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Abstract

We propose an electrically controllable valley beam splitter of massive Dirac
electrons through the valley dependent Goos-Hanchen effect. The device consists of a
monolayer graphene grown on a substrate and two ferromagnetic stripes with
magnetizations directed along the current direction (the x axis). We found that the
transmitted K and K’ valley electron beams exit at different longitudinal positions,
and they can be separated spatially. The lateral displacements for the K and K’ valley
electron beams as well as their separation can be enhanced by the transmission
resonances formed between the two ferromagnetic stripes. The spatial separation
between the K and K’ valley electron beams can reach values up to several thousands
of wavelengths, which means that we can collect the two beams at different positions
in experiment. Our results can stimulate further experimental investigation of valley
beam splitter in gapped graphene.
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Introduction

Since the discovery of graphene in 2004,' the strictly two dimensional carbon
nano-material receives ever-growing attention owing to its potential applications in
electronic and spintronic devices.>**>%"#9 Charge carriers in graphene behave like
relativistic Dirac Fermions described by the Dirac equation with a dispersion
resembling that of electromagnetic wave.’® As a result, graphene is also regarded as a
promising candidate for optoelectronic applications.***? Up to the present, a number
of optics-like phenomena have been found in graphene, such as the electron lens
effect,”>** the Brewster angle,’® and the Goos-Hanchen (GH) effect.® The GH
effect is an interfacial effect between two media with different refractive indices,
which results in a lateral shift of the light beam totally reflected from the dielectric
surface. It was predicted by Sir Isaac Newton'” and realized experimentally by Goos
and Hanchen.™® Until now, a number of studies of the control of electron transport by

16,16,19,20,21,

the GH effect have been undertaken in graphene, 2223 for example, the giant

GH shift in graphene double barrier structures,'® the GH effect in a graphene p-n
junction,™ and the valley-dependent GH shift in strained graphene.>?°

Apart from the spin of an electron, graphene has another degree of freedom: the
valley pseudospin, which refers to the two inequivalent Dirac cones at the K and K’
points of the hexagonal Brillouin zone.?*'* Analogous to the electron spin in
spintronics, the valley pseudospin in graphene can also be used as a carrier of

information, as well as a transmitter of information and this research area is referred

to as valleytronics. %’ This opens up new opportunities and directions for the study
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and development of valley-based electronic devices in graphene. Since the two
valleys, K and K’, in clean bulk graphene are related by the time-reversal symmetry,®
an important task of graphene valleytronics is to break the time-reversal symmetry
and generate uneven distribution of electrons in the valleys. Up to now, several
schemes have been proposed to manipulate the valley-dependent transport in

graphene. Strain effects!®?028:29.3031

can induce pseudomagnetic fields in graphene,
and the signs of the effective magnetic fields for the K and K’ valleys are opposite.
Other methods, such as, the line defects®* and trigonal band warping®=**® have also
attracted detailed studies. Recently, researchers found that a Dirac gap can be induced
by growing graphene epitaxially on various substrates,***’ such as SiC and BN, and
the size of the gap can be from a few to hundreds of meV. This development opens up
more possibilities and stimulates more studies in this area.*****° In the present study,
we propose an electrically controllable valley beam splitter through the valley
dependent Goos-Hé&nchen effect in a resonant double-barrier structure of gapped
graphene.
Device Structure

The schematic illustration of the proposed valley beam splitter is shown in Fig. 1.
The graphene is epitaxially grown on a substrate, which can induce a Dirac gap in the
graphene. Two ferromagnetic stripes with magnetizations along the x axis are

deposited on the graphene to form a double barrier resonant structure. We need to

point out that the two magnetic barriers are also used as top gates for adding two

electric potentials, V,, and V,, to the structure, through which we can control the
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lateral displacements of the transmitted beams electrically. In this structure, the lateral
displacement of an electron beam is valley dependent and so, there will be a
separation between the transmitted beams in the two valleys.

We calculated the Goos-Hanchen lateral shifts along the interface for the electron
beams in the two valleys, which are very large compared to the wavelength, and
strongly dependent on the parameters of the structure and the electric potentials. We
also note that the spatial separation between the K and K’ valley beams can be
enhanced by the transmission and reflection resonances formed between the two
magnetic barriers. For suitable parameters, the spatial separation between the two
valley electron beams can reach values up to several thousands of wavelengths. In our
simulation, all the parameters used are achievable in experiment and some are set
according to the experimental values. Therefore, our proposed scheme is very useful
for the realization of a practical valley beam splitter and contributes to the
development of graphene valleytronics.

Model and Calculation

A ferromagnetic stripe can induce an inhomogeneous magnetic field in graphene,
which can be well approximated by two magnetic & functions.***? So, we have a
constant vector potential in the magnetic barrier region. We assume that the FM
stripes is electrically insulated from the graphene layer and no ferromagnetic
proximity effect (spin splitting) is induced in the graphene layer. The motion of the
low energy massive electrons in the presence of a vector potential and an electric

potential is described by the Dirac Hamiltonian

Page 4 of 18



Page 5 of 18

RSC Advances

H=hv,6-(k+<A)+tAo_+V0,
C

where v ~10°ms™ is the Fermi velocity, S are the Pauli matrices for the

pseudospin in the sublattice space, k is the wave vector, A is the vector potential

which in the Landau gauge has the form Z:(O,Ay,O), 7 =11 is the valley index,
A is the mass term induced by the substrate, V is the electric potential, and o, isa
unit matrix. Both the vector potential and the electric potential are dependent on the
x-coordinate to describe the barrier structure. For convenience, we use the two
characteristic parameters: the magnetic length |, =(7/eB)" and the energy
E, =7v. /1, to express all the quantities in dimensionless units. In our calculation, we
set B=0.5T, so we have [, =36.8nm andE, =17.7 meV.

The wave functions in each region for an electron incident from the left into a
single magnetic barrier are written as

1 1
w =" | hvg (k, +ik,) [+re™*| ave(—k, +ik,)
E-+7A E-+7A
1 1

wy =e"’| ae™| hve (g, +i(g, + A)) |+be ™| hve (=g, +i(g, + A))
Ep-V,+7A Er-V,+7A

1
e =€ | 16" | Av. (k, +ik,)
E-+7A

where y, and . are the wave functions in the left region and the right region

respectively, and y,, is the wave function in the magnetic barrier region. The wave

vectors are related to Er and other parameters through kX:,\jEFZ—AZ—ky2 and
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q, = \/’(EF -V,)*—A?—(q,+A))’ . The electron's wavelength is related to the Fermi
energy by A=2x/k=2mhv,/\E,’-A" For the E_=1(17.7meV), A= 05
(8.85 meV) used in our calculation, the wavelength is 7.33lg (269.9nm). The
reflection amplituder and transmission amplitude t are obtained by matching the
wave functions across the boundaries. We obtain the transmission amplitude and the
reflection amplitude for the whole double magnetic barrier structure by combining the
scattering matrices using the expression given in pages 125-6 of the Ref.43). Both
parallel and antiparallel1** (two vector potentials are antisymmetric) magnetization
configurations are considered in our study. According to the stationary-phase
approximation®* the GH shift for the transmitted beam can be expressed as

S, = _d%k ‘kyzkyo where ¢ is the phase for the transmission amplitude, defined as
y

in ¢ = Im(In(t)) = ImIn(jt|e"*).

Ferromagnetic Stripe Graphene

Substrate

FIG.1. (Color online) Schematic illustration of the proposed valley beam splitter. A
graphene sheet grown on a substrate is deposited with two ferromagnetic stripes with
magnetizations along the x axis. The two ferromagnetic stripes are also used as the

top gates for the two applied electric potentials V ,and V,.
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FIG. 2. (Color online) (a) The transmission and reflection phases (b) transmission and
reflection probabilities vs the incident angle for a single FM barrier for the two
valleys. (c) The transmission phase and (d) transmission probability vs the incident
angle for a double-barrier parallel structure for the two valleys. The parameters for the

single barrier are Er=1,A=0.5, V =1, L=1, and the parameters for the double-barrier

structure are Er=1,A=0.5, V,,=1, V_,=0, L=1, W=2. When the widths of the FM

stripes are large, the transmission is small. We therefore consider the width L=1 and 2
in the results below so that reasonable transmission is obtained in the structure.

Results

According to the stationary-phase approximation, the GH shift is determined by
the derivative of the phase of the transmission amplitude with respect to the transverse
wavevector. So, it is useful for us to analyze the phases of the transmitted and
reflected beams, particularly its dependence on the incident angle (related to the
transverse wavector). In Fig. 2 (a), we show the phases of transmission and reflection
amplitudes vs the incident angle for a single magnetic barrier with an electric
potential V. It is obvious that the phase (blue solid line in Fig. 2(a)) of the
transmission amplitude for a single magnetic barrier is independent of the valley
index. Thus, the GH displacements of the K and K’ valley electron beams for a single

magnetic barrier will be the same, which means the transmitted K and K’ valley
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electron beams can not be separated through the GH shift. Both the transmission (blue
solid line in Fig. 2(b)) and reflection (red dotted line in Fig. 2(b)) probabilities are
valley independent for a single barrier. It is noted that the phase of the reflection
amplitude (the red dotted line and green dashed dotted line in Fig. 2(a)) is dependent
on the valley index; so, we guess that a double barrier structure with multiple
reflections between the barriers may give a valley dependent transmission phase. For
the double-barrier resonant structure, we consider two parallel magnetic barriers and
an electric potential barrier (V,, =1, V,,=0). As shown in Fig. 2(c) the phase of the
transmission amplitude is dependent on the valley index in a double-barrier structure,
which provides us a method to separate the K and K’ valley electron beams through
the GH lateral shift. Moreover, the resonances may play an important role in
electron tunneling and the GH shift in the proposed double-barrier structure, which

provides us a method to manipulate the transport of electrons.
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FIG. 3. (Color online) (a) Transmission probability, and (b) GH shift vs the incident
angle for the antiparallel structure. (c) Transmission probability, and (d) GH shift vs

-2000
90 -90  -60  -30 0 30 60 90

the incident angle for the parallel structure. The parameters are Er=1, A=0.5, V, =0,

V,,=1, L=1, W=15.
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The angular dependence of the GH shift and transmission probability for our
proposed resonant structure vs the incident angle is presented in Fig. 3. Firstly, it is
noted that the GH shift for both the antiparallel and parallel structures can be up to
thousands of Fermi wavelengths, and the spatial separations between the K and K’
valley electrons can be larger than 1000 Fermi wavelengths. For the antiparallel
structure (see Figs. 3(a) and (b)) we marked a transmission resonance peak as point P
in the figure, and we can see that a large spatial separation occurs at this resonance
peak. It is easy to note that the manipulation of transmission resonances provides us a
method to control the GH shift. For the parallel structure, (see Figs. 3(c) and (d))
similar phenomena are found. For example, the GH shifts of the K and K’ valley

electron beams for the Q point in Fig. 3 are larger than 1000 Fermi wavelengths.
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FIG. 4. (Color online) GH shifts and the transmission probability of K and K’ electron
beams for the antiparallel structure plotted as a function of the gate voltage. The

parameters for (a) and (b) are Er=1,A =0.5, V,,=0, L=2, W=15,6 = /4, and the

parameters for (c) and (d) are Er=1,A =0.5, V,, =0, L=2, W=13.5,0 = /4.

In Fig.4, we show the GH shifts and the transmission probabilities of the K and K’

valley electron beams for the antiparallel structure vs the gate voltages to investigate

9
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how the gate voltage can control the GH shift. Firstly, it is noted that both the
transmission and GH shifts of K and K’ valley electron beams are the same when the
external gate voltages are zero. So the external gate voltages play an important role in
breaking the symmetry of the two valleys. It can be seen from Figs. 4(b) and (d) that
the transmission oscillates with the gate voltages, and high transmission probability
can be found at resonance peaks. It is also noted that the GH shifts in Figs. 4(a) and (c)
oscillate with the gate voltages with peaks found near the tranmission resonance peaks.
This implies that we can electrically manipulate the transport of electron beams
through the external gate voltages, which is very useful for the development of
graphene based valleytronic devices. It can be seen from Figs. 4(a) and (c) that the
lateral displacements of K and K’ valley electrons can be very large compared to the
wavelength. More importantly, there is a large difference in the displacements of K

and K’ valleys, and the two electron beams can be effectively separated.
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FIG. 5. (Color online) GH shifts and the transmission probability of K and K’ electron
beams for parallel structure plotted as a function of gate voltage. The parameters are

Er=1,A =0.5, V_,=0, L=2, W=13.5, 6 =m /4.

For the parallel structure, we only consider one external gate voltage added to one

10
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of the two top gates as the effects of the two top gates are equivalent in the parallel
structure. Similarly, we show the GH shifts and transmission of K and K’ valley
electron beams in Fig. 5, in which it can be seen that the transmission probability and
GH shifts oscillate with the external gate voltage. Similar to the antiparallel
structure we found that large GH shifts occur at the transmission peaks. More
interestingly, the GH shifts for the K and K’ valley beams can be negative or positive
by changing the external gate voltage, which implies that we can easily separate the
two beams spatially. It can be noted from the results that the spatial separation

between the K and K’ valley electron beams can be larger than 4000 A., which is

quite useful.
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FIG. 6. (Color online) (a) The spatial separation and the (b) transmission probability

for antiparallel structure plotted as a function of distance between the ferromagnetic
stripes. (c) The spatial separation and the (d) transmission probability for parallel

structure. The parameters are Er=1,A =0.5, V, =0, V ,=2, L=2,0 =m /4.
It has been noted in the discussion above that large GH shift occurs at the
transmission peaks, so the resonances formed between the two ferromagnetic barriers

play a very important role in the transport of electron beams. Therefore, we take a

11
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further step to explore how the spatial separation between the two valley electron
beams depends on the Fabry-Perot resonances formed between the ferromagnetic
stripes. (see Fig. 6) We have checked that more Fabry-Perot resonances will be found
for the structure with larger distance between the two barriers. So, we now discuss the
relationship between the spatial separation of the two transmitted electron beams and
the distance between the two magnetic barriers W. We can see that the separation(A S)
between the K and K’ valleys for both the antiparallel and parallel structures oscillate
with W. The oscillating amplitude increases with an increase in W. It is noted that the
peaks inA S appears at the resonant peaks of transmission for some values of W and
the spatial separation can be larger than 1000 A for the parallel structure. Although
the GH shifts appear to depend sensitively on W, it is useful to point out here that the
W is expressed in unit of Is=36.8nm and a small change of 3 nm ( equal to 0.1lg) in W
due to the fabrication error of W does not change the GH shift significantly and affect
the usefulness of the proposed structure. In Fig. 7, we show an enlargement of a part
of Fig. 6, which shows that a fluctuation of W by £0.25 (0.17) lg around W=13.5lz in
a anti-parallel (parallel) can lower the beam separation, but the value is still larger
than 1000 A . This indicates that even for a dimension fluctuation of £6.5nm, the
beam separation can still be above 1000 A . This shows that the proposed structure

can be used as an effective beam splitter.

12
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FIG. 7. (Color online) An enlargement of a part of Fig. 6. All the parameters are the
same as that of Fig. 6.

Conclusion

In summary, we have proposed an effective valley beam splitter using the GH
shift in massive graphene. We investigated theoretically and numerically the
valley-dependent GH shifts using the stationary phase approach. It is shown that a
valley-unpolarized incident electron beam will be split into two transmitted
valley-polarized electron beams, and the transmitted K and K’ electron beams can be
detected at different longitudinal positions in the outgoing region. We found that the
lateral displacements and transmission probability of K and K’ electron beams can be
conveniently modulated by the external gate voltage, incident angle and separation
distance between two ferromagnetic stripes. More importantly, the GH shifts for K
and K’ electron beams as well as the spatial separation between them can be enhanced
by the resonances formed between the two ferromagnetic stripes and can be
modulated by the gate voltage. As a consequence, the GH shfit can be electrically
controlled which is useful in applications. In our numerical simulation, we found that

the spatial separation between K and K’ electron beams can be up to several

13



RSC Advances Page 14 of 18

thousands of Fermi wavelengths, which can be used as an effective beam separator.
Our proposed device thus provides us an alternative way to generate pure valley

currents, and may stimulate further experiments in this direction.
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Figure Captions

FIG.1. (Color online) Schematic illustration of the proposed valley beam splitter. A
graphene sheet grown on a substrate is deposited with two ferromagnetic stripes with
magnetizations along the x axis. The two ferromagnetic stripes are also used as the

top gates for the two applied electric potentials V ,and V,.

FIG. 2. (Color online) (a) The transmission and reflection phases (b) transmission and
reflection probabilities vs the incident angle for a single FM barrier for the two
valleys. (c) The transmission phase and (d) transmission probability vs the incident
angle for a double-barrier parallel structure for the two valleys. The parameters for the

single barrier are Er=1,A=0.5, V, =1, L=1, and the parameters for the double-barrier

structure are Er=1,A=0.5, Vglzl, ngzo, L=1, W=2. When the widths of the FM

stripes are large, the transmission is small. We therefore consider the width L=1 and 2
in the results below so that reasonable transmission is obtained in the structure.

FIG. 3. (Color online) (a) Transmission probability, and (b) GH shift vs the incident
angle for the antiparallel structure. (c) Transmission probability, and (d) GH shift vs

the incident angle for the parallel structure. The parameters are Er=1, A=0.5, V, =0,

V,,=1, L=1, W=15.

FIG. 4. (Color online) GH shifts and the transmission probability of K and K’ electron
beams for the antiparallel structure plotted as a function of the gate voltage. The

parameters for (a) and (b) are Er=1,A =0.5, V,,=0, L=2, W=15,6 = /4, and the

parameters for (c) and (d) are Er=1,A =0.5, V,, =0, L=2, W=13.5,0 = /4.

FIG. 5. (Color online) GH shifts and the transmission probability of K and K’ electron
beams for parallel structure plotted as a function of gate voltage. The parameters are

Er=1,A =0.5, V_,=0, L=2, W=13.5, 6 = /4.

FIG. 6. (Color online) (a) The spatial separation and the (b) transmission probability
for antiparallel structure plotted as a function of distance between the ferromagnetic
stripes. (c) The spatial separation and the (d) transmission probability for parallel

structure. The parameters are Er=1,A =0.5, V, =0, V ,=2, L=2,0 =m /4.

FIG. 7. (Color online) An enlargement of a part of Fig. 6. All the parameters are the
same as that of Fig. 6.
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