Physica E 70 (2015) 28-34

journal homepage: www.elsevier.com/locate/physe

Contents lists available at ScienceDirect

Physica E

LOW-AIMENSIONAL STSTEMS.
" & MANDSTRUCTUALS

Anisotropic optical conductivity and electron-hole asymmetry in
doped monolayer graphene in the presence of the Rashba coupling

S.S. Sadeghi *", A. Phirouznia “*, V. Fallahi ¢

@ CrossMark

2 Department of Laser and Optical Engineering, University of Bonab, 5551761167 Bonab, Iran

P Physics of Department, Bu-Alisina University, Hamadan, Iran

€ Department of Physics, Azarbaijan Shahid Madani University, 53714-161 Tabriz, Iran

d Department of Physics and Energy Engineering, Amirkabir University of Technology, Hafez Ave., 1591634311 Tehran, Iran

HIGHLIGHTS

GRAPHICAL ABSTRACT

e Coherent potential approach in gra-
phene.

e Rashba coupling induced electron-
hole symmetry breaking.

e The effect of the impurities on den-
sity of states in graphene.

ARTICLE INFO ABSTRACT

Article history:

Received 9 May 2014

Received in revised form

25 November 2014

Accepted 21 January 2015
Available online 20 February 2015

Keywords:

Graphene

Rashba coupling

Optical conductivity
Electron-hole asymmetry
CPA

In this study, the optical conductivity of substitutionary doped graphene is investigated in the presence
of the Rashba spin orbit coupling (RSOC). Calculations have been performed within the coherent po-
tential approximation (CPA) beyond the Dirac cone approximation. Results of the current study de-
monstrate that the optical conductivity is increased by increasing the RSOC strength. Meanwhile it was
observed that the anisotropy of the band energy results in a considerable anisotropic optical conductivity
(AOC) in monolayer graphene. The sign and magnitude of this anisotropic conductivity was shown to be
controlled by the external field frequency. It was also shown that the Rashba interaction results in
electron-hole asymmetry in monolayer graphene.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recently graphene has attracted a rapidly growing interest due
to its potential application in nano-electronics [1,2]. The extremely
high mobility of graphene, in comparison with conventional
semiconductors, constitutes a natural outstanding candidate to
design high performance electronic devices for next generation
electronics. Due to these surprising features of graphene, the
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coming years has been named as carbon new age [3]. However
lack of an energy gap in graphene is one of the biggest hurdles for
graphene device applications [4].

The effect of Spin orbit coupling (SOC) on the monolayer gra-
phene was found firstly by Kane and Mele [5,6]. Strength of in-
trinsic spin orbit coupling (ISOC) in comparison with the RSOC is
very small [7-12]. Meanwhile the RSOC strength in graphene has
been reported up to 0.2 eV [13] where can be considered as a
really high value for a typical spin-orbit interaction.

The RSOC has been observed by impurity doping and external
electric field where the strength of doping induced RSOC is very
weak [14]. Meanwhile, it was shown that the RSOC can open and
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control a noticeable gap at the Dirac points [8,15].

The effect of the RSOC on heavy doped graphene has been in-
vestigated in [16]. The effect of the impurities has been considered
by choosing chemical potential close to the M point in the first
Brillouin zone (BZ) [16]. Results of this research show that the
RSOC in mono-layer graphene can strongly affect the optical re-
sponse of graphene [16].

In the present study we formulated the effect of the impurities
on the optical conductivity of the mono-layer graphene in the
presence of RSOC. Numerical calculations have been performed
under the coherent potential approximation (CPA) where we have
shown that the density of states and the transition rate can be
effectively controlled by the density of impurities. It was shown
that the RSOC removes the electron-hole band symmetry. In this
way we have to consider the deformation of the band energies and
density of states as a result of the impurities.

Owning to the fact that the RSOC Hamiltonian is translationally
invariant, it can be formulated under CPA approach as shown in
later sections. The CPA is one of the important and widely used
methods for describing disordered systems. The problem is that
how conductivity of disordered graphene can be affected by the
RSOC under CPA approach?

In this manuscript, band structure of graphene has been stu-
died beyond the Dirac cone approximation in framework of tight-
binding Hamiltonian. As a result, trigonal warping (TW) of the
energy bands can contribute in optical conductivity. The TW is
observed when Fermi circle of a degeneracy point leads to de-
formation [17] by increasing the Fermi energy. TW was expected
to be responsible for anisotropic optical conductivity (AOC) as it
removes isotropic band cross sections at Fermi level, however the
results of the current study show that, even at low Fermi energies,
i.e. when the TW is negligible the amount of the AOC is really
significant. Dirac-cone approximation suppresses the TW effect
and therefore the intrinsic anisotropy of the bands (regardless of
the position of the Fermi energy) can be responsible for AOC of
single layer graphene. It seems that the TW could produce some
kind of anisotropic effects when, only the occupied states are al-
lowed to contribute in this process. Meanwhile it should be noted
that in some of the physical processes such as optical absorption,
where a transition is required between an occupied and another
empty state. The anisotropy of the entire band energies could re-
sult in AOC. The effect of the RSOC on the AOC of a monolayer
graphene has also been studied in the current work. The AOC
manifests itself when the optical conductivity was different along
x and y directions.

Electron density of state (DOS), the optical conductivity of
graphene can be controlled by manipulating gate voltage which
controls the RSOC strength. Optical properties of a pure monolayer
graphene have been studied in [18]. Where it was shown that
RSOC can result in a controllable blue shift. In the present work,
density of state, AOC of disordered graphene calculated beyond
the Dirac-cone approximation.

2. Theoretical model

In the current work we have considered a monolayer graphene,
in which its two-dimensional lattice has been oriented with re-
spect to the x- and y-axis as shown in Fig. 1.

Nearest neighbor-tight binding Hamiltonian of pure graphene
reads

Ho=-t Z (a;,iba_j + h. c)

(ine (1)
Where the operators a; ; and b,; denote the creation and annihi-
lation of an electron with spin ¢ in sublattices A and B (Fig. 1),

Fig. 1. Spatial orientation of the monolayer graphene with respect to the x- and y-
axis and A, B sublattices.

respectively. Where t=2.66 eV is a hopping parameter.

RSOC can generate a gap in graphene and converts graphene to
semiconductor. According to the results of density functional
theory and other approaches, the strength of the ISOC is several
orders of magnitude weaker than the strength of RSOC (the
strength of ISOC is about 1-50 peV) [7-13]. Therefore in this paper
the effect of ISOC (also ISOC in next nearest neighbor) is neglected.

RSOC in graphene and other structures emerges when lattice
inversion symmetry is broken [19]. In this study RSOC can be
considered to be induced by perpendicular gate voltage or by
coupling with the substrate. Rashba coupling is given in the form
of a nearest neighbor hopping term as follows [14]:

Hp= -tz ), ¢f(s x dy). 2ci + h. c.
(i) (2)

s is the vector of Pauli matrices, (/1\,1 is the unit vector that connects
the i and j lattice sites and ty is the strength of RSOC where (i, j)
indicates that the sum is performed over the nearest neighbors
(Fig. 1) where ¢ (c;) is the creation (annihilation) operator in one
of the A or B sublattices.

Matrix representation of total Hamiltonian on wave function

w = (wap way» Wep wpy) 1S given by

0 0 yk) O
Hy— 0 0 0 y(k) ,
y<(k) O 0 0
0 y(k) O 0 (3)
and
0 0 0 B.(k)
0 0
Hy = gk 0
0 p(k) O 0
pr(k) 0 0 0 (4)

where y(K) = e-itky 4 2e-1(@/2ky cos (a1ky) p, =i tr(&(k) = &(k)),
& (k) = elaikx(e=iazky _ cos (a1ky)) and &(k) = V3 eidtkx sin (a1ky) in
\“@a

which a; = > G2 = %a in which the carbon-carbon distance is
denoted by a=1.42 A.
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