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We study electrons tunneling through a double-magnetic-barrier structure on the surface of monolayer graphene.

The transmission probability and the conductance are calculated by using the transfer matrix method. The results show

that the normal incident transmission probability is blocked by the magnetic vector potential and the Klein tunneling
region depends strongly on the direction of the incidence electron. The transmission probability and the conductance
can be modulated by changing structural parameters of the barrier, such as width and height, offering a possibility to

control electron beams on graphene.
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1. Introduction

Recently, graphene and graphene-based mi-
crostructures, which exhibit unusual properties and
have potential technological applications especially as
an alternative to the current Si-based technology,!!—2!

[4.5] Electronic con-

have been realized experimentally.
finement has been demonstrated in graphene mi-
crostructures using standard lithography methods,
which makes the fabrication of resonant-tunneling
structures based on graphene practicable. Some stud-
ies have been devoted to tunneling through single-
and multi-graphene barriers, wells, as well as sev-
eral graphene-based junctions.['"~1 The charge car-
riers in these structures are described as massless and
as chiral relativistic fermions governed by the Dirac
equation. The Dirac-like quasi-electrons can result
in unusual consequences in the electronic transport

properties, -]

, owing to their chiral characteristics.
One peculiar phenomena is Klein tunneling,[*?! which
predicts that an electron can pass through high po-
tential barriers with perfect transmission, in contrast
to conventional nonrelativistic tunneling where the
transmission probability exponentially decays with

(13—15]

the increase of barrier height. However, this fea-

DOI: 10.1088/1674-1056/20/7/077305

ture is a weakness for the graphene to be fabricated
into a heterostructure since Dirac electrons cannot be
confined by electrostatic potentials. Many attempts
have been made to overcome this shortcoming.[' =3l
Fortunately, several scholars have proposed an
alternative way of confining the graphene electrons
by magnetic field barriers or magnetic quantum
dots.'6-18] The electronic properties in the presence
of inhomogeneous perpendicular magnetic fields have
attracted considerable theoretical attention.!'9=2% On
the basis of previous progress, we start the study of
electron tunneling through a double-magnetic-barrier
structure on the surface of monolayer graphene.
The transmission probability and the conductance
are calculated by using the transfer matrix method.
The relationship between the transport properties
of charge carriers and the parameters of double-
magnetic-barrier structures will be discussed.

2. Model and formula

The system under consideration is an ideal

double-magnetic-barrier structure on monolayer
graphene. This model can be realized experimen-

tally by depositing ferromagnetic strips on the top
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of a graphene layer. The height and the width of the
left barrier are By and d;, and the height and the
width of the right barrier are Bs and ds, respectively

l— do —

B b— d1 —p— w — Bo

Fig. 1. Schematic representations of a double-magnetic-

barrier structure.

(see Fig. 1). The barriers are separated by a nonmag-
netic region of width w. Electrons in clean graphene
close to the two Dirac points K and K’ are described
by two decoupled copies of the Dirac—-Weyl (DW)
equation. Here, we focus on a single valley and ne-
glect the electron spin. Including the perpendicular
magnetic field via minimal coupling, the DW equa-
tion reads

vpo - (—ihv+zA> = By, (1)
where ¢ = (04,0,) is the Pauli matrix vector,
and vp ~ 0.86 x 10° m/s is the Fermi velocity in
graphene. In the Landau gauge, A = (0, A(x),0),

with B, = 0, A. Thus, equation (1) is reduced to a
one-dimensional form as

—-F —i0; —i(ky + A(z)) v=0
—i0; +i(ky + A(x)) -F
(2)
The vector potential is given by
0, [—oo, 0],
A, [0, d4],
Al)=14 0, [di, dy+w), (3)
As, [di 4+ w, di +w+da],
0, [di+w+da, + o]

For convenience, we express all quantities in di-
mensionless units by means of two characteristic pa-
the magnetic length I = /h/eB
and the energy Ey = hvgp/lp,. For a realistic value
By = 0.1 T, we have Ig, = 811 A and Ey = 7.0 meV,
which set the typical length and energy scales.

rameters, i.e.,

Since the system is homogeneous along the y di-
rection, the transverse wave vector k, is conserved.
The solution of Eq. (2) for a given incident energy F
can be written as

1
ko + ik,
E

’(/}W = elkyy a; elk

1
—ikzx
thie —ky +iky (4)
E
in the well and
1
Py = elFvY | ¢ elka ko +ig
E
+d¢6 1R —kx‘f'i(] (5)
E

in the barrier. Here, ¢ = k, + A, and k, is the longi-
tudinal wave vector satisfying

k2 + (ky, + A,)? = E% (6)

Using the continuity of the wave function at the
boundaries, the transmission probability T' = [¢|2 is
then calculated by using the transfer matrix method.

According to the Landauer—Biittiker formula, 26!
the ballistic conductance is calculated with the trans-

mission probability as

w/2

GGy = / T(Er, Frsin6) cos0d6,  (7)
—m/2

where 6 is the incidence angle relative to the z direc-

tion and Ef is the Fermi energy. Gy = 2e*EpL,/(mh)

is taken as the conductance unit, where L, > L is the

width of the sample in the y direction.

3. Results and analysis

Firstly, we study the transmission probabilities
each as a function of incidence angle for different struc-
ture parameters. The results are shown in Fig. 2.
Figures 2(a) and 2(b) display the transmission proba-
bilities for symmetrical double-magnetic-barrier struc-
tures with d; = dy = w = 1 and B; = Bs.
Figs. 2(a) and 2(b), we find that the transmission
probability oscillates with the incidence angle and per-

From

fect transport appears at some oblique incidences in-
stead of normal incidence. The shape of the transmis-
sion probability curve is asymmetric. Furthermore,
the transmission probability is remarkable in a wide
region of negative # and is blocked by the barrier when
the incidence angle exceeds a critical value. From
Eq. (6), we know that evanescent states appear when
the magnetic vector potential satisfies |k, + A,| > |E|.
Thus the critical angle must be related to the Fermi
energy and the magnetic field. From Figs. 2(a) and
2(b), we can see that the critical angle increases with

the increase of Fermi energy and decreases with the
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increase of the magnetic field intensity. Figures 2(c)
and 2(d) are for the case of By = By = 0.1 T and
FEr = 5Ey. It is clearly seen that the positions and
the numbers of resonant peaks change with do and
w increasing, but the critical angle remains a com-
mon value. The angular dependence of the transmis-
These features
imply that both the width of the magnetic barriers

sion probability is very remarkable.

and the width of the nonmagnetic region have effects
on the angular dependence of the transmission prob-
ability but have no effects on the critical angle.
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Fig. 2. Transmission probabilities each as a function of
incidence angle with different structural parameters: (a)
and (b) are for symmetrical double-magnetic-barrier struc-
tures with di = d2 = w =1 and B1 = Ba, and (c) and (d)
are for asymmetrical double-magnetic-barrier structures
with By = B = 0.1 T and Er = 5E).

Figure 3 shows the energy dependence of the
transmission probability for the double-magnetic-
barrier with different structural parameters at normal
Figures 3(a) and 3(b) are for a double-
magnetic-barrier structure with d; = do = w = 1.

incidence.

Figures 3(c) and 3(d) are for a symmetrical double-
magnetic-barrier structure with By = Bs = 0.1 T. We
can see that the transmission probability oscillates
with the variation of Fermi energy at normal inci-
dence. The resonant peaks are suppressed in the lower
energy region. The shapes of the curves are closely
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Fig. 3. Transmission probabilities each as a function of
Fermi energy at normal incidence: (a) and (b) are for the
structure with symmetrical barrier width at di = d2 =
w = 1, and (c) and (d) are for the structure with symmet-
rical barrier height at By = B = 0.1 T.
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related to the height and the width of the barrier. In
other words, the normal incident transmission prob-
ability can be modulated by changing the structural
parameters and the incident energy. It is well-known
that perfect transport for normal incidence through
pure electric-barrier structure in monolayer graphene
is independent of the well width, the width and the
height of the barriers. However, the situation is
completely different for magnetic-barrier structures.
These special properties offer the possibility to con-
trol electron beams on the graphene.

The properties of the transmission probability
directly lead to the fact that angularly averaged con-
ductance is related to the structural parameters. In
Fig. 4, we plot the angularly averaged conductances
each as a function of Fermi energy for the structure
with symmetrical and asymmetrical barrier heights.
The width of the magnetic barrier and the well are set
to be the same and equal to 1 in units of I[g. There
are a few interesting features exhibited in Fig. 4. The
range of the conductance in each subplot changes from
0 to 1.85 in units of 2e?ErL,/(mh) and the conduc-
tance behaves like a wide shoulder for all cases. In
Fig. 4(a), By and By are set to be the same. For this
kind of symmetrical height magnetic barrier structure,
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Fig. 4. Conductances each as a function of Fermi en-
ergy Er for a double-magnetic-barrier structure with di =
do = w =1. (a) By and Ba are the same, (b) By is fixed
to be 0.1 T.

we can see that the conductance has a resonant peak
in the lower Fermi energy region; with the increase
of the magnetic intensity, the resonant peak and the
step shift toward the right side are pressed together.
Furthermore, Fig. 4(b) shows the angularly averaged
conductances each as a function of Fermi energy for a
magnetic structure with asymmetrical barrier height
when the left magnetic field is set to be B; = 0.1 T.
From Fig. 4, we can also observe that the conduc-
tance exhibits a drastic variation with the increase of
barrier height at some suitable values of Fr. For ex-
ample, when the height of the barrier is changed from
By =B3;=0.1Tto By =B;=05T at Er = 0.5E),
the conductance decreases about 49%. In addition,
when the height of the left barrier is fixed, the reso-
nant peak is also suppressed by increasing the height
of the right barrier. In Fig. 4(b), the conductance
decreases about by 35% when the height of the right
barrier is changed from By = 0.1 T to B, = 0.5 T at
Er =0.5E.

To gain a deeper insight into the relationship be-
tween the conductance and the structural parameters,
we present the conductances each as a function of
By/Bj in Fig. 5. The width of the structure is set
to be diy = do = w = 1, and the height of the left
barrier is fixed to be By = 0.1 T. From Fig. 5, we ob-
serve that the conductance is drastically reduced by
increasing the height of the right barrier at a given
Fermi energy. This is similar to the case of the trans-
mission probability and can be understood in the same

way.
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Fig. 5. Conductances each as a function of Ba/B; for a
asymmetrical double-magnetic-barrier structure at differ-
ent values of Fermi energy.

The thickness of the structure is an important pa-
rameter for designing devices based on the resonant
tunneling effect. We find that the conductance de-
pends sensitively on the width of the barriers. The
conductances each as a function of dy /dy for a double-
magnetic-barrier structure with asymmetrical barrier
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width are plotted in Fig. 6. It is shown that the con-
ductance oscillates with dy increasing. The oscillation
is drastic when the two barriers have the same width.
In addition, the oscillation amplitude of the conduc-
tance decreases with the increase of the width of the
right barrier. These results suggest an additional way
of controlling the conductance of the present device.
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Fig. 6. Conductances each as a function of d;/dy for
a asymmetrical double-magnetic-barrier structure. The
widths of the left barrier and the well are fixed to be
di=w=1. (a) Bt =B2=0.1T, (b) Ep =5Ep.

4. Conclusions

Based on the transfer-matrix method, we in-
vestigate the transport properties of charge carriers
through a double-magnetic-barrier structure on the
surface of monolayer graphene. The transmission
probability and the conductance through the struc-
ture are calculated and analysed. It is shown that the
transport properties in the present structure are very
different from those in an usual double-electrostatic-
barrier. The transmission probability is blocked by
the magnetic vector potential and the Klein tunneling
region shifts towards the left side. The relationship
between the transport properties and the structural
parameters is also analysed in detail. The results in-
dicate that the transmission probability and the con-
ductance can be modulated by changing the heights
or widths of the two barriers, thereby offering the pos-

sibility of practical applications in device design.
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