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We propose a method of realizing an effective electron spin beam splitter in graphene through the

Goos-H€anchen effect. The device consists of a layer of monolayer graphene on which two

ferromagnetic stripes are deposited with parallel or antiparallel magnetization configuration. It is

shown that the transmitted spin-up and spin-down electron beams are found at different

longitudinal positions and their spatial separation can be enhanced by the number of transmission

resonances formed between the two ferromagnetic stripes. The spatial separation between the

spin-up and spin-down electron beams can reach values up to hundreds of wavelengths, which can

be observed experimentally. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902880]

Goos-H€anchen (GH) effect refers to an interfacial effect

of two media with different refraction indices, which results

in a lateral beam shift of the reflected beam when the

incident beam is totally reflected by the interface. This phe-

nomenon was predicted by Sir Isaac Newton,1 and its first

experimental proof was found by Goos and H€anchen in

1947.2 Since then, the GH effect has been intensively studied

both theoretically and experimentally in various settings

such as the beam shifts in waveguides,3 beam shifts of matter

waves,4,5 and the spin Hall effect of light.6,7 Until now, this

effect has already been explained by several theoretical mod-

els including the energy propagation approximations8 and

the stationary phase approach.9,10

Since its discovery in 2004,11 graphene has been

regarded as a promising nano-material both for electronic

and spintronic devices.12–17 Apart from this, graphene is also

a promising candidate for optoelectronic applications.18,19

Owing to the similarities between the propagation of relativ-

istic Dirac Fermions in graphene and the propagation of

electromagnetic waves, a number of optics-like phenomena

have been found in graphene such as the GH effect,20 the

Brewster angle,21 Bragg reflection, and electronic lenses.22,23

Up to the present, many studies of the control of electron

transport by the GH effect have been undertaken on gra-

phene. Beenakker and his collaborators20 studied the lateral

beam shifts caused by the GH effect in a graphene p-n junc-

tion. The valley-dependent GH shift has been investigated

in strained graphene,21,24 and a valley beam splitter in a

normal/strained/normal graphene junction was proposed by

Zhai et al.24 Very recently, Guo et al.25 reported a giant

Goos–H€anchen shift in graphene double potential barrier

structures. Some investigations have shown that the GH shift

of the transmitted electrons can be enhanced by transmission

resonances in graphene or other nanostructures.24,26–28

In this study, we propose an effective way to realize an

electron spin beam splitter by using the GH effect in gra-

phene. We investigated the spatial separation of the spin-up

and spin-down electron beams through a structure (shown in

Fig. 1(a)) consisting of monolayer graphene on which two

ferromagnetic stripes with parallel (see Fig. 1(b)) or antipar-

allel (see Fig. 1(c)) magnetization configurations are depos-

ited. In our model, the exchange effect in the graphene layer

induced by the proximity effect is included using the model

described in Refs. 29 and 30. Owing to the GH effects, the

transmitted electron beam is shifted along the surface, and

the lateral displacements of the spin-up and spin-down elec-

trons are different because of the exchange splitting induced

by the ferromagnetic stripes (see Fig. 1(d)). So there will

be a separation (DS) between the spin-up and spin-down

electrons. More interestingly, the GH lateral shifts along the

interface as well as the spatial separation between the spin-

up and spin-down electron beams can be enhanced by the

transmission resonances formed between the two magnetic

barriers. In our proposed structure, the spatial separation can

be enhanced to a value larger than 600 kF, which makes the

structure an effective spin beam splitter, providing an alter-

native way to generate spin polarized current.

FIG. 1. (a) Schematic illustration of the double ferromagnetic stripe struc-

ture. The magnetization directions (denoted by red arrows) of the two ferro-

magnetic stripes can be parallel or antiparallel. (b) Parallel configuration for

the double ferromagnetic stripe structure. (c) Antiparallel configuration for

the double ferromagnetic stripe structure (d) The lateral displacements of the

transmitted spin-up and spin-down electron beams.

a)Author to whom correspondence should be addressed. Electronic mail:

apkschan@cityu.edu.hk.

0003-6951/2014/105(21)/212408/4/$30.00 VC 2014 AIP Publishing LLC105, 212408-1

APPLIED PHYSICS LETTERS 105, 212408 (2014)

http://dx.doi.org/10.1063/1.4902880
http://dx.doi.org/10.1063/1.4902880
http://dx.doi.org/10.1063/1.4902880
mailto:apkschan@cityu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4902880&domain=pdf&date_stamp=2014-11-25


In the vicinity of the K point, the low energy electrons

in an external magnetic field with exchange splitting are

described by the effective Hamiltonian H ¼ �hvFr* � ðk
*

þ e
c A
*

Þ
þhex, where vF � 106ms�1 is the Fermi velocity, r* are the

Pauli matrices for the pseudospin in the sublattice space, k
*

is

the wave vector, hex is the exchange splitting induced by the

proximity effect, and A
*

is the vector potential which in the

Landau gauge has the form A
*

¼ ð0;Ay; 0Þ. The vector poten-

tial for our proposed structure is shown in Figs. 1(b) and

1(c). The wave functions in each region for an electron inci-

dent from the left into a single magnetic barrier can be writ-

ten as29–31

wL ¼ eikyy eikxx
1

�hvF kx þ ikyð Þ
EF
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(1)

where wL and wR are the wave functions in the left region

and right region, respectively, and wM is the wave function

in the magnetic barrier region. DPðqÞ is the parabolic cylin-

der function with q ¼
ffiffiffi
2
p
ðAðxÞ þ kyÞ, pr ¼ E2

r=2� 1, and

Er ¼ EF � rhex. hex is the exchange splitting induced by the

proximity, r ¼ 61 for spin-up (þ1) or spin-down (�1) elec-

trons, EF is the Fermi energy, and tr (rr) is the transmission

(reflection) amplitude. In our numerical calculation, the

exchange splitting is set to be 36 meV according to the theo-

retical prediction.32 The reflection amplitude rr and trans-

mission amplitude tr 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 using the expression for com-

bining two scattering matrices (see pages 125–126 of

Ref. 33). According to the stationary phase approach, the

GH shift for the transmitted beam can be expressed as

st ¼ �d/t
�

dky
jky¼ky0

, where /t is the phase for the transmis-

sion amplitude determined by /t ¼ ImðlnðtÞÞ ¼ Imlnðjtjei/tÞ.
To design an effective spin beam splitter, it is very use-

ful to know the transmission probability and transmission

resonances in the proposed device. We therefore discuss the

tunneling process through the double magnetic barriers

with both parallel and antiparallel magnetizations in Fig. 2.

The transmission probabilities for the spin-up electrons in

the parallel magnetization configuration are shown in Figs.

2(a)–2(d). It is noted that the transmission is asymmetric

with respect to the incident angle owing to the momentum-

filtering effects of the magnetic barriers. We find that there is

a tunneling-forbidden region for Fermi energies between 0

and 25 meV caused by the wave-vector filtering effect. In

this regard, when we design the device we need to choose

suitable incident angles and Fermi energies to avoid the

tunneling-forbidden region.

Comparing the transmission probabilities for different

separations between the two magnetic barriers, we note that

the transmission resonances (Fabry-Perot resonances) are

formed by the reflections of electron wave between the bar-

riers. It is evident from Figs. 2(a)–2(d) that the transmission

for larger separation W between the magnetic layers exhibits

more significant oscillations compared to that of smaller sep-

aration W. This is caused by the resonances formed in the

region between the magnetic layers from multiple reflections

between the two interfaces. We can see in our following dis-

cussion that the resonances have important influences on the

GH shift in graphene, and this offers us a knob to control the

transmission as well as the beam shift. For the antiparallel

configuration (see Figs. 2(i)–2(p)), we find similar character-

istics such as the momentum-filtering effects and Fabry-

Perot resonances. These results are very useful for choosing

the suitable Fermi energies and incident angles in the follow-

ing discussion.

FIG. 2. The contour plot of the transmission probability through the device

as a function of the incident angle and Fermi energy. (a)–(h) show the trans-

mission probability of the spin-up and spin-down electrons for the parallel

structure with different separations between the two magnetic barriers from

top to bottom: W¼ 50, 100, 150, and 200 nm. (i)–(p) are for the antiparallel

structure with the same parameters as the parallel structure. The other pa-

rameters are L¼ 20 nm, B¼ 1T, and hex¼ 36 meV.
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First, we discuss the numerical results for the parallel

magnetization configuration (see Fig. 3). It can be seen that

we have high transmission probabilities for both the spin-up

and spin-down electrons when the Fermi energy is not in the

transmission forbidden region (0� 25 meV), which means

most of the incident electrons can traverse the double barrier

structure. A comparison of the transmission presented in

Figs. 3(e)–3(h) shows that the transmission probability

depends on the separation between the magnetic barriers

strongly. It can also be seen that the GH lateral displace-

ments have similar dependence, and the oscillations of the

GH shifts arise from the Fabry-Perot resonances formed by

the multiple reflections between the magnetic barriers. As a

consequence, the Fabry-Perot resonant features can be used

to control the beam shift, and the separation between the

magnetic barriers can be used to adjust the spatial separation

of the beams when we design the spin beam splitter. In Fig.

3, we note that the GH lateral displacements increase rapidly

with an increase in the separation. For example, the GH lat-

eral displacement in Fig. 3(a) for the up-spin beam is around

�200 kF, which is increased to about �500 kF in Fig. 3(d).

We can see that the separation between the spin-up and spin-

down electrons can be around 300 kF, when the separation

W is increased to 200 nm and more resonances are formed.

Similarly, we study the GH shifts and the transmission

probability for the antiparallel configuration (see Fig. 4).

Different from the parallel configuration, there is no obvious

transmission forbidden region for the antiparallel structure. It

is clear that the Fabry-Perot resonances also have important

influences on the transmission and the GH displacements.

The transmission for larger separation between the magnetic

barriers exhibits more oscillations compared to the smaller

separation case. When we increase the separation between

the magnetic barriers the GH displacements are enhanced

with the increase in the Fabry-Perot resonances formed

between the barriers. From Fig. 4, we can see that the spac-

ing between the spin-up and spin-down electron beams can

be larger than 450 kF. So the antiparallel configuration can

also be an efficient spin splitter.

As we have shown in the previous discussion, the lateral

displacements of the transmitted spin-up and spin-down elec-

trons together with the spatial separations can be enhanced

by increasing W as well as the Fabry-Perot resonances

formed between two ferromagnetic stripes. In this section,

we take a further step to explore the dependence of the spa-

tial separation and the transmission probability on W. It is

clear in Figs. 5(b) and 5(d) that the transmission probability

of spin-up and spin-down electrons for both parallel and

antiparallel configurations exhibit oscillatory behavior. The

transmission probability ranges from 0.4 to 1.0 for the paral-

lel configuration, and it ranges from 0.5 to 0.9 for the anti-

parallel configuration. So, there are useful amount of

electrons transmitted through the proposed device. Similarly,

we can see that the spatial separations between the spin-up

and spin-down electron beams for both the parallel

(Fig. 5(a)) and antiparallel (Fig. 5(c)) configurations oscillate

with the separation between the two magnetic barriers. The

oscillating amplitude of the spatial separation DS depends

FIG. 4. GH shifts and the transmission probability for spin-up and spin-

down electron beams with different separations between the two magnetic

barriers from top to bottom: W¼ 50, 100, 150, and 200 nm for the antiparal-

lel configuration. The other parameters are L¼ 20 nm, B¼ 1T,

hex¼ 36 meV, and the incident angle h¼�p/3.

FIG. 5. The spatial separation (DS) between the spin-up and spin-down elec-

tron beams as a function of the separation between the two magnetic barriers

(W). (a) and (b) are for parallel configuration; (c) and (d) are for antiparallel

configuration. The other parameters are L¼ 20 nm, B¼ 1T, EF¼ 80 meV,

hex¼ 36 meV, and h¼�p/3.

FIG. 3. GH shifts and the transmission probability for spin-up and spin-

down electron beams with different separations between the two magnetic

barriers from top to bottom: W¼ 50, 100, 150, and 200 nm for the parallel

configuration. The other parameters are L¼ 20 nm, B¼ 1T, hex¼ 36 meV,

and the incident angle h¼�p/3.
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strongly on W, and it increases with an increase in W. This

agrees with the results shown in Figs. 3 and 4 that the GH

lateral displacements for spin-up and spin-down electron

beams are greatly enhanced by the increase in the Fabry-

Perot resonances formed from the multiple reflections

between the double magnetic barriers. As a consequence, it

is possible to manipulate the electron beam propagation in

the structure by adjusting the barrier separation W to

enhance the separation distance DS.

At last, we show the angular dependence of the GH shift

and transmission probability for our proposed structure in

Fig. 6. From Figs. 6(a) and 6(c), we can see that the spatial

separation between the spin-up and spin-down electron

beams can reach the value of 800 kF and 3800 kF for the par-

allel and antiparallel configurations, respectively. For the

parallel configuration, we marked two peaks A and B in

Fig. 6(a) and the corresponding points for transmission in

Fig. 6(b) (indicated by red arrows). We can see that large

spatial separation occurs near the transmission resonances.

Similar phenomena are also found for the antiparallel config-

uration (points M and N) in Figs. 6(c) and 6(d). When the

separation W is large we have more transmission resonant

peaks and we have more narrow peaks. So the phase of a

transmission peak changes more rapidly for larger W, which

results the large GH shift.

In summary, we study the spin-dependent GH shift in a

double magnetic barrier structure. It is found that the lateral

beam displacement depends strongly on the number of the

Fabry-Perot resonances formed between the two barriers.

The lateral beam displacement is enhanced by the increase in

the barrier separation, which caused at the same time an

increase in the number of resonances. As a consequence, the

spatial separation between the up-spin and down-spin elec-

tron beams is also enhanced by the increase of the barrier

separation and can be as large as hundreds of wavelengths.

The proposed structure can thus be used as an effective beam

splitter for separating spin polarized electrons, which can

have useful applications in the development of graphene

spintronic devices.
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