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Abstract
The presence of the valley degree of freedom in graphene leads to the valleytronics, inwhich
information is encoded by the valley quantumnumber of the electron.We propose a valley controlled
spin-transfer torque (STT) in graphene-based normal/normal/ferromagnetic junctions with the
normal lead irradiated by the off-resonant circularly polarized light. The interplay of the spin–orbit
interaction and the staggered potential in the central normal part results in the coupling between the
valley and spin degrees of freedom, so a valley dependent spin polarized current can be demonstrated,
which can exert a valley controlled STTon the ferromagnetic lead. The amplitude of the STT can be
manipulated by the intensity of the light, the Fermi energy and themagnetization direction of the
ferromagnetic lead. This valley controlled STTmayfind potential application in future valleytronics
and spintronics.

1. Introduction

Over the past decade,motivated by the development of spintronics, the presence of the valley degree of freedom
in graphene leads to the valleytronics [1, 2], whose goal is tomanipulate the valley degree of freedom and search
for its potential applications in semiconductor technologies and quantum information.Much substantial
progress in valleytronics has beenmade recently, such as quantum valleyHall effect [3–6], valley polarization
controlled by circularly polarized light inmolybdenumdisulfide [7], and valley and spin currents in silicene
junctions [8–10]. Interestingly, if the intrinsic spin–orbit interaction and the staggered potential coexist in
graphene-likematerials, the band structure becomes spin-valley coupling, so one can control the spin polarized
current by the valley degree of freedom [8–11].

Recently, on the other hand, the spin-transfer torque (STT) has also attractedmuch attention [12–19].When
a spin polarized current is injected into a ferromagnetic layer with amagnetizationmisaligned to the spin
polarization of the current, it can transfer spin angularmomentum to the ferromagnetic layer, and hence exerts a
torque on themagneticmoments of the ferromagnetic layer, whichmay change themagnetization orientation
of the ferromagnetic layer. The STT effect has the potential application in random accessmemory, which offers
an all-electrical read andwrite process. The STTwas theoretically predicted by Slonczewski [12] andBerger [13],
and then it has been extensively confirmed experimentally [14]. Recently, the STT in ferromagnetic graphene
junctions has also been reported. Yokoyama and Linder [15] demonstrated that both themagnitude and the sign
of the STT can be controlled bymeans of the gate voltage in a bulk ferromagnetic/normal/ferromagnetic
graphene junction. ThenDing et al [16] investigated theoretically the effect of strain on the STT in a zigzag-edged
graphene nanoribbon spin-valve device. Later Zhang et al [17] studied the helical spin polarized current induced
STT in graphene-based normal/topological insulator/ferromagnetic junctions. Although the STT in
ferromagnetic graphene junctions has been investigated in [15–17], the effect of the valley degree of freedomon
the STT is not explored. If the coupling between the valley and spin degrees of freedom exists, a valley controlled
spin polarized current is generated. Naturally, it is interesting to discuss the effect of the valley degree of freedom
on the STT in a ferromagnetic graphene junction.
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In this work, we predict a valley controlled STT in graphene-based normal/normal/ferromagnetic
(N1/N2/F) junctions, where theN1 is irradiated by the off-resonant circularly polarized light. In theN1, the
valley polarization can bemodulated by the interaction between the staggered potential and the light.While in
theN2, the interplay of the spin–orbit interaction and the staggered potential leads to the coupling between the
valley and spin degrees of freedom. In this case one can control the valley dependent spin polarized current by
the valley degree of freedom, so a valley controlled STT is demonstrated. The influences of the intensity of the
light, the Fermi level andRashba spin–orbit interaction on the STT are discussed.

The rest of this paper is organized as follows. In section 2we give theHamiltonian of theN1/N2/F junctions,
discretize theHamiltonian in the basis x ki yñ Ä ñ∣ ∣ , and then present the formula of the valley dependent STT by
theKeldysh non-equilibriumGreen’s functionmethod. In section 3, numerical results and detailed discussions
are demonstrated. Finally, in section 4we summarize themain conclusions of this work.

2.Model and formulation

Weconsider a graphene-based two dimensionalN1/N2/F junction (see figure 1(a))with the interfaces located at
x=0 and x=L, where L is thewidth of theN2. TheN1 (x<0) is irradiated by off-resonant circularly polarized
light that requires ÿω? γ in principle, whereω is the frequency of light and γ is the nearest-neighboring
hopping energy in graphene [20–24]. In the central partN2 the spin–orbit interaction and the staggered
potential are considered, which leads to the coupling between the valley and spin degrees of freedom. The
ferromagnetic electrode deposited on top of the graphene sheet (x>L) induces afinite exchange field

hh cos , 0, sinq q= ( ) [8, 15, 25], where h is themagnitude of exchangefield and q describes the direction angle
of themagnetization. In the low-energy approximation, theHamiltonian of the present junctions is expressed as
[8, 9, 21, 26]

H v k k h . 1F x x y y v z so z z0 0s h t t hl l t hl s t s t= Ä + + - + Ä - Ähs
w[ ( ) ( ) ] · ( )

Here 1 1h = + -( ) represents theK (K′) valley with vF the velocity of electrons. τj andσj ( j=x, y, z, 0) are the
Paulimatrices and unitmatrices in valley and spin space, respectively. z zsohl s tÄ is intrinsic spin–orbit
coupling term in graphene. As indicated inKane andMele investigation [26], graphenewill be driven into
topological phase when this term in graphene is enhanced. In general, the spin–orbit interaction is veryweak in
graphene.However,manyworks suggested that spin–orbit interaction can be enhanced by the substrates or
adatomdeposition [27–30], which results in the nontrivial topological phase.λω is related to the intensity of the
off-resonant circularly polarized light and provides an additional site energy of a sublattice in theN1. By using
the Floquet theory [20–24]λω can bewritten as Iv8 F

2 3l pax w=w , where x = + -( ) corresponds to the right-
hand (left-hand) circularly polarized light with the frequencyω, the intensity I, and the fine structure constant

Figure 1. (a) Schematic plot of aN1/N2/F junction, where a graphenemonolayer sheet in the xy plane is grown on the substrates. Here
the staggered potential induced by the substrates is assumed to be finite in theN1 andN2 but zero in the F. (b)The band structure of the
N1/N2/F junctions. In theN1, the spin is degenerate, and due to the interaction between the staggered potential (SP) and the light, a
valley dependent band gap exists. In theN2, the interplay of the spin–orbit interaction (SOC) and the SP leads to the coupling between
the valley and spin degrees of freedom.While in the F the valley is degenerate.
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α;1/137. The sign and strength ofλω can be tuned by the handedness and the intensity of the circularly
polarized light. It is noted that for the systemunder the off-resonant circularly polarized light, light does not
directly excite electrons but effectivelymodifies the electron band structures through virtual photon absorption
processes [31]. In this case the systemswould not heat up by the light.λv is the staggered potential induced by the
substrates [32, 33], which is assumed to befinite in theN1 andN2 but zero in the F. By solving equation (1), the
dispersion relation of theN1 for the electrons can bewritten as

n v k , 2n
v F

2 2e l hl= - +hs w( ) ( ) ( )

where n=+(−) represents the conduction (valence) band, and k k kx y
2 2= + is themodulus of wave vector

k k k,x y=


( ). It is noted that for the electrons in the η valley there exists an energy gap E 2g vl hl= -h
w∣ ∣, which

can be tuned by the parametersλv andλω. The energy ε of the incident electron should be satisfy E 2ge > h∣ ∣ to
generate propagating incidentmodes in the η valley of the normal lead.

Due to the translation invariant along the y-axis, the transversal wave vector ky of the incident electronmust
be conserved. Following the [34], we can discretize theHamiltonian (1) in the basis { x ki yñ Ä ñ∣ ∣ } as,

H H E Ei i , 3i i i i i i x i i x i i, , , 0 0 , 1 0 0 , 1d s t d s t d= - Ä + Ähs
¢ ¢ ¢ + ¢ - ( )

where E v

a0 2
F= and a x xi i1= -+ with a=0.5 nm [35] is themesh spacing along the x direction (i�0 for the

left lead, 1�i�N for the central part, and i�N+1 for the right lead).Hi,i is given as

H v k h . 4i i F y y v z z z, 0 so 0s t hl l t hl s t s t= Ä + - + Ä - Äw[ ( ) ] · ( )

The valley dependent STT are studied by the non-equilibriumGreen’s functionmethod. The influence of
the two semi-infinite leads can be treated by using the iteration technique [36–38]. The retardGreen’s function
of the central partN2 can be calculated by the following expression:

G I Hi , 5r
C L

r

R

r 1
å åe e h= + - - -

-⎡⎣ ⎤⎦( ) ( ) ( )

where the self-energy is H g HL R
r

CL R L R
r

L R Cå =( ) ( ) ( ) ( ) with g
L R
r
( ) the surface retardedGreen’s function of the left

(right) lead [36–38]. H HCL R L R C( )( ) ( ) is the couplingmatrix between the left (right) lead and the central part, and
HC is theHamiltonian of theN2. For a small bias voltage, the valley dependent STTper unit of the bias voltage in
zero temperature can be obtained as

e
Tr G G

4
cos sin , 6Rx

k

r
F L F

r
F R F x z

y

åt
p

m m m m s q s q= G G -h
+[( ( ) ( ) ( ) ( ))( )] ( )

whereμF is the Fermi level. By using equation (6), we can obtain the total STT Rx
K
Rx

K
Rxt t t= + ¢ .

3. Results and discussions

Before presenting the numerical results for the valley dependent STT in theN1/N2/F junctions, wefirstmake a
physical analysis for the valley dependent STT. As shown in equation (2), in theN1 the spin is degenerate and the
valley polarization can bemanipulated by stagger potential and the off-resonant circularly polarized light.While

from equation (1) the dispersion relation of theN2 can bewritten as n v kn
v so F

2 2e l hsl= - +hs ( ) ( ) , where
n = + -( ) corresponds to the conduction (valence) band. Therefore, the interplay of the spin–orbit interaction
λso and the stagger potentialλv in theN2 leads to the coupling between the valley and spin degrees of freedom.
When the electrons travel across theN2, the currents become spin polarized and have different spin polarization
in theK andK′ valleys, so the torques for theK andK′ valleys exerted on the Fmay have different amplitude
and sign.

Inwhat followswe show some numerical results for the valley dependent STT in theN1/N2/F junctions.
Figure 2(a) shows the valley dependent STT as a function of themagnetization direction of the F.Here the light is
not considered, so that due to the valley degeneracy in theN1, the current injected into the junction from theN1

is valley unpolarized. As seen infigure 1(b), the solid (dashed) lines in theN2 correspond to the spin-up (spin-
down) channel.When the electrons travel across theN2, only spin-up (spin-down) electrons in theK (K′) valley
can arrive at theN2/F interface (see figure 1(b)), so the torques for theK andK′ valleys have opposite sign. As
seen infigure 2(a), K

Rxt and
K
Rxt ¢ (in units of

eWE

v4 Fp
withW thewidth of the junction and E=1 meV) are periodic

functions of θwith the period of 2π. However, because of the presence of the relationship of

K K
Rx

K K
Rxt q t q p= +¢ ¢( ) ( )( ) ( ) , the period of τRx, which is the sumof K

Rxt and
K
Rxt ¢ , isπ. K

Rxt and
K
Rxt ¢ have opposite

sign, so comparedwith K
Rxt and

K
Rxt ¢ ,

Rxt is significantly reduced. In order to enhance Rxt , valley polarization in
theN1 is needed, where the incident current for one valley increases but it for the other valley decreases. In
figure 2(b), the effect of the light on Rxt is discussed.Whenλω is finite, because the relationship of

K K
Rx

K K
Rxt q t q p= +¢ ¢( ) ( )( ) ( ) is absent, the period of τRx becomes 2π instead ofπ.With increase ofλω the
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amplitude of τRx
first increases and then begins to decrease, so in order to get a large τRx , one should choose an

appropriate parameterλω.We can understand this behavior as follows. For afinite positiveλω, because the
density of states of the incident electrons in theK valley nonmonotonically depends onλω, the current coming
from theK valley first increases and then decreases withλω, leading to a nonmonotonic dependence of K

Rxt on
λω.While for the parameters taken here the density of states of the incident electrons in theK′ valley
monotonically decreases withλω and becomes zero for largeλω, so K

Rxt ¢ decreases and becomes zero for largeλω.
As discussed above, the off-resonant circularly polarized light strongly influences on the valley dependent

STT, so it is interesting to analyze the effect ofλω on the valley dependent STT in detail. Figure 3(a) displays the
valley dependent STT as a function ofλω at θ=π /4 (black lines),π /2 (read lines) and 3π /4 (blue lines). As
shown in equation (2), the band structure of the η valley in theN1 has an band gap Eg

h , which can be tuned byλω.

For theK valley E 2F g
Km > should be satisfied to generate propagating incidentmodes in theN1, so for the

parametersμF=30 meV andλω=20 meV taken here, K
Rxt nonmonotonically depends onλω in the regime of

10 meV 50 meVl- < <w . On the other hand, for theK′ valley E 2F g
Km > ¢

is needed to generate propagating
incidentmodes, thus

K
Rxt ¢ nonmonotonically depends onλω in the regime of 50 meV 10 meVl- < <w . In

this case the curves of τx versusλω can divide into three regimes. (1), For 50 meV 10 meVl- < < -w τRx is
positive and only originates from

K
Rxt ¢ . (2), For 10 meV 10 meVl- < <w both K

Rxt and
K
Rxt ¢ contribute to τ

Rx,
which changes frompositive to negative with increase ofλω. (3), Forλω>10 meV τRx is negative and only
comes from K

Rxt . At θ=π /2, due to the presence of
K
Rx

K
Rxt l t l= -w w¢ ( ) ( ), τRx is an odd function ofλω (red

dotted line infigure 3(a)). On the other hand, for the other q , the symmetry of
K
Rx

K
Rxt l t l= -w w¢ ( ) ( ) is broken,

τRx is not an odd function ofλω anymore. In order to explain the behavior of Rxth , we divide Rxth into two parts:

Figure 2. (a) K
Rxt (dashed line),

K
Rxt ¢ (dotted line) and

Rxt (solid line) versus q at 0l w = . (b) Rxt versus q at different l w. Here the
other parameters are taken as L=100 nm, 0 meVl = , 30 meVFm = , 20 meVvl = and h 20 meV= .
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Figure 3. (a) K
Rxt (solid lines),

K
Rxt ¢ (dashed lines) and

Rxt (dotted lines) versus lw at different q. (b) G sinz q- and (c) G cosx q versus
lw at different q. Other parameters are the same as those infigure 2.
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G sinRx
z1t q= -h and G cosRx

x2t q=h with G Tr G Gz x
e

k
r

L
r

R z x4 y
s= å G G

p
+( )( ) ( ) . For θ=π /2 Rx

2th is zero and Rxth
only comes from Rx

1th , which has the symmetry of K
Rx

K
Rx

1 1t l t l- =w w¢ ( ) ( ), thus τRx is an odd function ofλω.

However, for θ=π /4 or 3π /4 both K
Rx

1t and K
Rx

2t ( K
Rx

1t ¢ and K
Rx

2t ¢ ) arefinite and contribute to K
Rxt (

K
Rxt ¢ ). K

Rx
1t and

K
Rx

1t ¢ have the opposite sign (figure 3(b)), but K
Rx

2t and K
Rx

2t ¢ have the same sign (figure 3(c)). Because Rxth comes

from the combined contribution of Rx
1th and Rx

2th , which breaks the symmetry of
K
Rx

K
Rxt l t l= -w w¢ ( ) ( ), τRx is

not an odd function ofλω anymore.
Since the STT strongly depends on themagnetization direction of the F (figure 2) and the off-resonant

circularly polarized light (figure 3), the STT as a function of θ and lw is plotted infigure 4. It is found that the
STT is zero for θ=0,π, 2π, where the spin polarization direction of the incident current is parallel or
antiparallel to themagnetization direction of the F. For θ is near the angles

2
q = p , 3

2

p the STT can reach

maximum.When θ is fixed, as discussed infigure 2, with increase ofλω the amplitude of τRx
first increases and

then begins to decrease, so in order to get a large τRx, one should choose an appropriate parameterλω.We also
find by changing the sign ofλω, the STT can convert from the negative to positive, sowe can control the STT
direction by the handedness of the light.

Furthermore, let us discuss the effect of the Fermi levelμF on the valley dependent STT atλω=10 meV
(solid lines) and−10 meV (dashed lines) infigure 5. At 10 meV Rxl t=w isfinite and negative for
μF>10 meV.With increase ofμF τ

Rx (blue solid line)first increases with its slope changing atμF=15 and

Figure 4. Rxt as a function of the spin–orbit interaction sol and the angle q of themagnetization direction of the F.Other parameters
are the same as those infigure 2.

Figure 5. K
Rxt ,

K
Rxt ¢ and

Rxt versus Fm . Other parameters are the same as those infigure 2.
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20 meV, and then decreases forμF>30 meV. This can be explained by K
Rxt (black solid line) and

K
Rxt ¢ (red solid

line).WhenμF is smaller than 10 meV, becauseμF lies in the band gap of theK valley in theN1, the current is
zero, leading to vanishing K

Rxt . For 10 meV 20 meVFm< < μF locates at the conduction band of theK valley in
theN1, the current becomes finite.Wefind afinite K

Rxt , whose amplitude first increases and then becomes
almost constant for 15 meV 20 meVFm< < . This is because in this regime K

Rxt depends on the density of states
of the band structure E v k hR F=  ++ ( ) and E v k hR F=  -- ( ) in the right F, which, respectively,
decreases and increases withμF, so K

Rxt first increases and then becomes almost constant for
15 meV 20 meVFm< < . ForμF>20 meV the density of states ofER+ (ER-) increases withμF, so the spin
polarized current exerted on the F increases, leading to the increase of K

Rxt . OnceμF is larger than 30 meV,μF

also locates at the conduction band of theK′ valley in theN1, K
Rxt ¢ increases withμF. Because K

Rxt and
K
Rxt ¢ have

opposite sign, τRx relies on the competition of K
Rxt and

K
Rxt ¢ . K

Rxt ¢ increases faster than K
Rxt , sowith further

increasing ofμF the amplitude of τx decreases. Due to the presence of the relationship of

K K
Rx

K K
Rx

10 meV 10 meVt t= -l l¢ = ¢ =-w w∣ ∣( ) ( ) , one observes the STTs atλω=−10 meV andλω=10 meVhave the
same amplitude but opposite sign, thus the sign of the STT can be controlled by handedness of the light.

In addition, due to the presence of the structure inversion asymmetry in the z direction, the Rashba spin–
orbit interaction x y y xl s t hs tÄ - Ä( )may appear in theN2. Infigure 6we study the effect of the Rashba
spin–orbit interaction on τRx at θ=π /2. As shown infigure 6 τRx is an odd function ofλω and decreases with
λ. This is because withoutλ the current can arrive at theN2/F interface with the spin polarization direction
along z (for theK valley) or−z (for theK′ valley) axis, which is perpendicular to themagnetization direction of
the F.However, whenλ isfinite, the electrons precess in the process of traveling across theN2, so the spin
polarization direction deviates from the z axis, which results in the decrease of τRxwithλ. Therefore in order to
obtain a large τRx, a smallλ is needed.

Last wewill comment on the experimental feasibility of our results. The staggered potential can be induced
by the substrate. Actually, in experiment, the gap induced by the SiC substrate can range from severalmeV to
0.26 eV [32, 33]. A strong spin–orbit interaction can be induced by the substrates or adatomdeposition [27–30].
For example, Kou et al reported a large intrinsic spin–orbit interaction is generated in Bi2Se3/graphene/Bi2Se3
[28] or BiTeI/graphene/BiTeI [29] quantumwell structure. In theN2we can consider a Bi2Se3/graphene/SiC or
BiTeI/graphene/SiC quantumwell structure, where the staggered potential and spin–orbit interaction are
induced by the proximity effect, respectively. In fact, we can also use silicene or stanene as a central part, which
has strong intrinsic spin–orbit interaction but weakRashba spin–orbit interaction. The off-resonant circularly
polarized light requires w g in principle, so the frequency should be larger than 3500THz [20].When one
takes the lowest frequency of light,ω≈3500 THz, and 0.0026 0.39l »w∣ ∣ – eV [20] is obtainedwhen graphene
is irradiated by an ultrashort pulse [39]with the range of laser intensity from1010 to 1.5×1012 W cm−2. Here the
spin is degenerate in the normal lead, the spin polarization of the current originates from the spin-valley
coupling in the central part, so a large central regionwidth L is needed. For large L (L>50 nm), the contribution
of evanescent states to the currents is completely suppressed, and τRx is nearly independent of L (not shown
here). A real N1/N2/F junction also inevitably contains impurities or atomic defects in the bulk. As pointed in
[40, 41], to realize the valley controlled STT, the defect ratio cannot exceed 8%, otherwise the valley controlled
STT effect is broken by defect states. It should be pointed out that the amplitude of τRx obtained here is
comparable to the STT in a previouswork, where a ferromagnetic/normal/ferromagnetic junction is

Figure 6. Rxt versus lw with different l. Other parameters are the same as those in figure 2.
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investigated [15]. However, unlike [15], the spin polarized currents in this work originates from the coupling
between the valley and spin degrees of freedom, so the STT reported here does not require additional
ferromagnetic layer with fixedmagnetization.

4. Summary

In summary, we study the valley dependent STT inN1/N2/F junctions. TheN1 is irradiated by the off-resonant
circularly polarized light, and the valley polarization can bemodulated by the interaction between the staggered
potential and the light.While in theN2, due to the interplay of the spin–orbit interaction and the staggered
potential induced by the substrate, the band structure is spin-valley coupling, so one can control the valley
dependent spin polarized current by the valley degree of freedom,which exerts a valley controlled STT on the F.
The effects of the intensity of the light, the Fermi level andRashba spin–orbit interaction on the STT are
investigated. The valley controlled STT reported here suggests the ferromagnetic graphene junction ideal for
very efficientmagnetizationmanipulation ofmagneticmaterials without externalmagnetics fields.
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