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investigated theoretically. Numerical results for rectangular barri-
ers demonstrate that a transmission gap appears owing to the
magnetic confinement and the width of gap is dependent on the
incident angle and changed by the width of barrier and the dis-

f\ileigoerttiijbarrier tance between the double barriers. At the edge of the transmission
Transmission gap gap, the Goos-Hanchen shifts of electrons have strong peaks and
Goos-Hinchen shift are tuned by the structure parameters. Furthermore, for the real
Filter magnetic structure induced by ferromagnetic strips, the transmis-
Graphene sion gap and GH shift remain. The tunable transmission gap indi-

cates that the graphene magnetic structure can be use as
electron wave filter and the tunable GH shift shows that the struc-
ture can be applied to laterally manipulate Dirac fermions in
graphene.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Since the successful fabrication of graphene, the effect of magnetic field on the transport behaviors
of Dirac fermions in graphene has aroused a great deal of attention [1-4]. Recently, inhomogeneous
magnetic field on submicron scales is focused on and applied to manipulate the Dirac fermions in
graphene, such as magnetic confinement, anisotropic tunneling through single, double or multi mag-
netic barriers [5-12], the bound states of magnetic quantum dot, wire or annulus [13-20], electron
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waveguide induced by magnetic barriers [17,21-24], tunneling magnetoresistance [25-27], magneto-
transport and Fabry-Pérot type resonance [28-32]. Usually, the inhomogeneous magnetic field
perpendicular to graphene plane is experimentally achieved by depositing ferromagnetic strips on
graphene or local strain from the substrate beneath graphene [8,33].

Electron wave filter (electron wave energy filter), which forbids the electron wave at specific en-
ergy range, is one of important electronic devices. Recently, graphene-based electron wave filter
has been proposed by inhomogeneous magnetic field or gate-controlled potential barrier [6,34]. How-
ever, the incident range in gate-controlled potential barrier is limited at oblique incidence due to the
Klein tunneling [35]. The angular range of the transmission through graphene magnetic barrier struc-
tures can be controlled by increasing the number of magnetic barriers [6], owing to the magnetic con-
finement suppressing the Klein tunneling. In this present work, we consider an asymmetric graphene
double magnetic barrier structure (DMBs) induced by ferromagnetic strips on graphene to design an
electron wave filter based on the transmission gap occurring in this system. It is found that the width
of the transmission gap can be tuned by the distance between the two barriers and the distance
between ferromagnetic strip and graphene plane.

Quantum Goos-Hanchen (GH) shift is an analogy of optical GH shift, which is referred to a lateral
shift between the reflected beam and the incident beam occurring at the interface of two different
materials on total internal reflection [36]. It have been figured out that the reflected and transmitted
Dirac fermion beams in graphene PN junction, strained barrier, magnetic barrier and velocity barrier
exhibit obvious quantum GH effect [37-43], which plays an important role on the manipulation of
electrons in graphene and provides an important path for achieving valley or spin splitters. In this
present work, we will present the GH shift of the reflected and transmitted Dirac fermion beams in
the asymmetric graphene DMB:s. It is found that Dirac fermions in this structure exhibit obvious GH
shifts at the edge of the transmission gap.

2. Model and theory

The graphene-based magnetic structure in Fig. 1 is designed by depositing double ferromagnetic
strips on the top of an insulated oxide layer, which covers the monolayer graphene sheet on the sub-
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Fig. 1. (a) Schematic diagram of asymmetric graphene double magnetic barrier structure, where double ferromagnetic stripes
with contrary magnetization directions are deposited on graphene separated by an insulated oxide layer. The inset denotes the
lateral GH shifts of reflected (transmitted) upper (red solid line) and lower (blue dash line) components with a relative
displacement 7. (b) Magnetic field B and corresponding vector potential A as functions of coordinate x with F(x) = B(x) or A(x).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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strate. One ferromagnetic strip with magnetization direction perpendicular to graphene in x-z plane
produces a magnetic field with its profile

Bo[K(x + W/2, z0) — K(x — W/2, 2,)]2 (1)

where W is the width of strip, zg is the distance of the field point to the strip and By is a constant
related to aspect ratio of the stripe, with K(x, zg) = (2Wx/x? +z3) [44]. Therefore, we can similarly
obtain the magnetic field B(r) induced by double ferromagnetic strips with contrary magnetization
directions, and their widths W; and Wj, respectively, as shown in Fig. 1b (blue! solid line) with
Zp=0.1. Using Landau gauge and B(r) = V x A(r), we can obtain the vector potential A(r) = (0, A(x), 0)
with A(x) = [; B(x)dx, as shown in Fig. 1b (red dash line).

In this graphene system, Dirac fermions obey the massless Dirac equation:

Ur G - [—ihV + eA(r)|y(r) = E y(r) (2)

where o = (0, 6,) is 2D Pauli matrix vector, y(r) = [,(X), V3 (x)]" is the two-component pseudospinor.
To simplify the notation, we can conveniently introduce dimensionless units: Ly = \/h/eBy, x — Lg X,
A(x) — LgBoA(x), k, — 1/Lgk,, Eo = hvp/Lg and E — EoE. At a typical value of By~ 0.1T, the length
and energy scales are Lg ~ 80 nm and Eq ~ 7 meV, respectively. Due to the invariance of momentum
along the y direction, the wavefunction can be written as y(r) = y(x) exp(ik,y) and Eq. (2) can be fur-
ther reduced as:

(92— (ky + A00)* 7 0.A0) + 2|y () = O 3)

When a finite-sized incident Gaussian electron beam is considered, the wave functions of the inci-
dent, reflected and transmitted beams satisfying Eq. (3) can be assumed to be

o0 L 1
Vin(X,Y) = /790 dky u(ky — ky)eor it |:ei0(ky):| (4.1)
00 . 1
ey = [ iy (k) u(ky — ke 1 LW ] (42)
o0 o . 1
Ye(x,y) = ./7% dhky t(ky) u(ky — ky)elkyy+Afy+lkX(ky)x { /ki/kf(em(ky):| (4.3)

where the Gaussian envelope is taken as u(k, — k) = exp (—(ky - K)Z/ZAﬁ) so that the wavepacket is
sharply peaked at k, = k,, 6 is the incident angle, o is the emergent angle, and ki =/E* - k§ and

E* - (ky + Af)2 are corresponding longitude wave vectors in incident and emergent regions with
Aras the vector potential of emergent regions. The reflection coefficient r(k,) = |r(k,)| exp [ix,(k,)] and
the transmission coefficient t(k,) = |t(k,)| exp [ip,(ky)] can be obtained by the transfer matrix method
[5-11], with reflection phase u/(k,) and transmission phase k), respectively.

The stationary-phase approximation is widely applied to the GH shift calculations and shows that
the GH shifts of reflected (transmitted) beam result from the negative gradient of the reflection (trans-
mission) phase in direction [37-43]. For Dirac fermions in graphene-based structure, the upper and
lower lateral shifts for the reflected and transmitted beams can be given by:

T = —dp,/dk, | F T (5.1)

T = —du/dky |, (5.2)

! For interpretation of color in Fig. 1, the reader is referred to the web version of this article.
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where 1 = u, + Zjilkf(wj relates to the berry phase [31], and t is the relative displacement between
upper and lower components of the incident beam. Usually, the average shifts 7, , = (‘crft + r;t> /2 are
used to denote the GH shifts.

3. Results and discussions

As long as the edge-smearing length of magnetic barrier is much smaller than the Fermi wave-
length of quasiparticle in the structure, it can be well approximated as a rectangular barrier. Accord-
ingly, in this section, we first consider asymmetric graphene double rectangular magnetic barrier
structures and then further discuss the real magnetic structure described by Eq. (1).

Fig. 2 shows a few contour plots of transmission T (T = |t|?) of electrons through asymmetric double
rectangular magnetic barriers in graphene. The asymmetry of double magnetic barriers is mainly in-
duced by their magnetization directions and widths. Some values of widths for the magnetic barriers
with contrary magnetization B; = 1 and B3 = —1 are used: W; = W, = W5 =1 in Fig. 2a; W; = W3 =1 and
W5 =2 in Fig. 2b; W; =2 and W, = W5 =1 in Fig. 2c; W, =W, =1 and W3 =2 in Fig. 2d. It is clear that
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Fig. 2. Contour plot of the transmission as a function of energy E and incident angle 0 for rectangular barriers. (a)
Wi=W=W3=1.(b) W;=W3=1and W,=2. (c) Wy =2and W, =W5=1.(d) Wy =W, =1 and W5=2.
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the transmission exhibits unique behavior owing to the chiral nature of the electronic states in graph-
ene. More importantly, a transmission gap occurs in all structures, depends on the incident angle and
can be changed by widths of barriers and the distance between the double barriers. Magnetically in-
duced transmission gap in graphene is previously supported in symmetric double or multi magnetic
barriers, which can widen the gap by increasing the number of barriers [6]. In fact, this transmission
gap arises from the magnetic confinement, which suppresses the Klein tunneling [5,6]. In this present
work, double magnetic barriers with contrary magnetization directions also have the transmission gap
and the tunability of gap can be achieved by the widths and distance of the double barriers. Thus, one
can use the graphene magnetic structure to design a tunable electron wave filter. In addition, the mag-
netic structure can be used to laterally manipulate the reflected and transmitted electrons or holes by
the lateral GH shift at the interfaces between the barrier and well.

In order to further evaluate the effect of the incident angle on the transmission gap and the GH
shift, we calculated the transmission and GH shift as functions of Fermi energy at some different inci-
dent angles and plot them in Fig. 3. It is clearly observed that the width AE of transmission gap is en-
hanced with increasing the incident angle and electrons or holes exhibit obvious GH shift at the edge
of gap. The larger the incident angle is, the stronger magnetic confinement for carriers becomes, and
hence the gap and GH shift increase.

Fig. 4 shows the transmission and GH shift as functions of Fermi energy at some specific distances
w,. It can be clearly seen that the transmission gap becomes deeper and the GH shifts are enhanced
with increasing the distance between the two barriers. Since the vector potential induced by the
two magnetic barriers with contrary magnetization directions can be equivalent to an effective poten-
tial, which can confine electrons or holes, the wavevector becomes imaginary and in turn leads to the
transmission probability damping exponentially for the distance w,. Therefore, the gap becomes dee-
per with increasing w,. The effective potential is also supported by double § magnetic barriers used as
electron waveguide [17,22-24]. In this present work, we pay attention to the transmission gap and the
GH shift. The tunability of the gap and GH shift depending on the distance of two barriers indicates
that the structure can be well proposed to filter and manipulate electron wave in graphene.

To evaluate the transmission and GH shift in real asymmetric graphene double magnetic barrier
structures, we numerically calculate the transmission and GH shift at some specific thickness zy of
oxide layer and plot the results in Fig. 5. As can be seen, not only the transmission gap and GH shift
remain, but also they can be tuned by the thickness of oxide layer. Compared with the rectangular bar-
rier, the width of the transmission gap becomes narrow, but the smoothness of the real magnetic bar-
riers will not restrict the use of the electron wave filter. On the contrary, one can use the real magnetic
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Fig. 3. The transmission as a function of energy E at some specific angles (b). Corresponding GH shifts (a). The physical
parameters for square barriers are W; = W3 =1 and W, = 2.
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Fig. 4. The transmission as a function of energy E at some specific distance between the double barriers (b). Corresponding GH
shifts (a). The physical parameters for square barriers are W; =Ws=1 and 0 = 15°.
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Fig. 5. The transmission as a function of energy E at some specific thickness of oxide layer (b). Corresponding GH shifts (a). The
physical parameters for real magnetic barrier Wy = W5=1.5, W5=2,By=0.1T and 0 = 15°.

barriers induced by ferromagnetic strip to filter the electron wave by the transmission gap. Further-
more, the real magnetic barriers can be applied to manipulate Dirac fermions in graphene by the
GH shift.

Finally, it should be mentioned that the Zeeman interaction leading to spin filter and spin-depen-
dent GH shift has been investigated in two-dimensional electron gas under strong magnetic field
[45,46]. In this present work, the Zeeman interaction under weak magnetic field is very small in graph-
ene so that all spin effects can be neglected, which is supported in previous investigations [5-12]. Sim-
ilarly, one can also discuss the spin-dependent filter and GH shifts in asymmetric graphene DMBs, if
the strong magnetic field is considered.
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4. Conclusion

In summary, we have investigated the transmission and the quantum GH shifts in asymmetric
graphene double magnetic barrier structure. The main outcomes of the work are formulated as follow:

(1) A transmission gap occurs in asymmetric graphene DMBs and arises from the magnetic
confinements.

(2) The width of the transmission gap is dependent on the incident angle and can be tuned by the
barrier’s width and the distance between the double barriers.

(3) The real magnetic barriers induced by ferromagnetic strips not only remain the transmission
gap but also increase the tunability of gap by changing the thickness of insulated oxide layer.

(4) Electrons or holes exhibit obvious GH shift at the edge of the transmission gap and the GH shift
are tuned by the incident angle as well as the physical structure of graphene DMBs.

The tunable transmission gap and quantum GH shift in the asymmetric graphene DMBs may lead
to possible application in tunable electron wave filter and lateral manipulation of Dirac fermions in
graphene. The quantum GH shift also demonstrates electronic analogies of optical behaviors in micro-
structure and potential application in manipulation of low-dimensional electron gas [47,48].
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