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a b s t r a c t

The transport properties of the three scenarios of the strained graphene magnetic barriers, where the
first one is composed of the strained stripe in the positive magnetic field and the pristine stripe in the
negative magnetic field on the left and right sides respectively, the second one is just the result of
exchanging the stripes in the first one, and the last one contains the fully strained stripes on both sides,
have been investigated. It is found that the first two configurations own the same evolution behavior
both in transmission and conductance versus the strain, the joint contributions from the strains in the
first two configurations lead to the enhancement both in transmission and conductance in the third one.
The strain tends to devastate the regular shape of the energy bands within the scope of higher
momentum/energy, where the more severe damage is observed in the superlattices with the fully
strained periodic unit cell. The uniformity of the periodic unit between the left and right stripes in the
third scenario makes the energy gaps of the superlattices diminish and even disappear in contrast to its
first two counterparts, where the discrepancy between the strained stripe on the left side and pristine
stripe on the right side increases the inhomogeneity, and thus the energy gaps.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, the two dimensional monolayer prototypical mate-
rials, has been a subject of intensive research due to its salient
mechanical, electronic and optical properties [1–5]. Owning the
effective Fermi velocity of 1/300 light speed, the massless Dirac
particle in graphene can be used to simulate relativistic phenom-
ena in quantum electrodynamics (QED), originally impossible due
to inaccessible high-energies however. In some sense, just as the
analog between the solid state physics and cold atomic optical
lattices [6], the graphene provides an opportunity to bridge the
gaps between the condensed matter physics and high-energy
physics. Besides providing an interface between the condensed
matter and high-energy physics, the proximity of graphene to
superconducting layers can lead to the unusual Andreev reflection
[7,8], where intro-reflection as well as specular reflection can be
observed during the process of electron-hole conversion. the high
magnetic field can give rise to the anomalous quantum Hall effect
[9–11], where the Hall plateaus appear at half-integer 4e2=h
instead of integer multiple of 4e2=h, etc.

The control of the motion of charge carriers in graphene poses
a crucial problem due to the well-known Klein tunneling, where

the normally incident Dirac particle can penetrate arbitrarily high
electric potential barriers with the probability of unity [3–5]. Thus,
as an alternative and effective tools of controlling the motion of
the massless Dirac particles, the magnetic fields are introduced to
confine the Dirac particles, which shows strikingly different
behavior than the electric fields in controlling the Dirac particles
in graphene quantum wells [12]. The strong dependence of the
transmission and conductance on the total magnetic flux and
wave-vector, provides a flexible way of confining charge carriers in
graphene. Under the influence of the electric potential barriers, the
transmission of the Dirac particle distributes symmetrically over
the positive and negative angles of incidence [13–17], while the
magnetic barriers [12,21,18–20] make the transmission of Dirac
particle show remarkable anisotropic distribution over the posi-
tive and negative angles of incidence and disappearance of the
Klein tunneling.

There are several ways to incorporate the strain [3,22] into the
graphene, the usual way is to introduce a gauge transformation
[3,23]. Substituting the changed nearest-neighbor distance vector
between atoms A and B produced by the stress and expanding it
around the so-called new Dirac point, is another way of taking the
strain into account, resulting in the anisotropic massless Dirac
equation [24–26], which is investigated not only in graphene [25],
but in atoms within optical lattices [6] and light propagation in
photonic crystals [27]. In this work, we focus on the effect of the
strain on the tunneling properties of the three scenarios of

Contents lists available at ScienceDirect

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

Physica B

http://dx.doi.org/10.1016/j.physb.2014.03.085
0921-4526/& 2014 Elsevier B.V. All rights reserved.

n Corresponding author. Tel: þ86 13734017012.
E-mail address: wxyansxu@gmail.com (W.-X. Yan).

Physica B 445 (2014) 28–36

www.sciencedirect.com/science/journal/09214526
www.elsevier.com/locate/physb
http://dx.doi.org/10.1016/j.physb.2014.03.085
http://dx.doi.org/10.1016/j.physb.2014.03.085
http://dx.doi.org/10.1016/j.physb.2014.03.085
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2014.03.085&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2014.03.085&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2014.03.085&domain=pdf
mailto:wxyansxu@gmail.com
http://dx.doi.org/10.1016/j.physb.2014.03.085


strained/unstrained graphene stripes immersed into the alternat-
ing magnetic fields, forming the so-called magnetic barriers [12]:
the first one is composed of the strained stripe within the positive
magnetic field on the left hand side (LHS), and the pristine stripe
in the negative magnetic field on the right hand side (RHS), the
second one is just the opposite of the first one by exchanging
the graphene stripes between the two sides, and the last one is the
fully strained stripes on both sides being immersed into the
alternating magnetic fields. The transmission, conductance and
corresponding superlattices (SL) energy bands for the different
configurations of magnetic barriers are investigated and inter-
preted. It is found that the strain is an effective tool to tune the
transmission and conductance in multiple magnetic barriers, and
remarkably change the energy bands of SL in the larger energy
domain. In addition, there exists substantial difference between
magnetic vector field and electric scalar field on both the transport
in electric and magnetic barriers and energy bands of the respec-
tive SL. The work is organized as follows, the transport properties
of the Dirac particle are studied for different structures of
the magnetic barriers in Section 2; the electronic properties of
the SL with the different magnetic periodic unit cells are given in
Section 3; and Section 4 concludes our work.

2. The transmission through various magnetic barriers

In the framework of the tight-binding treatment, the motion of
the Dirac particle can be described by bH ¼∑R;i½tia†RbRþδi þh:c:�,
where aR ; bRþδi represent the annihilation operators of the Dirac
particle at position R (atom A) and its three nearest neighbor
atoms B locating at Rþδi; ði¼ 1;2;3Þ respectively. By introducing
the Fourier transforms and a linear transformation, the Hamilto-
nian can be diagonalized as

H¼∑
k
ðc†k d†kÞ
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where ϕðkÞ ¼∑itieik�δi with the eigenenergy EðkÞ ¼ 7
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jϕðkÞj2

q
.

The strain takes effect through altering the parameters δi, which is
defined by the following transformation rules:

δ0
i ¼ ðIþεÞδ0

i ; ð2Þ
where δ0

i is the nearest-neighbor distance vector between atoms
A and B in pristine graphene. The strain matrix ε can be obtained by
using the following relation with the help of the symmetry con-
sideration for the two-dimensional transversely isotropic materials:

ε0ij ¼ Sij ;11τ011 ¼ RimRjkεmk ð3Þ

where R is the 2-D orthogonal rotation matrix with rotating angle θ,
τij is the stress, Sijkℓ is the compliance coefficients with
TS1211 ¼ TS2111 ¼ 0, T¼ Te01, and τ0kℓ ¼ Tδk;1δℓ;1 in the transformed
coordinate. Therefore the strain matrix ε can be obtained as [22]

½ε� ¼ S cos 2θ�s sin 2θ ð1þsÞ sin θ cos θ

ð1þsÞ sin θ cosθ sin 2θ�s cos 2θ

 !
ð4Þ

where the Poisson ratio s is defined by s� �S1111=S1211C0:165
and S represents the strain strength.

For armchair case, the distance vectors between the nearest-
neighbor A;B carbon atoms are δ0

1 ¼ ð
ffiffiffi
3

p
=2ð1�sSÞa; �1þS=2aÞ,

δ0
2 ¼ ð0; ð1þSÞaÞ, δ0

3 ¼ �δ0
1, while for zigzag case, they are

δ0
1 ¼ ð

ffiffiffi
3

p
=2ð1þSÞa; �ð1�sSÞ=2aÞ, δ0

2 ¼ ð0; ð1�sSÞaÞ, δ0
3 ¼ �δ01.

The so-called Dirac point can be obtained by minimizing the
altered eigen-energies E0ðkÞ ¼ 7 j∑it0ie

ik�δ0i j, where the hopping
integral t0i can be estimated by a empirical relation t0i ¼ t0
e�3:37ðjδ0ij=a�1Þ due to alteration of the distance vectors [22,26].

Fig. 1. The ratio of the effective velocities vx, vy to the Fermi velocity vF versus the
strain S exerted respectively along the armchair (red dashed-dot line) and zigzag
(blue solid line) directions. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this article.)
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Fig. 2. The multiple strained graphene barriers, where the shaded regions
represent the strained stripes, (a) the positive magnetic fields are exerted in the
strained areas, (b) the negative magnetic fields are exerted in the strained areas,
and (c) the whole central regions are fully strained with the alternating magnetic
fields being applied. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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