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Rashba spin-orbit coupling in 
graphene monolayer coated by 
periodic magnetic stripes
Xiaojing Li1, Zhenhua Wu2 & Jiangtao Liu3

We investigate theoretically the effects of a modulated periodic perpendicular magnetic fields and 
the Rashba spin-orbit coupling (RSOC) on the electronic states and optical absorption spectrum in 
a graphene monolayer. The magnetic fields and supperlattice geometry give rise to distinct Dirac 
cone shift and open a finite bandgap at the Dirac point. In contrast to the energy spectrum without 
the RSOC interaction, we find that the RSOC term will develop a spin-splitting energy-momentum 
dispersion relation in this graphene magnetic supperlattice. Anisotropic and spin-split group velocities, 
effective masses and the momentum-dependent carrier distributions along the magnetic strips are 
demonstrated. And the manipulations of these exotic properties by tuning the magnetic fields and the 
RSOC are addressed systematically. Accordingly, we find bright-to-dark transitions in the electron-hole 
pairs transition rate spectrum and absorption peak splitting in the optical absorption spectrum tuned 
by the RSOC interaction. This feature offers us a practical way to detect these band engineering effects 
especially the exotic spin splitting states by using the conductance and optical technique.

Graphene monolayer and few layers have been created by mechanical exfoliation of small mesas of graphite, 
CVD, graphite oxidation reduction and other chemical synthesis methods1, especially the monolayer graphene 
has the most impressive two-dimensional electron gas properties, including long phase coherence lengths, strong 
electric field responses, Dirac fermions behaviors with no energy dissipation, which promise a great potential for 
the applications in the nano-electronics. In addition, within a very large wavelength range, graphene possesses 
large and almost-uniform absorption coefficients but small optical absorptance. The small optical absorptance 
makes graphene an attractive alternative for optoelectronic devices such as transparent electrodes and optical 
display materials2–4. People have studied the dynamics of the electrons in a nonuniform magnetic field applied 
perpendicular to a bilayer graphene sheet and showed that snake states in graphene exhibit peculiar properties 
related to the underlying dynamics of the Dirac fermions5. However, making high quality graphene based devices 
involves etching it into nanoscale structures, creating commensurate potentials on the lattice scale with accept-
able disorders, et al., which are very experimentally challenging. Therefore the prospect of employing graphene 
as a building block in optoelectronic devices has stimulated an intense research activity addressing the problem 
of how to manipulate its peculiar electronic states in a practical way that is robust to the disorders. Proposal of 
synthetic superlattices by Esaki and Tsu by combining alternate nano-layers of materials6 offers us new way for 
band engineering and charge flow controlling. Recently a great deal of attention has been devoted to superlattice 
structures, where external spatially periodic electric7–12 and/or magnetic fields are applied to a graphene mon-
olayer13–16. In these previous studies, people have found anisotropic energy dispersion and gap modulation by the 
external fields. However the optical response and transport property of such magnetic superlattice system have 
not been investigated thoroughly until now, especially for the experimental measurable quantities, like conduct-
ance, optical absorption spectrum. Additionally the hybrid impact of the periodic magnetic stripes in coexistence 
with the Rashba spin-orbit coupling (RSOC) has not yet been reported or fully understood in these researches.

The Rashba spin-orbit coupling(RSOC) is a relativistic effect. The RSOC in graphene arising from crystal 
with structural inversion asymmetry by impurities or external electric fields has been theoretically predicted17, 18  
and experimentally observed19. Compared to the relatively small intrinsic SOC in graphene, the RSOC can be 
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greatly enhanced as experimentally demonstrated in recent work with the order of 10 meV20. In crystals with-
out an inversion center, electric energy bands are split by RSOC under the modulation of doped impurities or 
an external electric field. The exploration of the RSOC, including both physics and applications, is now a rap-
idly growing research field of spin-orbitronics21, a new direction of spintronics focusing on the manipulation of 
non-equilibrium materials properties using the RSOC.

In this work, we propose a magneto-optical instrument utilizing a graphene magnetic superlattice which can 
be realized by coating a periodic array of ferromagnetic stripes above it. we demonstrate a clear conception about 
the graphene monolayer under periodic magnetic stripes, which leads to a magnetic superlattice in graphene 
without the need for cutting or etching. We investigate the effect of a periodic magnetic field and the RSOC inter-
action on the energy dispersions and corresponding transport properties, like group velocity and effective mass. 
The longitudinal propagation of charge carriers through such a graphene magnetic superlattice can be tuned 
significantly by changing the incident Fermi energies, magnetic fields and the superlattice structures. The trans-
verse propagation is highly anisotropic. The electrons of opposite wave vectors (±ky) tend to spatially separated 
distributions in a superlattice cell. A bright-to-dark transition in optical transition rate of e-h pairs can be tuned 
by the RSOC interactions. We can also find the highly anisotropic behavior in transition rate spectrum and spin 
splitting states in optical absorption.

Methods
We consider a graphene monolayer coated by periodic magnetic stripes along y direction as shown in Fig. 1 (Top). 
The magnetic field is applied perpendicular to the graphene layer. The low-energy quasiparticles in graphene with 
the RSOC interaction can be well described by the Dirac-like Hamiltonian22,

σ µ σ= + + = ⋅ + + ⋅ +H H H H v g Hp eA B( ) , (1)Z R f B R0

where vf ≈ 106 ms−1 is the Fermi velocity. σ = (σx, σy) are Pauli matrices, p = −iħ∇ is the momentum operator and 
vector potential A is related to the magnetic field B applied perpendicular to the film by ∇ × A = B. The magnetic 

Figure 1. (Top) Schematic diagram of a graphene monolayer coated by periodic magnetic stripes and the 
vector potential profile in the proposed structure. (Bottom) The Dirac cones of a bare graphene layer and a 
graphene magnetic superlattice in the precense of the RSOC, with L = 100 nm, W = 50 nm, B = 1T, R0 = 102 m/s.
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strips induce periodic magnetic fields of pointing up and down together. Accordingly the vector potential A in 
each cell are given by:
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in which W is the width of magnetic stripes. This description is accurate theoretically7 and has also been proved 
experimentally. The second term HZ = gμBσ · B is induced by Zeeman splitting. The impact of Zeeman term in our 
calculation is negligibly small with splitting energy of EZ = 0.12 meV at B = 1T. The structural inversion asymme-
try (SIA) terms couples the two blocks of H0 such that the axial spin symmetry is broken. Here, we include only 
the most important RSOC term23 which is linear in momentum giving rise to the following Hamiltonian matrix 
for the K valley in the basis |A ↑ 〉, |B ↑ 〉, |A ↓ 〉, |B ↓ 〉. A and B correspond to the sublattice of graphene and the 
arrows denote the electron spin,
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Note that the electronic properties of graphene are invariant by interchanging the K and K′ states. We can use 
this reduced 4 × 4 Hamiltonian since the matrix for both K and K′ valleys is block-diagonal with degenerated 
states. The Rashba term in HR only couples the electrons from the same valley. The value of the RSOC parameter 
R0 depends on the external electric field perpendicular to the graphene plane. We take R0 = 102 m/s for the calcu-
lations21. To solve the single particle problem we assume that the graphene structure is embedded in a large hard 
wall rectangular box with the sizes Li (i = x, y). The electron wave functions are expanded in a plane wave basis 
confined by the large hard wall box. The wave function Ψ for electron can be expanded as

∑ ∑φΨ = =
π +( )k k k k

L
e eC C( , ) ( , ) 1 ,

(5)x y
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where kx (ky) is the wave vector in the x (y) direction, and the expansion coefficient Cn a four-component column 
vector. The wave function can be calculated numerically in the basis set with the periodic boundary conditions 
in the x (y) direction.

Based on this Hamiltonian we denote the velocity operator of the carrier as σ σ→ = → =v k H r v( ) [ , ] ( , )i
f x y

. In 
our calculation the Fermi velocity vf = 0.86 × 106 ms−1 is used24. The effective mass is defined as the 
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. We also calculate the conductance of a magnetic barrier and a superlattice by employing the 

Landauer-Büttiker formalism25, 26,
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 is taken as the conductance unit, Ly is the sample size along the y direction which is much larger 
than L and a, FT(E − EF) = −df(E)/dE is the thermal broadening function, and f(E) is the Fermi-Dirac distribution 
function.

The interaction Hamiltonian between the Dirac fermion and the photon within the electrical dipole approxi-
mation is = → +

→
− →H H p eA H p( ) ( )int

27, where the vector potential → =
→

±
→ ω−A A iA e( )x y

i t corresponds to the 
σ± circularly polarized light. |i〉 denotes the initial states in the lower cones that are hole or valence like, |f〉 
denotes the final states in the upper cone states that are electron of conduction like. Now the electron-light inter-
action induces transition from |i〉 to |f〉, |i〉 and |f〉 are written as Ψe,h(kx, ky) in Eq. 5. The resulting optical transi-
tion rate of e-h pair between valence and conduction band is f H iint . The transition rate is given by ref. 28,

πδ ω= − − .w E E f H i2 ( ) (7)if f i int
2
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in which φ φ= ∑ + ⁎f H i HC Cint n m f n f n int i m i m, , , , , . Finally we can obtain the optical absorption rate by the integral 
of transition rates in k space and

 ∑α ω = .∬ w dk dk( )
(8)k k i f

if x y
, ,x y

Discussion
Energy Spectrum. In our calculation the x direction has a varying character where the graphene sheet is 
alternately uncovered or covered by a ferromagnetic strip of W = 50 nm, creating one unit cell with period of 
L = 100 nm as sketched in Fig. 1 (Top). The y direction is uniform with period of a = 0.246 nm. The magnetic 
stripes generate inhomogeneous magnetic fields cooperating with the RSOC, that change the band structure of 
graphene significantly as shown in Fig. 1 (Bottom). The RSOC breaks the axial spin symmetry and thus the single 
Dirac cone could split into double Dirac cones. The external magnetic fields break the time-inversion symmetry 
giving rise to a shift of the Dirac cone in the reciprocal space. A bandgap develops at the Dirac point arising from 
the hybrid effects of the magnetic fields and the superlattice structures. It enables more practical ways to tune the 
the electronic and optical properties of graphene. First, we illustrate the energy spectrum E(kx) of the graphene 
magnetic superlattice in Fig. 2(a–d). For a bare graphene layer, the energy dispersion exhibits a linear dependence 
on wave vector kx near the Γ point (kx = ky = 0). When a finite magnetic field is applied by the periodic magnetic 
stripes, the energy spectrum becomes parabolic as shown in Fig. 2(b). A finite gap of about several meV can be 
achieved with a magnetic field of 1 Tesla. In Fig. 2(c) we show the impact of the RSOC induced by a perpendicular 
electric field without an external magnetic field. The RSOC term couples the spin-up and spin-down electrons in 
the same valley as denoted in employed model, which can lift the spin degeneracy of the electrons. The spin-up 
and the spin-down electrons develop split Dirac cones with different group velocities and distributions, and thus 
spin filtering and detection become feasible. Note that the RSOC cannot open a bandgap near the Γ point because 
the strength of the RSOC term is proportional to the wave vector k and vanishes when k = 0. When both a mag-
netic field and an electric filed are applied on the graphene layer, we can observe both parabolic energy dispersion 
and spin states splitting as shown in Fig. 2(d). Compared with Fig. 2(b), the spin splitting gives rise to a bandgap 
shrinkage as shown in Fig. 2(d). The effect of the RSOC is contrary to the magnetic field on bandgap manipula-
tion and in competition with each other.

Similarly we also plot the energy spectrum of the graphene magnetic superlattice as dependence of ky as 
shown in Fig. 2(e–h). The energy dispersion relation of the ground state is linear as respect to the wave vector 
ky when the wave vector kx and the magnetic field are both zero, see Fig. 2(e). When a periodic magnetic field is 
applied by the top magnetic stripes, energy spectrum is no longer symmetrical. The Dirac cone is shifted away 

Figure 2. (a–d) The energy dispersions as a function of the wave vector kx(in units of π/L) when ky = 0.  
(a) B = 0, R0 = 0; (b) B = 1T, R0 = 0; (c) B = 0, R0 = 102 m/s; (d) B = 1T, R0 = 102 m/s. The corresponding energy 
dispersions as a function of the wave vector ky are plotted in (e–h) when kx = 0.



www.nature.com/scientificreports/

5Scientific REPORtS | 7: 6526 | DOI:10.1038/s41598-017-06821-9

from the Γ point as shown in Fig. 2(f). The shift distance is determined by the strength of magnetic fields via 
the vector potential in the Hamiltonian, see Eq. 1. The strong anisotropy of the energy dispersion indicates that 
the electrons with negative ky feel different external fields and group velocities from the ones with positive ky 
as we will discuss in more details in subsection conductance. When we take the RSOC term into consideration 
without a magnetic field, we can find that the effect of the RSOC on the dispersion is quite different from the 
magnetic field. The degeneracy of excited states is lifted by the RSOC when ky ≠ 0, which can be verified by the 
optical measurement as illustrated subsection optical Absoeption Spectrum. The energy spectrum of spin-up 
carriers splits from the spectrum of spin-down carriers as shown in Fig. 2(g), similarly as Fig. 2(c). When 
including both the periodic magnetic field and the RSOC term, we can observe not only the splitting of energy 
spectrum but also the degeneracy lifting of the excited energy bands in Fig. 2(h). Next we will discuss how the 
band structure modulation impacts on the carrier transport properties and optical properties in the graphene 
magnetic superlattice.

Conductance. The carrier transport properties in such graphene-based magnetic superlattice can be tuned 
dramatically according to the band engineering by the periodic magnetic fields as well as the RSOC. In Fig. 3(a), 
we plot the group velocity of ground-state electrons along the x direction (vx) as a function of the wave vector kx 
with/without magnetic field and the RSOC term. For an electron in the Dirac cone the group velocity is approach-
ing the Fermi velocity and is almost unchanged with wave vector kx. When a magnetic field is applied, the group 
velocity exhibits a sinusoidal shape arising from the parabolic energy spectrum as shown in Fig. 2(b). The group 
velocities of electrons in the graphene magnetic superlattice are always smaller than the Fermi velocity, which 
is consistent with a heuristic semiclassic picture, i.e., the magnetic fields bend the electrons away from motion 
direction leading to a reduction in group velocities. When the RSOC is induced, the maximum group velocity 
is further reduced. Because the RSOC term arising from the external electric field is equivalent to an additional 
in-plane magnetic field. When the electrons move along the x direction, the in-plane magnetic field tries to push 

Figure 3. (a and b) plot the group velocities vx and vy of electrons in the ground state or the second subband 
as functions of momentum kx and ky (B = 1T, R0 = 102 m/s in case the magnetic field and/or RSOC term are 
induced). (c and d) are the effective masses mxx and myy as functions of kx and ky. (e and f) The probability 
distribution of carriers in the ground electron states with different kx and ky in a superlattice cell.
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the electron out of the plane, resulting in the reduced velocity along the x direction. Furthermore, we also calcu-
late the group velocity of the second subband in the presence of both magnetic fields and the RSOC. The maxi-
mum velocity of electrons in the second subband is higher than that of ground-state electrons. Note that the first 
and second subband are spin-split subbands induced by the RSOC. Therefore, spin-polarized electrons in these 
two subbands are of different velocities. The relative difference, including magnitude and direction, in spin-up 
and spin-down-electron velocities varies with wave vector kx. This feature makes the graphene magnetic super-
lattice a proming building block of possible spin/momentum-filter devices. Correspondingly we plot the group 
velocity of the ground-state electrons along the y direction (vy) as a function of the wave vector ky in Fig. 3(b). 
In contrast to vx, vy exhibits a step-like shape and a lateral shift when a magnetic field is applied. The asymmetri-
cal velocity component denotes the relocated Dirac cone and the anisotropic effective fields along y directions. 
Similar behavior of the suppression on vy by the RSOC is also observed. In Fig. 3(c) and (d) we plot the effective 
mass along the x and the y directions (mxx and myy). We can find that the effective mass is approaching zero for a 
bare graphene layer near the band edge. Light effective mass results in high mobility. When a periodic magnetic 
field is applied, mxx can be increased effectively. When the RSOC is induced, it further increases the mxx, that is in 
consistent with the velocity drop. For the second subband, the effective mass mxx is reduced effectively, indicating 
a superior electron transport ability with opposite spin polarization. The myy shows asymmetrical profile when a 
magnetic field is applied also due to the introducing of vector potential in the Hamiltonian and the gauge we used. 
The RSOC term can enlarge effective mass and this effect becomes more significant with increasing the ky due to 
the RSOC term ±R0p± in Eq. 4. Finally we can observe the nonzero anisotropy of effective mass arising from the 
the collective effects of both magnetic fields and the RSOC term. These features would have distinct impacts on 
the conductances we will discuss later in this subsection.

In Fig. 3(e) and (f) we plot the probability distributions of electrons in the first conduction band of the 
graphene magnetic superlattice. The distribution is isotropic for positive and negative kx. The electrons tend to 
concentrate in the center of a cell, i.e., in the magnetic barrier region. Since the perpendicular magnetic fields 
develop a circular motion of an electron and prevent it transmitting away. However the distribution is aniso-
tropic for ky, when ky is negative, the electrons tend to distribute along the edge of a cell where the graphene is 
not coated with magnetic stripes above. On the other hand, if the ky is positive, the electrons tend to concentrate 
in the center of a cell where the graphene is coated with magnetic stripes. It indicates that the carriers moving in 
opposite (±y) directions are spatially separated in a periodic cell of the magnetic superlattice. The magnetic field 
has apparent effect on the election distributions with different ky. This behavior can be understood by the pro-
file of the effective vector potential in the Hamiltonian, in which the effective vector potential acts as ky-related 
barrier altered by magnetic field. This behavior can also be interpreted semiclassically as the Lorenz force whose 
direction depends on the moving direction of electrons. The RSOC term tends to push the electrons out of the 
plane resulting in the squeezed distributions as shown in Fig. 3(e) and (f). Compared with the probability dis-
tributions of electrons with different signs of kx, the distributions of electrons with different sign of ky are less 
sensitive to the RSOC term. Note that the strength of the RSOC is adjustable, so it keeps the potential to control 
the electrostatic properties.

The conductance is a quantity easier to measure than the group velocity or the effective mass. We have also 
calculated the conductance G accounting for the lowest subband of the graphene based magnetic superlattice 
structures, using Eq. 6, and compared it with the conductance of only a single magnetic strip. In Fig. 4, we plot G 
as a function of the electron incident Fermi energy. In contrast to the smooth variation of the conductance G for a 
single magnetic strip, G for the magnetic superlattice vanishes at the low energy region and turns to oscillate as we 
increase the energy. The vanished conductance arises from the evanescent modes with an imaginary wave vector 
in the superlattice. It indicates that a finite band gap is opened, which is consistent with the band structure as we 
have obtained. The conductance gap can be enlarged by reducing the distance between two adjacent magnetic 

Figure 4. Transport conduction as a function of Fermi energy with different magnetic fields and superlattice 
period lengths. The red arrow indicates the conductance gap as a manifestation of a finite bandgap.
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stripes or by increasing the magnetic fields strength as expected. The oscillations are caused by the Fabry-P e′ rot 
resonant modes formed between two adjacent magnetic stripes due to the multiple reflections at the interfaces29, 30.  
The resonances in G are more pronounced for larger distance L since more Fabry-Pérot modes are formed. We 
can therefore effectively tune the carrier transport properties in graphene by using the periodic magnetic stripes.

Optical Absorption Spectrum. To monitor the band structure modulation, we investigate the effect of 
magnetic fields and the RSOC term on the energy and σ+ circularly polarized optical transition rate of e-h 
pairs and plot them as functions of the wave vector in Fig. 5. In Fig. 5(a–d) we fix the wavevector component 
ky = −7.5 × 10−4π/a accounting for the aforementioned Dirac cone shift in k space. The energies of the e-h pairs 
show trigonometric-function-like shapes with respect to the wave vector kx when magnetic field B = 1T, the 

Figure 5. (a) The energy dispersions of e-h pairs as a function of wave vector kx with B = 1T, R0 = 0 around  
the band bottom. (b) The optical transition rate of e–h pairs as a function of wave vector kx B = 1T, R0 = 0.  
(c and d) are the same as (a and b) but including the RSOC term R0 = 102 m/s. (e–h) are the corresponding 
energy dispersions and the optical transition rate as a function of the wave vector ky.
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RSOC strength R0 = 0 as read in Fig. 5(a). The wavefunction overlap of the ground-state (the lowest energy state 
of e-h pair) is isotropic in kx (see the inset in Fig. 5(a)). Consequently, the transition rate of ground-state of e-h 
pair with magnetic field is isotropic as shown in Fig. 5(b). The transition rate depends on the transition matrix ele-
ments and the overlap of wavefunctions. The transition matrix elements in Eq. 7 are rather small when the RSOC 
terms are not included. The distribution of electrons in the ground state is greatly broadened as shown in Fig. 3(e), 
resulting in a relatively smaller overlap of the wavefunction. We can find that the transition rate spectrum of the 
ground-state e-h pairs is almost dark. As the RSOC term is considered, each energy level splits into two lines as 
shown in Fig. 5(c) due to the coupling of spin-up and spin-down states. Though the RSOC term further sup-
presses the electron distribution (see Fig. 3(e)), the coupling increases the transition matrix elements and thus 
increases the transition rate greatly. Therefore the RSOC term can effectively turn the transition rate spectrum of 
the ground-state of e-h pairs much brighter as shown in Fig. 5(d). Next, we plot the energies and the transition 
rates of e-h pairs as functions of wave vector ky in Fig. 5(e–h). Since the periodic magnetic field destroys the 
time-reversal symmetry, the energies and transition rates are anisotropy as shown in Fig. 5(e) and (f), in which 
the transition rate spectrum of ground state is bright when momentum ky is negative but dark when momentum 
ky is positive. This feature is straightforwardly arising from the anisotropic electron distribution with different ky 
as shown in Fig. 3(f). Accounting for that the strength of transition rate is proportional to the overlap of electron 
distribution and different ky result in different electrons distribution(inset of Fig. 5(e)). The anisotropic transition 
rate spectrum from numerical calculation agrees with the theory very well. When the RSOC term is taken into 
consideration, we also find the spin splitting in the energy spectrum of e-h pairs as shown in Fig. 5(g). The RSOC 
term affects the band coupling, so the optical transition rates of ground-state become brighter in Fig. 5(h). We 
notice the band gap opened by the magnetic field is relatively small.

Finally the optical absorption spectrum of such a graphene magnetic supperlattice is shown in Fig. 6. In this 
calculation, we set the fermi level at zero energy which is between the conduction and valence band. It means 
the occupation for the valence band is full, while that for the conduction band it is empty. We use broadening 
factor of 0.15 meV to smoothen the absorption spectrum. The optical absorption spectrum indicates useful band 
structure information guaranteed by the selection rule expressed as δ(Ef − Ei − ħω) in Eq. 7. The red arrow in the 
left of Fig. 6 denotes the vanishing optical absorption with small incident light frequency, which indicates a quite 
small bandgap opened by the magnetic superlattice as sketched in Fig. 1 (bottom) as well as in Fig. 2(f) and (h).  
Increasing the frequency of the incident light, we find a major absorption peak around ħω0 = 35 meV in the 
absence of the RSOC as denoted by the black arrow. This absorption peak agrees well with the optical transition 
rate diagram and is associated with the second subband. When the RSOC term is incorporated, the correspond-
ing energy spectrum and transition rates shown in Fig. 5(c,d and g,h) can also be investigated by experimental 
measurement of absorption spectrum. We find that the major absorption peak splits into several sub-peaks with 
weaker strength but locates in a wider range as marked with the dashed circle. The appearance of sub absorption 
peaks manifests the band splitting the due to the RSOC term ±R0p± coupling spin-up and spin-down states as 
we discussed in the subsection Energy Spectrum. The distinct optical absorption spectra provide an effective 
way to control the optical properties by tuning the strength of the RSOC and magnitude of the magnetic field on 
graphene. The graphene magnetic supperlattice is a promising platform for potential application in anisotropic 
magneto-optical devices.

Conclusions
In summary, we have investigated theoretically the energy spectrum, conductance and optical absorption spec-
trum of a graphene magnetic superlattice in the presence of the RSOC. We find that a finite gap is opened at the 
shifted Dirac point of the magnetic superlattice. The RSOC term splits the spin-degenerated energy level giving 
rise to a double Dirac cone. The group velocity, effective mass and charge distribution can be tuned by the mag-
netic fields and the RSOC effect. Importantly, anisotropic bright-to-dark transitions and peak splitting behavior 
in the transition rate spectra of e-h pairs are developed in the two directions respectively. As a clue for possible 

Figure 6. The optical absorption spectrum for the graphene magnetic supperlattice. Black dashed line without 
RSOC term; Red solid line with RSOC term.
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experimental verifications, our theoretical results demonstrate that the magnetic superlattice geometry and the 
RSOC effect play crucial and adjustable roles on the exotic massive spin-split states which determine the conduct-
ance gap and multiple peaks in optical absorption spectrum respectively. Our theoretical results shed new light on 
designing graphene-based magneto-optical devices.

References
 1. Katsnelson, M. I. et al. Chiral tunnelling and the Klein paradox in graphene. Nature Physics. 2, 620 (2006).
 2. Wang, X. et al. Transparent, Conductive Graphene Electrodes for Dye-Sensitized Solar Cells. Nano Lett. 8, 323 (2008).
 3. Bae, S. et al. Roll-to-Roll Production of 30-Inch Graphene Films for Transparent Electrodes. Nature Nanotechnology 5, 574 (2010).
 4. Matyba, P. et al. Graphene and Mobile Ions: The Key to All-Plastic, Solution-Processed Light-Emitting Devices. ACS Nano. 4, 637 

(2010).
 5. Oroszlány, L. et al. Theory of snake states in graphene. Phys. Rev. B 77, 081403(R) (2008).
 6. Esaki, L. & Tsu, R. Superlattice and Negative Differential Conductivity in Semiconductors. IBM Journal of Research and Development 

14, 61 (1970).
 7. Park, C. H. et al. Anisotropic behaviors of massless Dirac fermions in graphene under periodic potential. Nature Physics 4, 213 

(2008).
 8. Park, C. H. et al. Landau levels and quantum Hall effect in graphene superlattices. Phys. Rev. Lett. 103, 046808 (2009).
 9. Brey, L. & Fertig, H. A. Emerging zero modes for graphene in a periodic potential. Phys. Rev. Lett. 103, 046809 (2009).
 10. Barbier, M. et al. Extra Dirac points in the energy spectrum for superlattices on single-layer graphene. Phys. Rev. B 81, 075438 

(2010).
 11. Maksimova, G. M. et al. Graphene superlattice with periodically modulated Dirac gap. Phys. Rev. B 86, 205422 (2012).
 12. Uddin, S. & Chan, K. S. Band structure of ABC-trilayer graphene superlattice. J. Appl. Phys. 116, 203704 (2014).
 13. Dell’Anna, L. & De Martino, A. Magnetic superlattice and finite-energy Dirac points in graphene. Phys. Rev. B 83, 155449 (2011).
 14. Le, V. Q. et al. Magnetic Kronig-Penney-type graphene superlattices: finite energy Dirac points with anisotropic velocity 

renormalization. J. Phys.: Condens. Matter. 24, 345502 (2012).
 15. Dell’Anna, L. et al. Using magnetic stripes to stabilize superfluidity in electron-hole double monolayer graphene. Phys. Rev. B 92, 

220502(R) (2015).
 16. Uddin, S. & Chan, K. S. Electric and magnetic superlattices in trilayer graphene. Physica E 75, 56 (2015).
 17. Weeks, C. et al. Engineering a robust quantum spin Hall state in graphene via adatom deposition. Phys. Rev. X 1, 021001 (2011).
 18. Hu, J. et al. Giant topological insulator gap in graphene with 5d adatoms. Phys. Rev. Lett. 109, 266801 (2012).
 19. Balakrishnan, J. et al. Giant spin Hall effect in graphene grown by chemical vapour deposition. Nat. Commun. 5, 4748 (2014).
 20. Gmitra, M. et al. Band-structure topologies of graphene: spin-orbit coupling effects from first principles. Phys. Rev. B 80, 235431 

(2009).
 21. Manchon, A. et al. New perspectives for Rashba spin-orbit coupling. Nature Materials 14, 871 (2015).
 22. Peres, N. et al. Dirac Fermion Confinement in Graphene. Phys. Rev. B 73, 241403(R) (2006).
 23. Hongki, M. et al. Intrinsic and Rashba spin-orbit interactions in graphene sheets. Phys. Rev. B 74, 165310 (2006).
 24. Siegel, D. et al. Many-body interactions in quasi-freestanding graphene. Proceedings of the National Academy of Sciences 108, 11365 

(2011).
 25. Zhai, F. & Chang, K. Theory of huge tunneling magnetoresistance in graphene. Phys. Rev. B 77, 113409 (2008).
 26. Zhai, F. et al. Magnetic barrier on strained graphene: A possible valley filter. Phys. Rev. B 82, 115442 (2010).
 27.  Mercouris et al. The electric dipole approximation and the calculation of free - free transition matrix elements in multiphoton 

processes. Journal of Physics B: Atomic, Molecular and Optical Physics 30, 2133 (1997).
 28. Li, X. J. & Chang, K. Electric-field tuning s-d exchange interaction in quantum dots. Appl. Phys. Lett. 92, 071116 (2008).
 29. Wu, Z. H. et al. Electron tunneling through double magnetic barriers on the surface of a topological insulator. Phys. Rev. B 82, 

115211 (2010).
 30. Masir, M. R. et al. Fabry-Pérot resonances in graphene microstructures: Influence of a magnetic field. Phys. Rev. B 82, 115417 (2010).

Acknowledgements
This work was financially supported by China Youth Development Foundation (No. 60525405), Department 
of Education, Fujian Province (No. JB14019), the MOST (No. 2016YFA0202300) and the Opening Project of 
MEDIT, CAS.

Author Contributions
X. Li conceived the idea, supervised the project, performed the calculation and the data analysis with helps from 
Z. Wu, Z. Wu and J. Liu contributed to the interpretation of the results and wrote the manuscript. All authors 
reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Rashba spin-orbit coupling in graphene monolayer coated by periodic magnetic stripes
	Methods
	Discussion
	Energy Spectrum. 
	Conductance. 
	Optical Absorption Spectrum. 

	Conclusions
	Acknowledgements
	Figure 1 (Top) Schematic diagram of a graphene monolayer coated by periodic magnetic stripes and the vector potential profile in the proposed structure.
	Figure 2 (a–d) The energy dispersions as a function of the wave vector kx(in units of π/L) when ky = 0.
	Figure 3 (a and b) plot the group velocities vx and vy of electrons in the ground state or the second subband as functions of momentum kx and ky (B = 1T, R0 = 102 m/s in case the magnetic field and/or RSOC term are induced).
	Figure 4 Transport conduction as a function of Fermi energy with different magnetic fields and superlattice period lengths.
	Figure 5 (a) The energy dispersions of e-h pairs as a function of wave vector kx with B = 1T, R0 = 0 around the band bottom.
	Figure 6 The optical absorption spectrum for the graphene magnetic supperlattice.


