amplitude of the electron (or hole) in each graphene sheet.
It is important to point out the Lagrangian term:

L.=Wil°Ds¥ (8)

which ensures the coupling between each graphene layer
through K-K’ processes as explained in Section 4. That
means that the Lagragian £, couples both each graphene
layer but also the isospin states (thanks to the 4% matrix).
Conversely, in the present work the noncommutative ge-
ometry model emerges from K-K' interlayer couplings.
The L. term is the main reason for this paper as it will
allow excitonic swapping between the graphene layers.

Let us now introduce the effect of an electromagnetic
field, i.e. an U(1) gauge field. To be consistent with the
two-sheeted structure of the Dirac field ¥ in equation (7),
the usual U(1) electromagnetic gauge field should be re-
placed by an extended U(1) ® U(1) gauge field [46-48].
Nevertheless, in the present work, we assume that electro-
magnetic field sources are out of the graphene layers. The
group representation G = diag(exp(—iqda), exp(—igAg))
is therefore reduced to G = diag(exp(—igA), exp(—igA)).
We are looking for an appropriate gauge field such that
the covariant derivative becomes D4 — P + A with the
gauge transformation rule A = GAGT —iG [lﬁdimc, GT].
A convenient choice is [46-48]

A (iq’y“A;f 0 ) . )

0 iqy“Aﬁ

AS, (respectively Ag) is the magnetic vector potential A,
on the graphene layer « (respectively (). According to the
appropriate covariant derivative, the introduction of the
gauge field in equation (7) leads to [46-48]

(O +1igAf) —m igy° va)
igy° iy (Op +iqAL) —m | \ ¥g '

(10)
Of course, for graphene sheets, we have x5 = 0, which
corresponds to two bidimensional sheets instead of three-
dimensional space sheets. In addition, we will assume that
A, is parallel to graphene layers (As = 0).

4 K-K’ couplings in twisted graphene layers

In braneworld models, we simply have to consider the in-
teraction between one fermion and domain walls described
by a scalar field [46]. By contrast, a bilayer graphene
is formally a many-body problem. Therefore we should
normally consider the whole dynamics of carbon atoms
and their electrons. This would be a very complicated
task of course. As a consequence, we use the common
tight-binding approach [3-17] to show the shared formal-
ism between graphene bilayer and two-sheeted spacetime.
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@A,B, site
OA,B, site

Fig. 2. Sketch of the two twisted graphene layers under con-
sideration. Both sheets are rotated with respect to each other
with an angle § ~ 21.787°. t; and to are the vectors of the
Moiré unit cell.

Moreover, the existence of coupling terms proportional to
g is straightforward for turbostratic graphene layers as ex-
plained hereafter. When two graphene layers are twisted
with respect to each other, a typical Moiré pattern can be
observed [3-9] (Fig. 2). This occurs when both layers are
commensurate, i.e. when two specific kind of atoms of each
layer can be superimposed periodically [3-9]. The Moiré
pattern can be then described through a periodic unit cell
defined by vectors t; and to (see Fig. 2) and can only ex-
ist for a specific rotation angle § = 6, , (with p,¢ € N)
between both layers.

Let us define a; = ao(1/2,v3/2) and a, =
ao(—1/2,v/3/2), the vectors of the real space which define
the unit cell of the first graphene layer (see Fig. 1a). ag is
the lattice parameter. Two kinds of commensurate struc-
tures can be considered [3-5]. The first one is such that
the vectors of the Moiré unit cell are t; = pa; + (p+ ¢q)as
and t2 = —(p + ¢)a; + (2p + ¢)az such that ged(q, 3) = 1.
The second case is such that t; = (p + ¢/3)a; + (¢/3)az
and to = —(¢/3)a; + (p + 2¢/3)ag with ged(q,3) = 3. In
both cases, the rotation angle 6, , between both sheets is
given by [3-5]:

3p? + 3pq + ¢*/2
3p2 +3pg+ ¢

(11)

cosbpq =

In the first layer, the first K Dirac cone is located at K =
(47 /(3ap))(1,0) while the K’ Dirac cone is at K' = —K.
By contrast, in the second layer, due to the rotation the
K Dirac cone is located at K = (47/(3ag))(cos 6, sin )
whenever the K’ Dirac cone is at K = —K? [3-5]. Let
G; and G4 be the vectors of the unit cell of the reciprocal
lattice of the Moiré pattern. Obviously, the Moiré pattern
can be responsible for coupling between valleys of each
layer [3-9]. Indeed, we get

G=K-K’=- (K -K') (12)

for K-K couplings, and

G.=K-K'’=-(K -K (13)
for K-K' couplings. When gcd(¢,3) = 1, then G =
—(q/3) (2G1 + G2) and G. = —(2p + q)G2. While, when
ged(q,3) = 3, then G = —(¢/3) (G1 + Gg) and G, =
(1/3)(2p+ q) (G1 — G2) . The greater G and G, are, the
weaker the couplings are. As a consequence, one should
consider the lowest values of p and ¢. A similar consid-
eration leads us to expect that K-K interlayer couplings
are usually stronger than the K-K’ ones. Then, for the
purposes of our study, it should be relevant to consider a
structure which can suppress the K-K couplings while en-
hancing the K-K’ interlayer couplings. We may consider
for instance the case such that ged(g,3) = 1 with ¢ = 1. In-
deed, in that case G = —(1/3) (2G1 + G2) is not a vector
of the reciprocal lattice. By contrast G. = —(2p + 1)Ga
is always a vector of the reciprocal lattice and is such that
G. =~ 2K whatever p. The first relevant value to be con-
sidered is then p = 1. In this case, 61,1 ~ 21.787° and we
obtain the specific structure shown in Figure 2. Of course,
other angles 6, , lower than 6; ; could be considered. But
without loss of generality, we choose the case § = 61 to
illustrate our topic.

Let us now justify the use of the noncommutative two-
sheeted Dirac equation thanks to a solid-state approach.
The whole detailed calculations are given in Appendix A
and we focus below on the heuristic arguments. In a tight-
binding approach it is possible to define the operator

+ . .
O (respectively aa(g),j), which creates an electron

(respectively a hole) on the site j of the sublattice “A”
on the a graphene layer (or on the [ graphene layer).
The same convention is used for the sublattice “B”. If one
considers the interlayer coupling, one gets for the twisted
system [3-10]:

J J

where the energies t,,, ; (with u = A, B and v = A, B) are
related to the interlayer hopping between the nearest sites
of each layer. This dependence of t,, ; vs. the location j
is very specific for two turbostratic graphene layers. In
the structure considered here, we can see that no AA site
exists by contrast to the AB sites (Fig. 2). We then assume
that t44,; = tpp,; ~ 0. In addition, tAB(Rj) =taB,; =
—t" when Rj = (2/3)(131 + tg) + (nt1 + mtg) (With t, =
aj+2as and to = —2a;+3az) and tpa(R;) =tpa,; = —t/
when R; = (1/3)(t1 + t2) + (nt1 + mts), with n,m € N.
tap,; and tpy,; are equal to zero elsewhere. We use the
following Fourier transform of the operators:

() o)

ir, g

1
aa(p)(Tj) = Ga(p),; = Z —=0a(8),ar€ ’ (15)
VN

with a similar convention for b, gy ; and where r; (respec-
tively r}) is the position vector of the site 7 in the first
graphene layer («) (respectively in the second graphene
layer (3)). Then, qi (respectively qj,) is a momentum in



layer («) (respectively (3)). N is the number of sites. Let
us consider a single particle state with momentum k such
that we can consider the restricted Fourier representation
of the Hamiltonian: H, = H, x1x + He x4k + He o1k +
H, ko 1y such that H. = UiH W with (see Appendix A):

H, = —ilwp°TDs + hvp3 Dy (16)
and

U = (a0, i ba,x Ga,i ba k7 ap K b K ap K7 bp K1)
~ (V& ¥5) (17)

and where we have defined:

0
D¢ = ~g
-3 0

by analogy with notations (5). The discussion about the
precise meaning and the physical consequences of the Dg
term is out of the present topic but deserves further works.
In addition, the effective coupling constants are then given
by g = (t'/vph) cos(0/2) and g = (¢’ /vph)sin(f/2). Notic-
ing that g/g = tan(#/2), since § ~ 21.787° in our present
case, we note that g/g =~ 0.2, i.e. the effective cou-
pling constant ¢ is five times lower than g. As a conse-
quence, in the following we focus on the processes carried
by the coupling constant g, and the remaining coupling
Hamiltonian is:

(18)

H. = —ivphI °T°Ds. (19)

Using the above notations, the Lagrangian term related to
H. in Dirac notation then becomes L. = Wil °DsW, i.c.
equation (8) related to equation (7).

Now, the coupling constant g can be then defined
as g =~ t'/hwvr and the phenomenological distance is
0 = hvp/t'. Basically, g and 6 must depend on the real
distance d between each graphene sheet. Indeed, the hoop-
ing energy t' varies as [9]: t' ~ tgexp(5.43(1 — d/aw)),
with ¢9 = 0.3 eV [2,9,10], and here d is the distance be-
tween two layers, while a,, is the nearest interlayer dis-
tance, am = 3.35 A. For closest layers (d = aw), we get 0
of about 22 A (i.e. g ~ 4.5 x 10> m~!). As an indication,
note that for d = 2a,, (respectively d = 5ay,), one gets
g~ 2x 10 m~? (respectively g ~ 1.7 x 1071 m~1).

5 Phenomenology of the model

Following previous works [46-48], we focus on the nonrel-
ativistic limit of our Dirac like equation. Defining V =
(61,82), A = (Al,AQ), o = (0’1,0’2) and Bg = 81142 —

02 A1 and using:
XA(B
e = (30 )

and following the well-known standard procedure, a
two-layer Pauli equation can be derived from equa-
tion (10) [46-49]:

0 Faol) Fya
o8 (f) o (B). o

)
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where Fu ., and Fy4 g correspond to the wave func-
tions in the graphene layers o and [, respectively. The
Hamiltonian Hy is a block-diagonal matrix such that
H, = diag(H,,Hg), where each block is simply the
effective Pauli Hamiltonian expressed in each graphene
layer [46-49]:

h? 2

Hog) = —5- (V - i%Ac«m) +13Bs.a(0)+Vas) (21)
such that A, and Ag correspond to the magnetic vector
potentials on the layers a and (3, respectively. The same
convention is applied to the magnetic fields B, (3) and to
the potentials Vi (5). In the following, since we consider
neutral excitons, we can set V() = 0. In addition, we
will show hereafter that Bs ,(3) = 0 in the device under
consideration (see Sect. 6). We set u = v(fi/2)o, where
v is the iso-gyromagnetic ratio and p the iso-magnetic
moment related to the isospin of the particle [35]. With
this choice, the present approach can be extended to any
particle endowed with a magnetic moment whatever its

isospin value.
In addition to these usual terms, the two-layer
graphene Hamiltonian comprises also a new specific

term [46-49]:

_ 0 —igp-{Aq — Ag}

H.,, is obviously not conventional and describes the cou-
pling of the layers through electromagnetic fields. It van-
ishes for null magnetic vector potentials. Intuitively, the
coupling generated by this term will imply Rabi oscilla-
tions of electrons or holes between both graphene sheets
due to electronic delocalization.

6 Exciton swapping between two graphene
layers and experimental device

Guided by the previous equations, we now suggest an ex-
perimental approach for testing exciton swapping between
two graphene layers. An incident electromagnetic wave
with an appropriate energy can excite an electron-hole
bound pair (i.e. an exciton) [29-34] on a first graphene
layer (G, ). In the best of our knowledge, studies related to
the magnetic moment of exciton in graphene are still lack-
ing. Nevertheless, exciton should exhibit resonance states
endowed with non-zero magnetic moment g [57,58] due
to the combination of the electron/hole magnetic mo-
ments [35], possibly supplemented by an orbital mag-
netic moment. One can then expect to induce a coupling
through H.,,, between G, and a second graphene layer G
leading to a swapping of the exciton from G, towards Gg.
Afterwards, the exciton decay on the second layer could
be recorded.

The required magnetic vector potentials can be pro-
duced with the following device. Let us consider two coax-
ial annular magnets coated with an insulating material
(see Fig. 3a). Both magnets have the same rectangular
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Fig. 3. Sketch of a feasible experimental setup. (a) Basic setup.
Two coaxial annular magnets, with different inner and outer
diameters, coated by an insulating material. The upper ring
is filled up with an opaque material. Two magnetic fields (Bq
and Bg) turn around the symmetry axis of the magnets. Two
graphene layers (Go and Gg) are considered, each one de-
posited on a face of a magnet. The geometry of the device
allows for the existence of two opposite magnetic vector po-
tentials A, and Ag (red arrows), each one in the vicinity of a
graphene layer. An incident photon 7; pumps an exciton e on
Go. A photon v, resulting from the exciton decay on G can be
recorded. (b) Full setup. Rectangular array of annular devices
deposited on a transparent substrate (blue layer). The area be-
tween the toroidal magnets is filled with an opaque material
(yellowish layer). Such a setup allows to enhance the recorded
signal by increasing the graphene area.

section. Both magnetic fields (B, and Bg) inside the
magnets turn around the symmetry axis of the magnets.
B, = Bg = 0 outside the magnets due to the toroidal
topology [59,60]. Only a magnetic vector potential A ex-
ists outside the magnet [59,60] (i.e. V x A = 0). Boundary
conditions result from 350 A -dl = &, where C'is a contour
on a magnet (see Fig. 3) and @ the magnetic flux inside a
magnet. The geometry of the device leads to two opposite
magnetic vector potentials (A, and Ag), each one in the
vicinity of a graphene layer (G, and Gg) deposited on a
face of a magnet (see Fig. 3a). A straightforward calcu-
lation shows that |A, — Ag| ~ 240d/(L + 1), with d the
distance between the two layers, L and [ are the length and
width of rectangular section of the magnets. If one consid-
ers a superconducting magnet, then Ay ~ nh/(4e(L+1)),
where n is an integer (h is the Planck constant and e
the electric charge), due to the magnetic flux quantiza-
tion [61]. For instance, if L =1 pum and [ = 10 nm [59,60]
and with d = 2a,,, one gets |A, — Ag| ~ 1.4x 1072 Tm
for n = 1.

The insulating material is the substrate on which
the graphene layers are deposited. This allows a gated
graphene leading to electrons and holes sharing the same
effective mass [25,26]. The efficient graphene area can be
increased by using a large array of micro-annular devices
(see Fig. 3b).

The excitonic swapping can be described as follows.
One looks for an exciton wave function in the form:

- (358

—a) () a0 )

where it is assumed that p¥, = £u¥s, i.e. Uy is an eigen-
state of u with an eigenvalue p different from zero. For
an exciton, the lowest expected value can be estimated by
w~ eh/m [57,58], i.e. u~3.5x 10722 J T~! for an effec-
tive electron/hole mass about 0.3 ¢V [25-27]. Note that
such a value of the mass gap corresponds to a common
order of magnitude for graphene on a substrate [25-28].
As a consequence, by choosing a value of 0.3 eV [25,26],
we do not lose any generality. Putting equation (23) into
the Pauli equation (20) leads to the following system of
coupled differential equations:

a
dt

(23)

aq = —kag — (1/2)[paq + 0(t — t;) (24)

and

2708 = Kaa — (1/2)Ivag (25)

with kK = ug|As — Agl| /fi. With the above mentioned val-
ues, one can roughly estimate & ~ 2.1 x 10° rad s~'. I,
is the exciton decay rate conveniently introduced in the
equations in agreement with the lifetime 7 of the exciton
(I'y = 771). We assume that 7 is comprised between 10 fs
and 200 ps [33,62,63] (5 x 10° s7! < I, < 10™ s71).
d(t — t;) is a Dirac delta source such that the exciton is
created at t = t; in the layer a. Then, a,(t =¢;) = 1 and
ag(t = t;) = 0. The number of excitons is then given by
No = 32, ahaq (vespectively Ny = 3 ajap) in layer o
(respectively in layer (). In the continuous limit such that
M excitons are produced per second, from equations (24)
and (25), one easily obtains three Bloch-like equations:

d

%Na = —kU — [ZNy + M (26)
and p
Z N = KU — ToN (27)
and p
EU = 2kN, — 26N — ToU (28)
with U = ) ;(ajap + aqaj). Since layer o is contin-

uously supplied with new excitons thanks to an inci-
dent photon flux Zy, the exciton source is such that
M = peily. pesr is the photon-to-exciton conversion ef-
ficiency. Equations (26) to (28) must present short-time
transient solutions due to —I oNa(g) and —IoU terms. As
a consequence, we look for stationary solutions such that
dN, /dt = dNg/dt = dU/dt = 0. Equations (26) to (28)
can be then trivially solved. The number of excitons in
each graphene layers are:
2K2 + T2

w="———75M, and N3 =
To (4k2 + 12) o

2k2
Io (4k% + FOQ) M
(29)



and the number of newly created excitons balances the
number of decaying excitons, i.e. M = Iy (N, + Np).
Note that in the present approach, we do not consider any
saturation effect regarding to the number of excitons per
unit area. Then for a fixed area, N, +ANp should be limited
and M /Ij likewise. As a consequence, for a given value
of M, the present approach is not valid when Iy — 0.

The photon flux Z; emitted from the second graphene
layer 8 is Z; = nIo/Npg where n is the number of photons
that results from the exciton decay. The effective optical
transmission coefficient 7 of the device is T = 7; /Zy, and
one gets:

22
4k2 + 12
The excitons transferred from layer « to layer 3 are then
detected through recorded photons due to excitonic decay
(see Fig. 3a). Let us consider the simplest process such
that npeg = 1, i.e. every exciton decays into a single pho-
ton, and each photon creates a single exciton [64,65]. With
the above values, the best expected transmission 7 could
reach 21%, which is of course a fair value in an experi-
mental context.

T = npes (30)

7 Conclusions

Using a theoretical approach previously considered to de-
scribe a Universe made of two braneworlds [46-49], we
have proposed a new theoretical description of the phe-
nomenology of two twisted graphene sheets. The model
considers that some graphene bilayers can be described
by a two-sheeted (2+ 1)-spacetime in the formalism of the
noncommutative geometry. The model has been justified
by means of a tight-binding approach, and the noncom-
mutative geometry emerges from K-K' couplings between
graphene layers. This suggests a new way to describe
multilayer graphene, which deserves further studies. We
have shown that the transfer of excitons between the two
graphene sheets is allowed for some specific electromag-
netic conditions. While the excitons are produced by in-
cident light on the first graphene layer, photons could be
recorded in front of the second graphene layer where the
swapped exciton decays. The suggested experimental de-
vice uses magnets whose magnetic fields can be controlled
with a transient external magnetic field, allowing then to
turn on or off the device. We can then expect to get a new
kind of electro-optic light modulator with hysteresis. The
described effect is a solid-state realization of a two-brane
Universe, for which it has been shown that matter swap-
ping between two braneworlds could occur [46-49]. As a
consequence, any experimental evidence of this effect in
graphene bilayers would also be relevant in the outlook of
braneworld studies.

Appendix A: Effective two-sheeted
Hamiltonian

Let us justify equations (7) and (19), and so the non-
commutative formalism used to describe the two graphene
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sheets. We consider a tight-binding approach. One defines
the operator al(ﬁ)’j (respectively aa(g),j) which creates an
electron (a hole) on the site j of the sublattice “A” on the
« graphene layer (or the 3 graphene layer). The same con-
vention is used for the sublattice “B”. The Hamiltonian
for the bilayer can be then written as H = H, + Hg + H,
with:

Hop) = Z (EAaLw) Aa(@),; + EBwa),jba(ﬁ),j)

42( (8),iPa(8). +ba<g> o (p), ) (A1)

(1,9)

H, () are simply the Hamiltonian of each graphene sheet
(o) and (B). €4 (respectively ep) is the energy level of the
electron in a site of the sublattice “A” (respectively “B”).
t is the energy related to nearest-neighbour hopping. (i, j)
corresponds to the sum over all sites j and their nearest
neighbours i. If one considers the interlayer coupling, one

gets:
== tans (ol an, +ah o)
J
= e (b b, + ), b )
J
_ ZtAB’J (al bﬁu +b aa,j)
J

_ZtBA’J b ag,j +a}3,jb%)
J

where the energies t,, ; (with v = A,B and v = A, B)
denote the interlayer hopping between each nearest site
of each layer. This dependence of t,, ; against the loca-
tion j is specific for a coupling between two turbostratic
graphene layers for instance. In the structure considered
here, we can see that no AA (BB) site exists by contrast
to the AB (BA) sites (see Fig. 2). We then assume that
taa; = tpp,; ~ 0. In addition, tAB(Rj) = taB,j = —t/
when Rj = (2/3)(t1 +t2) + (nt1 + mtg) (With t, =
a;+2as and to = —2a;+3az) and tpa(R;) =tpa,; = —t/
when f_{j = (1/3)(t1 + t2) + (nty + mts), with n,m € N.
tap,; and tpa ; are equal to zero elsewhere. As a conse-
quence H. becomes:

He= 'S (o, + 0 )
(5]

"y (bgﬂ,aﬁﬂ. 4 aé,jbaﬂ.),
(5]

where [j] corresponds to the sum over all sites R; or

(A.2)

(A.3)

R;. We then use the following Fourier transform of the
operators:

i= Z \/Lﬁa(b)a,qkei”q’“ (A4)

Z

zr] qk

(A.5)
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where r; (respectively r}) is the position vector of the site
i in the first graphene layer («) (respectively in the second
graphene layer (3)). Then, qi (respectively qj,) is a mo-
mentum in layer («) (respectively (5)). N is the number
of sites. We can then write H =}, Hj, and we get:

H = <5A Z al,qk Qa,qr €8 Z bL,qk baax
k k

—t E aTa,qkba,qk [ezuqu 4+ efuzar 4 e“ki"lk}
k

—t E bL i Gy [e—iuqu 4 e tuzar e—iu3~qk] )
k

1 T
’ (EA 2 U, M0, T EB > 05.a, 08,
k k
—t) ahqbsa, [em;.q; etz 4 ei“é'qé]
)
-t Z b[Ti o, 98,4, {eﬂ-u’l e U +e*m§'q;c} )
Ay
k
1 - ’ .
+t Z Z G/L,Qk bg.ar, N Z €'’ A Ak
L [4]
1 - ’ .
+t Z Z b; o, Qo N Z e W Ay Hir; -k
’ k/
koW (4]
]. o ’ .
+t Z Z bL,qk a8, 7 Z €M Ay T Ak
koW li]

T 1 7ir'v-q' +ir;-qr
+t a bev.qr — e M A TG A6
>3l g by O (A6)
koK [4]
since
2 :el(rjqu/—[‘i'qk) _ N(qu“qk E : AR
(1.9) Jj=1,2,3
with
u; —az —a;, Uz = ag and uz = —as.

Indeed, for a site ¢ located at r;, the three nearest neigh-
bours are located at r; = r; +uy, r; +uz and r; + us re-
spectively. In the second graphene layer, the nearest neigh-
bours are defined through u, = R(6)u;, with

cosf) —sinf
R(0) = <sin9 cosf )

Let us now consider the restricted Hamiltonian H which
only contains the contributions of the Hamiltonian H for

ar ~ K or K/, and g}, ~ K’ or K. Since:

Z iy A~ dn Z eiRj~(K’9—K)
(4] J
_ ei(2/3)(t1+t2)-(x’tx)

% Z ei(nt1+mt2)~(K/9—K)

n,m
=N (A.7)
and
Z eir;-~q;c,—irj~qk _ Z eiﬁj-(Klng)
(4] J
_ ei(1/3)(t1+t2)~(K’9—K)
. 10
% Z ez(nt1+mt2)~(K -K)
n,m
=N (A.8)
we can write H such that H = #OTHO @) with
HO —
ea —tAk 0 0 0 0 0 t
—tAx  €B 0 0 0 0 t 0
0 0 ea —tAx 0 t 0 0
0 O 7t/1K/ EB t/ O 0 O
0 0 0 t ea —tAye O 0
0 0 ' 0 —tAge €8 0 0
0 t 0 0 0 0 ea  —tAye
' 0 0 0 0 0 —tAxw €B
(A.9)

where the star denotes the complex conjugate and
Ax = Z e (KHk) gL Z eiur(K'Jrk)’
i

[
e = 30 ),
%

and

Ao = Z ettt (K k),
i

k is the momentum vector which denotes low-energy ex-
citations near the Dirac points. We also define:

Qo K
ba,K
Qo K’ )éa
o) — 2;; - X§> (A.10)
by ke %
aﬁ’K/Q A

bg,xe
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H(Q) _
hvr (01k1+02ky)+m1)!2:0'3 0 0 t/0'1
0 hvr (70’1kz+0'2ky)+mvj2c0'3 t/0'1 0
0 t'o1 hvp (Uka + ngy) + mUchO';g 0
t'oy 0 0 hr (o7 ke + 05 °ky) + mufos
(A.11)
H =
hwr (01ka + 02ky) + mujos 0 0 t'ore i0/o3
0 hvr (70’1]431 -+ ngy) + mvj%ag, t/Uleiw/Q)Ug' 0
0 tleii(9/2)o301 hvp (0’1]{1 + ng‘y) + mU?Ug 0
' ei0/2o3 5 0 0 hwr (—o1ks + 02ky) + mv7os
(A.14)
H =
hr (01ks + 02ky) + mvjos 0 0 —t'goe”0/2s
0 hop (o1ks — o2ky) + mUchO';g —t oaet 0/ 0
0 7t,67i(9/2)0302 hup (Ulkz + ng‘y) + mvj%ag 0
—t'e 0/ Vo34, 0 0 hr (01ks — 02ky) + mujos
(A.15)
Since |k| can be assumed small enough, one gets the fol- we now conveniently define H thanks to:
lowing first-order perturbation series by respect with k: H =g iyOg0) — UTHY, with
V3 ‘ X
AK:faOT{ekarzeyk}, Ha
v = “ (A.13)
V3 , X5
AKI :_GOT {—eg;'k-i-ley'k}, eﬁ

Ago = —aog {R(0)e; - k+ iR(0)e, - k},

and

3
AK/O = _aog {_R(H)el -k + ZR(G)ey . k}' .
Then, we can write:

see equation (A.11) above,

where vp = \/gat/ 2h is the Fermi velocity. We have set
mvj% = (€4 —ep)/2. The energy origin is defined as (4 +
ep)/2 = 0. We have defined ¢? = ¢!(9/2)735,=1(0/2)03,
Since

Xo Xa
@) i Oa
= Xg’) = | itr2e- (A12)
0 emi(0/2)0-g,

and we get:
see equation (A.14) above.

We now execute a convenient 7/2 rotation such that
(z,y) = (—y,x) and (kz, ky) — (—ky, k) leading to:

see equation (A.15) above.

Let us now rewrite the Schrodinger equation related to
the Hamiltonian (A.15) in a Dirac-like form. We use the
notations (3) such that:

"’ = (003 ) ) :
o3
and we multiply first ih0;¥ = HW on the left by 7°®12x2.

Using the relation:

01295 — ¢05(0/2) + iogsin(6/2),

(A.16)

(A.17)

and the properties of the Pauli matrices, we get:

see equation (A.18) next page.
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0
zh(VO 700) W =

hvp (iogke + (—io1) ky) + mog 0 0 —t' (—ioq cos(0/2) + o301 sin(6/2))
0 hvp (iogks + (i01) ky) + mvj% —t’ (—ioy cos(0/2) — o301 sin(6/2)) 0 7
0 —t (—ioy cos(0/2) — o301 5in(0/2))  hvp (iooks + (—io1) ky) + mv? 0
—t/ (—ioq cos(6/2) + ogoq sin(0/2)) 0 0 hop (i02ks + (i01) ky) + mvj%
(A.18)
" 70 8 — hwr (Vs +7vky) + mo? —t' (iv° cos(0/2) — 7*v*sin(6/2)) Aol
! 0 ~° B (i7° cos(0/2) + 7°v*sin(6/2)) hwr (V' ks +7ky) + mo? (a.21)

By using notations (3) and (4), such as:

1_ (to2 0 o ([ —io1 0O
7—(()@'02)’7—( 0 ial)
3_ (0 —0o1 .5 (0 i
7—(01 0)’ ”—(z‘alo)’

equation (A.18) can then be written as:

(A.19)
and

(A.20)

see equation (A.21) above.

Now, let us define m — mvp/h and (xg,21,22) =
(vpt,x,y), as well as g = (¢'/vph)cos(6/2) and § =
(t'Jvph)sin(6/2). We also use the equivalence (ky, k) «—
(—i01, —i03), and then equation (A.21) can be written as:

i1, —m igy® —17g
<"Y5n03~9"7 779)4;0 (A22)
i9y° + 779 Y0, —m
with n = 0,1,2. (A.22) is the Dirac-like form of the
Schrodinger equation related to the Hamiltonian (A.15).
If we neglect the role of the coupling ¢, or if we consider
the role of the coupling g only, obviously, equation (A.22)
is the expected equation (7) for zg = 0.
Note that, if we consider the notations (6), i.e.:

m0 50
It = 7 and I'® = 7 5
0 ~# 0 —v
it can be easily shown from the previous equations that the

coupling Hamiltonian H,. between both graphene layers
reduces to:

(A.23)

He = —ihwpI'°T® D5 + hop I Dg (A.24)
which is the equation (16), with:
09
Ds = A25
= (00 (A.25)
from notations (5), and where we have defined:
09
D¢ = ~ A.26
’ <—9 0> (420

by analogy with (A.25).

The authors are grateful to Philippe Lambin, Luc Henrard and
Nicolas Reckinger for useful discussions and comments.
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