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Abstract

We show how the two-dimensional Dirac oscillator model can describe some properties of
electrons in graphene. This model explains the origin of the left-handed chirality observed for
charge carriers in monolayer and bilayer graphene. The relativistic dispersion relation observed
for monolayer graphene is obtained directly from the energy spectrum, while the parabolic
dispersion relation observed for the case of bilayer graphene is obtained in the non-relativistic
limit. Additionally, if an external magnetic field is applied, the unusual Landau-level spectrum for
monolayer graphene is obtained, but for bilayer graphene the model predicts the existence of a mag-

netic field-dependent gap. Finally, this model also leads to the existence of a chiral phase transition.
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The three-dimensional system defined by the Dirac equation in the presence of a linear
vector potential of the form: imwpBa - 7, where m is the fermion mass, w an oscillator
frequency, 7 the vector distance of the fermion from the origin of the potential, and @ and
B are the four Dirac matrices, has been called the Dirac oscillator ﬂ?because it behaves
in the non-relativistic limit as an harmonic oscillator with a strong spin-orbit coupling [2].
Different physics and mathematical aspects of this system have been widely studied in one,
two and three dimensions [3]-[24]. Additionally, this system has been used in quantum
optics to study properties of the (Anti)-Jaynes-Cummings model ]—B] After more than
20 years of theoretical activity focussed in the characterization of the Dirac oscillator, just

recently a first experimental realization of this system was developed [32]. However, until

now the Dirac oscillator does not describe a known physical system [32].

On the other hand, the study of the electronic properties for monolayer and bilayer
graphene has been of huge interest in recent years (see, for instance, | and references
therein). It has been observed that electric charge carriers of monolayer graphene behave like
massless relativistic fermions that obey a linear dispersion relation [33,134], while the electric
charge carriers for the case of bilayer graphene behave like massive non-relativistic fermions
that obey a quadratic dispersion relation , 135]. For both systems, the explanation of
the origin of these dispersion relations comes from the traditional tight-binding approach.
However, the tight-binding Hamiltonians for electrons considering that electrons can hope
to both nearest- and next-nearest-neighbor are different for both systems B@], thus this
approach leads to different explanations of the origin of the distinct dispersion relations are
of the two systems. In addition to the different behaviour of the energy spectra, it is difficult
to understand how the massive electric charge carriers have a defined left-handed chirality

for the case of bilayer graphene.

The main goal of this letter is to show for the first time that the Dirac oscillator can
describe a naturally occurring physical system. Specifically, this work shows that the (2+1)-
dimensional Dirac oscillator can be used to describe the dynamics of the charge carriers
in graphene, and hence its electronic properties. To do this, we propose a model in which
the electromagnetic interaction of the medium over charge carriers of graphene is described
by means of a linear vector potential in the Dirac equation. Solution of the model shows
that the same formalism can describe the linear relativistic dispersion relation for massless

charge carriers of monolayer graphene and the parabolic dispersion relation for massive



charge carriers of bilayer graphene. The linear term that appears in the Dirac oscillator
model leads directly to the left-handed chirality observed in the charge carriers for both
monolayer and bilayer graphene. We also show that if an external and uniform magnetic
field is present in the system, the model describes the unusual Landau levels observed for
the case of monolayer graphene, while for bilayer graphene it predicts the existence of a
magnetic field-dependent gap. Finally, we show that this model predicts that changing the
strength of the magnetic field must lead to the existence of a chiral quantum phase transition

for the system.

We propose a Dirac oscillator in (2+1) dimensions for which the linear potential has the
form: ieBro.0 - 7/4, where " = (x,y), oy = 04, o, = 0y, f = 0, € is the electrical charge of
electron and By is an internal uniform effective magnetic field which is perpendicular to the
plane (§1 = Byjé,) and is assumed to originate in an effective form from the motion of the
charge carriers relative to the planar hexagonal arrangement of carbon atoms. The model
is based on the premise that the dynamics of charge carriers in graphene can be effectively

described via this two-dimensional Dirac oscillator
0 2 eB
. eDy

Zha | >= [vfizz;aj (pj — ZTO'ZT’J') + azmvfc] | >, (1)

where vy is the Fermi speed of the charge carriers, m is the effective mass, p; are the
components of the linear momentum, r; are the spatial coordinates in the (z,y) plane
with respect to the origin of the potential, o; are the non-diagonal Pauli matrices, o, is
the diagonal Pauli matrix. The assumption about the origin of B; can be understood in
analogous way to the internal magnetic field that determines the spin-orbit coupling of the
hydrogen atom, which arises from the relative motion of the electron relative to the proton.
It is well known that for the case of monolayer graphene in a perpendicular magnetic field

|, the Hamiltonian H,, = v¢[ro,(p, — ieBjo,x/4) + o,(p, — teBjo,y/4)] describes the
single-particle states around one of the two equivalent corners of the first Brillouin zone.
7 = £1 determines which corner of the Brillouin zone is considered [36]. This fact means

that we are considering in Eq. (1) the corner defined by 7 = 1.

For the case of monolayer graphene, the charge carriers are considered massless (m = 0)

and the mass term in Eq. (d) does not exist. The spinor | ¢ > is written as | ¢ >= (| ¢ >, |

3



1y >)T. Substituting this spinor in Eq. (), we obtain the following two coupled equations

2 hw2

hw . .
(E = mo) | > = vy | (5 +120) (o, + i259) | | w2 >, )
/ f
[ B hw? |
(B + mv/%) | o > = vy | (pz — Zv—gx) +i(py — 279) |1 >, (3)
f ]

where w? = v7/(4l%), with I3 = h/(eB;). The quantity I represents a new length scale in
the problem associated to the quantity eB; that appears in the linear potential. In order to
find the solutions of Eqs. (2)) and (3]), we introduce the right-handed chiral annihilation and
creation operators given by a, = %(am —iay,), al = %(al +ia}) and the left-handed chiral
annihilation and creation operators given by a; = %(ax +ia,), a] = %(al —ia}), where a,
Qy, al and aL are the usual annihilation and creation operators of the harmonic oscillator
defined respectively as a; = % (x7; +1i%p;) and a} = % (£7r; —i2p;), with A = vy/w
representing the ground-state oscillator width. Because the orbital angular momentum L,
is written in terms of the chiral annihilation and creation operators as L, = h(aiar - alTal),
then af and alT are interpreted as the operators that create a right or left quantum of angular

momentum, respectively [25]. After expressing 7; and p; in terms of operators a; and a},

the Eqs. (@) and ([B]) lead to

2hw
|y > = i———sa) |y >, (4)
E —mvj%
2hw
| g > = — E+ al|¢1 (5)

where only the left-handed chiral operators are present ﬂﬂ If we substitute Eqs. (@) and
@) in (), the Hamiltonian describing the dynamics of charge carriers in graphene can be

written as
Hy = h(giota) +gio~a) + mvjo., (6)

with ¢ and o~ representing the spin raising and lowering operators and ¢, = 12w =
ivg\/eBr/h. The two-dimensional Hamiltonian H; describes a massive charge carrier of
left-handed chirality.

From Eqs. ({l) and (), it is possible to write the associated Klein-Gordon equations and

then to obtain the energy spectrum for charge carriers of left-handed chirality

1 1
E, = j:\/ﬁ?k:?vj% <n1 toF 5) +m?vy, (7

~—



with n; = 0,1,2,... and k? = eB;/h. For the case in which the effective mass of charge

carriers vanishes (m = 0), the energy spectrum () is written as

/ 1 1
E,, = £hkvsy/n + 3 + 5 (8)

which corresponds to the relativistic dispersion relation depending linearly on the momentum
hk and which is consistent with the well known result for charge carriers in monolayer
graphene @, @] On the other hand, for the case where the effective mass of the charge

carriers is non-zero (m # 0), the non-relativistic limit of (@) yields

1 1
E:LLZ« _ :l:\/h2k211]2c (nl + 5 F 5) + m%;% — m'U]zc- (9)

For this limit, it is valid to write mv; > hk and then the energy spectrum for charge carriers

can be written as

2.2
By = (5% 5). (10)
which corresponds to the non-relativistic dispersion relation depending parabolically on the
momentum, which is observed for charge carriers in bilayer graphene IE] We note that,
within the same theoretical formalism, we have been able to obtain the very well known
dispersion relations of charge carriers in monolayer and bilayer graphene, that are usually
obtained starting from the standard nearest-neighbour approximation using two different
tight-binding Hamiltonians |. Because the linear term of the Dirac oscillator leads
directly to a description of a fermion with an intrinsic left-handed chirality, which is only
present in the two-dimensional Dirac oscillator @], the charge carriers of graphene describe
by Eq. () are left-handed. In this sense, the Dirac oscillator described by equation ()
can explain the left-handed chirality observe for massless and massive charge carriers in
graphene.

Next we consider the effect of an external uniform magnetic field on the system. The

dynamics of the charge carriers of graphene are then described by

0 2 .eB;
Zha | >= [Uf ;Uj (pj — 0Ty eA]) + O’vafz] | >, (11)

where we are considering the corner of the first Brillouin zone defined by 7 =1 @] We
observe that for the case of a vanishing magnetic field (4; = 0) in Eq. (), then the Eq. ()
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is recovered. In order to understand the physics described by Eq. (), we assume initially
that the linear potential in vanishes. This fact means we are considering an charge carriers

with mass in presence of an external magnetic field. i.e.

m—|¢> vfzo—] )+ omut] v > (12)

Substituting the spinor | 1 >= (| 11 >,| ¥» >)T in Eq. ([I2), yields following two coupling

equations:
(E —mvf) [ > = vf[(pe — eAr) — i(py — eAy)] | ¢z >, (13)
(E+mvj) | o > = vs[(pe — eAy) +ilpy — eAy)] [ ¢ >, (14)
The external magnetic field, which is perpendicular to the plane, is written as B = —Bé,.

The vector potential A then has the form A = (A, Ay A,) = %(y, —z,0). With this vector
potential, Eqs. (I3) and (I4]) become

hico? h
(B = mo}) | 1 > = vl(ps — i=y-2) = i(p, — i=5-y)] | ¥ >, (15)
h&fz ~f2
(B+mof) |1 > = vyl(pe + i) +ip +i—59)] | 2 >, (16)
f f

where ©* = w?/2, with the cyclotron frequency w, defined by w? = eBv}/h. To solve Egs.
(I5) and (ﬁ we again introduce the right- and left-handed chiral annihilation and creation
[.

operators Then we write r; and p; in terms of operators a; and a a , from Egs. () and
(I8 we obtain
2hw
|91 > =~ [ Y2 >, (17)
muvy
— g ot
>=i{—>a > . 18
| Y2 ZE+mv]%T|¢1 (18)

In contrast to Eqs. (@) and (B]), where only the left-handed chiral operators appear, here
in Egs. ([I7) and (I8]) only the right-handed chiral operators are present|26]. Substituting
Egs. (1) and (I8)) into Eq. (I2)), it is possible to write the Hamiltonian of this system in

the following form

Hy = —h(g,oa, + gioal) + mvfaz, (19)



with g, = 2iw = ivyy/2eB/h. The Hamiltonian H, describes a massive electron of right-
handed chirality. From Eqs. (IT) and ([I8]), we obtain the energy spectrum given by

1 1
E, = :I:\/QeBth% (m +3 + 5) +m?vj, (20)
with n, = 0,1,2,.... For the case of massless charge carriers the energy spectrum (20) is
written as
E,, = +4/2eBhv? [ n 4—1:&l (21)
Ny f r 2 2 9

which corresponds to the well-known unusual Landau-level spectrum of monolayer graphene
|. We note that the expression has exactly the same form as the Landau levels
given by expression (1) of the reference [41]. On the other hand, for the case m # 0, the

non-relativistic limit of (20)) leads to the following result

1 1
BT = :I:\/2eBhv]% <nr + 3 + 5) +m?vj — mvs, (22)

which corresponds to the Landau levels for bilayer graphene. This Landau-level spectrum

implies that one of the levels obtained for n, = 0 has a B-dependent gap of the form

AE}™" = —6 + /B + 62, (23)

where § = QmUJ% and v = Sevfch. This result has certain analogy with the experimental gap
reported in [42]. The non-relativistic limit of (20) implies that % > v B, thus the Landau
levels can be written as EI" = eB/h(n, + 1+ + 1) and the B-dependent gap obtained for
one of the levels associated to n, = 0 is written as AE]™" = 2eBh/m. We note that the
charge carriers described by Eq. ([I2]) have right-handed chirality.

For the full problem described by Eq. (), we consider simultaneously the two systems
described by Hamiltonians (@) and (I9). The Hamiltonian that describes the dynamics of

charge carriers of graphene in presence of a uniform magnetic field is given by
H = H, — H, + mvjo., (24)
where the left-handed Hamiltonian H; is given by

H, = h(gio*af + gio~a), (25)



with ¢, = ivy\/eB;/h, and the right-handed Hamiltonian H, is given by
H, = h(g,0"a, + gio~al), (26)

with g, = vy \/m.

For the case of a weak external field B < By, in a first approximation where corrections
of order O(B/By) are neglected, Eq. (1) leads to the energy spectrum given by (). On the
other hand, for the case of a strong external magnetic field B > By, neglecting corrections
of order O(B;/B), the Eq. () leads to the energy spectrum of ([20). This means that in
the limit B — 0 the charge carriers have left-handed chirality, while for the limit B — oo
they have right-handed chirality. In other words, changing the strength of the external
magnetic field B must lead to the existence of a chiral quantum phase transition for the
system described by Eq. (). A complete characterization of this kind of chiral phase
transition, using the two-dimensional Dirac oscillator couplings in the context of (Anti)
Jaynes-Cummings models, is performed in reference [28] and the signatures of a possible
quantum phase transition for the case of a graphene quantum dot model in a magnetic field
has been reported in [43].

Without considering the presence of the external magnetic field, for the case of massless
charge carriers (monolayer graphene), the left-handed hamiltonian is given by (26]), while
for the case of massive charge carriers (bilayer graphene), the left-handed hamiltonian is
given by ([6). Both these Hamiltonians can be described within a tight-binding model as
shown in %], for the one-dimensional Dirac oscillator. This fact means that the Dirac
oscillator description, that we have introduced in this work, is consistent with the tight-
binding approximation that traditionally has been used to describe the electronic structure
of graphene .

The results that we have presented in this letter have shown that the two-dimensional
Dirac oscillator describes consistently some electronic properties of graphene. This is the first
time that the Dirac oscillator describes a very well know physics system. With the present
model, it has been possible to explain that the left-handed chirality of charge carriers in
monolayer and bilayer graphene is originated by the linear potential that appears in the Dirac
oscillator model. This linear potential describes the interactions of the medium over the
charge carriers. We have interpreted the parameter B; that appears in the linear potential as

an internal field acting over the charge carriers, which is assumed to originate in an effective



form from the motion of the charge carriers relative to the planar hexagonal arrangement
of carbon atoms. This model leads consistently to the very well known dispersion relations
of charge carriers in monolayer and bilayer graphene which traditionally are obtained using
a tight-binding approximation. For the case in which an external and uniform magnetic
field B is presented in a perpedicular form over the layers, the well known Landau level
spectrum for the monolayer graphene is obtained. For the case of bilayer graphene, the
model predicts the existence of a B-dependent gap. Finally, this model also predicts that
changing the strength of B must lead to the existence of a chiral quantum phase transition

for the system.

C. Quimbay thanks the School of Physical Sciences at the University of Kent, Canterbury,
for their hospitality during his visit there.
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