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Abstract 

Scattering matrix formalism is employed to calculate the spin transfer torque in a graphene-based domain wall (DW) in 

the ballistic regime. We have suggested a new method for manipulating the direction of domain wall motion by both the 

length of the DW and magnetic barrier that is the ratio of induced exchange field to Fermi energy. It has also shown that 

spin current density gives us more insight into the transmission of spin-polarized electrons. 
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1. Introduction 

In the burgeoning and progressive field of spintronics1, 2 

magnetic materials have drawn much attention in light of 

having intriguing physics, non-volatile nature, and 

enormous applications in modern technology3. 

Graphene4, 5, 6  the newly two-dimensional allotrope of 

carbon atoms with rich potential such as weak spin-orbit 

coupling, rather long spin-flip length at room 

temperature7, spin-polarized current lifetimes and Klein 

tunneling8 is a good candidate for magnetic materials in 

particular in the field of spintronics. 

However neutral graphene is not magnetic originally, but 

it has the potential to be ferromagnetic. Ferromagnetism 

in graphene is induced intrinsically9 as well as 

extrinsically by means of various applied stimuli such as 

proximity effects by magnetic gates10 and spin injection 

in graphene7. Recently, spin-transfer torque (STT) in a 

graphene system with the presence of spin-orbit coupling 

(SOC) has been theoretically studied11. 

Information is written by switching magnetic textures 

such as magnetization of the conventional magnetic 

memory devices to the desired configuration with 

nonlocal magnetic fields. With the development of 

information technology, for the miniaturization of 

magnetic read heads and random access memory (RAM) 

elements and more importantly, having high capacity of 

magnetic devices, higher and cumbersome magnetic 

fields is required. 

In pursuit of a new mechanism for circumventing this 

problem without referring to magnetic fields, spin transfer 

torque is realized as a novel magnetization switching 

mechanism. Recently, the intriguing possibility of 

manipulating high-density nonvolatile magnetic device 

elements without applying high magnetic fields12 has 

been reported that leads to magnetic switching with 

currents. Spin transfer torque (STT) that arises due to non-

conservation of spin angular momentum of spin-polarized 

electrons while crossing the ferromagnetic region, was 

first pointed out by Berger13 in the case of DW and 

Slonczewski14. 

From many magnetic patterns, DW is considered as a 

structure with high potential for technological 

applications. It has been suggested that devices based on 

DWs could be applied for information carriers in memory 

and logic devices15,16 (each wall represents a single bit). 

DW racetrack memory proposed by Parkin is one 

possibility.  

for high density storage17,18 it has also theoretically19 

and experimentally20,21 verified that Spin transfer torque 

could cause DW motion and moreover it is presently 

employed as a means of control of the DW motion in 

device applications for non-volatile memory22. 

Calculating the spin transport torque on the DW system 

(GaMnAs)23 and the current-induced DW's motion of a 

DW24, 25 has been reported. Recently, a great deal of 

attention on spin transfer torque in graphene systems has 

been made27, 28. 

It is the purpose of the present paper to explore the spin 

transfer torque on the graphene based DW, analytically. 

Actually, we will find a way to manipulate the DW motion 

with the direction of STT with factors such as the 

exchange field and the length of the DW. In the case of 

graphene systems with the presence of anomalous Klein 

tunneling phenomena that changes the conductance in the 

graphene-based DW significantly, we are stimulated to 

explore also the influences of this phenomena on the spin 

transfer torque. 

Since having high domain wall velocity29 associated with 

low critical current density is the aim of the theoretical 

research, we suggest graphene as a potential material 



 

 

system for applying as a racer due to the feasibility of 

manipulating its magnetization and then having less spin 

current density for switching or reversal state of the 

moment. 

2. Model 

We begin with a structure consisting of an all graphene 

ferromagnetic - domain wall - ferromagnetic (FM-DW-

FM) junction as shown schematically in Fig. 1. The 

system consists of a left (𝑥 < 0) and right (𝑥 > 𝐿) semi-

infinite FM leads separated by a 𝜋 DW. We can think of 

ferromagnetic regions, whose magnetizations are 

oppositely aligned, as two reservoirs of spin-polarized 

electrons. 

Here we consider a Bloch type domain wall i.e., the 

exchange field rotates linearly in the 𝑥 − 𝑧 plane, with an 

angle 𝜃  w.r.t the z -axis as: ℎ(𝑥) =  ℎ 𝑐𝑜𝑠 𝜃 (𝑥)�̂�𝑧  +
 ℎ 𝑠𝑖𝑛 𝜃 (𝑥)�̂�𝑥, while the graphene sheet is deposited in 

the 𝑥 − 𝑦  plane. Here 𝜃(𝑥) =  𝜋𝑥/𝐿  in DW and 𝜃 =
0 (𝜃 = 𝜋) in the left (right) leads. 

Our description of the system relies on the low energy 

Dirac-like Hamiltonian that is subjected to an exchange 

field 𝒉(𝑥)  in a free electron stoner model. This 

Hamiltonian in the presence of gauge potentials can be 

written as a Kronecker product between the 2 ×  2 pauli 

matrices in different space as follows: 

𝐻 = 𝑣𝐹  𝜋. 𝜏 ⊗ 𝜎0 − 𝜏0⊗𝜎. ℎ(𝑥) 
−𝐸𝐹𝜏

0⊗𝜎0 (1) 

Where 𝑣𝐹  is the Fermi velocity, 𝐸𝐹  is the Fermi energy 

and 𝜎0  and 𝜏𝛼 (𝛼 =  0, 𝑥, 𝑦, 𝑧)  are four components of 

the Pauli matrices acting on real spin and pseudospin 

degrees of freedom, respectively. Canonical momentum 

in the 4 × 4 space reads: 

𝜋𝑖 = 𝑝𝑖𝜏
0⊗𝜎0 + 𝐴𝑖

𝛼  𝜏0⊗𝜎𝛼 (2) 

Here a sum over repeated index 𝛼 is implies, 𝑖 = 𝑥, 𝑦, 𝑧 

are spatial components and 𝐴𝑖
𝛼  is a component of the 

vector (𝛼 =  0) and 𝑆𝑈(2) gauge (𝛼 ≠  0) potentials31. 

The charge ( 𝛼 = 0 ) and spin ( 𝛼 = 𝑥, 𝑦, 𝑧 ) current 

densities could be defned through the derivative of the 

Hamiltonian (1) with respect to the gauge potentials: 

𝐽𝑖
𝛼 =

𝛿⟨𝐻⟩

𝛿𝐴𝑖
𝛼 = 𝑣𝐹𝛹

†(𝜏0⊗𝜎𝛼)(𝜏𝑖⊗𝜎0)𝛹.  (3) 

Similarly, we can defne the charge and spin densities as 

𝑆𝛼  𝛹†𝜏0⊗𝜎𝛼𝛹. (4)  
In Eqs. (3) and (4), 𝛹† = (𝜓𝐴,↑

∗ , 𝜓𝐵,↑
∗ , 𝜓𝐴,↓

∗ , 𝜓𝐵,↓
∗ )  is the 

four-component eigenvector. Note that 𝑆0  = 𝛹†𝜏0⊗
𝜎0𝛹 = 𝛹†𝛹 is the particle density n. Since in our FDW-

F structure the only relevant spatial component is the x-
direction, for simplicity we defne 

𝑄𝛼 = 𝐽𝑥
𝛼 = 𝑣𝐹𝛹

†(𝜏𝑥⊗𝜎𝛼)𝛹. (5)  

for the 𝑥 -component of the current. The spin current 

density is tensor ,i.e., has a flow direction and a 

polarization, we suppress the index of 𝑥-direction in the 

real space and just write its direction in spin space 

hereafter. 

A spin up incoming plane wave having unit incident 

particle flux (in the upper band) reads: 

𝛹𝑖𝑛  =
1

√𝑐𝑜𝑠 (𝛼↑)
 (

𝑒−𝑖𝛼
↑/2

𝑒𝑖𝛼
↑/2

0
0

)𝑒𝑖𝑘
↑𝑥  

Reflected and transmitted components of the 

wavefunction also read  

𝛹𝑟  =
𝑟↑↑𝑒−𝑖𝑘

↑𝑥

√cos(𝛼↑)

 

(

 
 
𝑒
𝑖𝛼↑

2

−𝑒−
𝑖𝛼↑

2

0
0 )

 
 
+
𝑟↓↑𝑒−𝑖𝑘

↓𝑥

√𝑐𝑜𝑠 (𝛼↑)

(

0
0

𝑒𝑖𝛼
↓/2

−𝑒−𝑖𝛼
↓/2

) (7) 

𝛹𝑡 =
𝑟↑↑𝑒−𝑖𝑘

↓(𝑥−𝐿)

√cos(𝛼↓)

 

(

 
 
𝑒−

𝑖𝛼↓

2

𝑒
𝑖𝛼↓

2

0
0 )

 
 
+
𝑟↓↑𝑒−𝑖𝑘

↑(𝑥−𝐿)

√𝑐𝑜𝑠 (𝛼↑)

(

0
0

𝑒−𝑖𝛼
↑/2

𝑒𝑖𝛼
↑/2

) (8)  

Here 𝑡↓↑ (𝑟↓↑) are the transmission (reflection) probability 

from up to down spin(spin flip from its original 

orientation)and 𝑡↑↑ (𝑟↑↑)  are those of without spin flip, 

respectively. Where we have defned the wave vectors in 

the leads: 

𝑘↑𝐿 = 𝑘𝐹𝐿 (𝛯 + 1 +
ℎ

𝐸𝐹
) 𝑐𝑜𝑠(𝛼↑), 

𝑘↓𝐿 = 𝑘𝐹𝐿 (𝛯 + 1 −
ℎ

𝐸𝐹
)  𝑐𝑜𝑠(𝛼↓) 

And we have. 𝛯 = 𝜀/𝐸𝐹 . Here ε  is the quasiparticle 

energy measured from the Fermi energy that we have 

taken zero. α↑(α↓) is the incidence angle for up (down)-

spin electrons with respect to the 𝑥-axis. 

Wavefunctions in the DW region is obtained with 

transforming spinors to a rotating frame30 for changing 

the quantization axis. 𝑅(𝜃)  is a spin-rotation operator, 

given by 

𝑅(𝜃) =  𝜏0⊗𝑒−
𝑖𝜎𝑦𝜃

2 = 𝜏0⊗(
𝑐𝑜𝑠

𝜃

2
− 𝑠𝑖𝑛

𝜃

2

𝑠𝑖𝑛
𝜃

2
𝑐𝑜𝑠

𝜃

2

) 

The wavefunction in the DW region (0 ≤ 𝑥 ≤ 𝐿) is too 

cumbersome to be mentioned here. After writing the 

similar expressions for incoming down-spin electrons, the 

total transmission and reflection probabilities are 

determined from imposing the continuity conditions at the 

interfaces (𝑥 = 0 and 𝑥 = 𝐿): 

𝛹𝐿𝑒𝑓𝑡  (𝑥 = 0) = 𝛹𝐷𝑊(𝑥 = 0), 

𝛹𝑅𝑖𝑔ℎ𝑡(𝑥 = 𝐿) = 𝛹𝐷𝑊  (𝑥 =  𝐿) 

We study spin transfer torque that is a vector in 

spin space with considering the net changes in the spin 

current transmitted with reflected and incident20, 23, 24, 

27.The spin transfer torque exerted on the magnetization 

in the DW region is obtained with net spin flux from the 

DW as: 

𝑁𝑥 = 𝑄𝑖𝑛 . �̂� − (𝑄𝑡. �̂� + 𝑄𝑅 . (−�̂�)) 
Spin current density for reflected spin-polarized electrons 

reads: 

𝑄𝑅 = (𝜏𝑠
𝑖)𝑅 = 2

1

2
𝛴𝑠∫ 𝜓𝑅

†𝜏𝑥⊗𝜎𝑖𝜓𝑅𝑑𝛼𝑠
𝜋/2

0

 



 

 

 

FIG. 1: Color online: Schematic structure of the spin-up and 

spin-down subbands and direction of the exchange felds (in the 

𝑥 − 𝑧 plane) 

 

FIG.2: Color online: Spin current density of spin polarized 

carriers in the 𝑧 direction ves location of the DW region 

normalized to the length of the DW region. 𝑘𝐹𝐿 = 1 and 

𝑘𝐹𝐿 = 10 for panel (a) and (b). 

 

FIG.3: Color online: Spin current density of spin polarized 

carriers in the 𝑥 −  direction versus location of the DW region 

normalized to the length of the DW region. 

Summation on s is over up and down spin incoming 

electrons. We have similar expressions for the spin 

current density of the incident and transmitted electrons. 

The obtained spin torque is a variable of the magnetic 

barrier (ratio of exchange field to Fermi energy) and the 

length of the DW region. The current direction is along 

the x-axis, then there are just three components of the spin 

transfer torque tensor as follows: 

𝑁𝑥𝑥 =
−2 𝑐𝑜𝑠(

𝛼↑+𝛼↓

2
)

√𝑐𝑜𝑠 𝛼↑ 𝑐𝑜𝑠 𝛼↓
 [(𝑟↑↑𝑟↓↑

†
+ 𝑟↑↑

†
𝑟↓↑) +

𝑡↑↑𝑡↓↑
†
𝑒𝑖𝐿(𝑘

↓−𝑘↑) + 𝑡↑↑
†
𝑡↓↑𝑒−𝑖𝐿(𝑘

↓−𝑘↑)] (11)  

𝑁𝑦𝑥 =
−2𝑖 𝑐𝑜𝑠(

𝛼↑+𝛼↓

2
)

√𝑐𝑜𝑠 𝛼↑ 𝑐𝑜𝑠 𝛼↓
 [(−𝑟↑↑𝑟↓↑

†
+ 𝑟↑↑

†
𝑟↓↑) +

𝑡↑↑𝑡↓↑
†
𝑒𝑖𝐿(𝑘

↓−𝑘↑) − 𝑡↑↑
†
𝑡↓↑𝑒−𝑖𝐿(𝑘

↓−𝑘↑)] (12)  

𝑁𝑧𝑥 = 2 [1 − 𝑟
↑↑𝑟↑↑

†
− 𝑡↑↑𝑡↑↑

†
+ 𝑡↓↑𝑡↓↑

†
+ 𝑟↓↑𝑟↓↑

†
] (13) 

3. Conclusion 

In conclusion, we have evaluated the spin current density 

(SCD) and spin-transfer torque within a scattering 

approach using Landauer Buttiker formula for all 

graphene FM-DW-FM structure. 

We have plotted the 𝑧 -component of spin space of 

(spatially dependent) SCD induced by the spin-polarized 

electrons versus its location in the 𝑥 − direction in real 

space. The results show the behavior of SCD for carriers 

crossing the DW region in the direction of its flow (𝑥 − 

axis). The minus sign for x-axis indicates the incoming 

region and from 𝑥 = 0  to 
𝑥

𝐿
= 1  is related to the DW 

region and after it shows the transmitted region. 

As follows from Fig. 2(a) and Fig. 3 for 𝑘𝐹𝐿 = 1 a bit 

rotation of spin in the plane of 𝑥 − 𝑧 is seen, i.e., the spin 

could not have the opportunity to follow the exchange 

field adiabatically in the DW region, while according to 

Fig. 2(b) that pertains to the high value of 𝑘𝐹𝐿 = 10 for 

every nonvanishing value of magnetic barrier, perfect 

rotation of spin occurs, as expected. In this case, as one 

infers from Figs. 3 and 2 for instance in the middle region 

of DW, the direction of spin polarization of the current 

coincides itself with the exchange field, i.e., the 𝑥 − 

component of traversing spin lies on the 𝑥 − axis without 

having 𝑧 − component in spin space. Strictly speaking, 

spin current density give more insight into the transport of 

spin-polarized electrons. 

In general, the electric current moving through the DW 

region manifests its effects as both the adiabatic torque32 

exert on the wall in the direction of 𝑥 , (�⃗�𝑠. ∇)ℎ⃗⃗(𝑟)  as 

shown in Fig. 4 as well as non-adiabatic torque33 

𝛽ℎ⃗⃗(𝑟) × (�⃗�𝑠. ∇)ℎ⃗⃗(𝑟) in the direction of 𝑦 as represented 

in Fig. 5, where 𝑣𝑠 is proportional to the current density 

and the conduction electron spin polarization. The 

mentioned torques also called the in-plane and out of 

plane (plane of rotating magnetization) torque, 

respectively. Both of theses effects have crucial role in the 

domain wall motion but in different ways. According to 

Ref. 34 the magnitude of the non-adiabatic spin torque is 

much smaller than that of the conventional STT (adiabatic 

torque). 

DW 



 

 

 

FIG.4: Color online: components of the spin transfer torque in 

the 𝑥-direction of spin space for different several values of k𝐹𝐿 

versus magnetic barrier. 

 

FIG.5: Color online: components of the spin transfer torque in 

𝑦-direction of spin space for different values of k𝐹𝐿 vs. 

magnetic barrier. 

 

FIG.6: Color online: components of the spin transfer torque in 

The components of the torque tensor has drawn for 

different values of magnetic barrier (ratio of exchange 

field to Fermi energy) versus 𝑘𝐹𝐿 in Figs. 4, 5, 6 from 

Eqs. (11,12,13). One infers from theses results that Fig- 

ures divided to three regions according to ratio of ex- 

change field to Fermi energy  
ℎ

𝐸𝐹
. 

The first noticeable point in these Figures is the 

oscillations in the spin transfer torque that is characteristic 

of graphene and also linder has pointed out it27. The 

results show that as kFL increases spin torque is damping 

with an oscillating behavior and as the  
ℎ

𝐸𝐹
 increases the 

rate of damping increases and the amount of peak of 

torque increases. 

In reality for ℎ > 𝐸𝐹  that junction behave like a 𝑝 − 𝑛 

junction, both adiabatic and non adiabatic torque have a 

high value for 𝑘𝐹𝐿 < 1  while their value for 𝑘𝐹𝐿 > 1 

have a vanishing value. Due to the phenomenon of Klein 

tunneling, larger oscillations in spin torque than the case 

of ℎ < 𝐸𝐹 is observed. The region of h > EF is important 

for us. This is why the speed of racetrack memory17 

depend on the velocity of domain wall and 

correspondingly the velocity of domain wall is 

proportional to peak of total amount of spin transfer 

torque according to relation 𝑣 =
𝑔µ𝑏

𝑛𝑀𝑠
 𝑁  where 𝑁  is the 

peak of spin torque 𝑀𝑠  is the saturation magnetization. 

More importantly in thisinterval the direction of 𝑥-torque 

change with increasingthe length of the DW. 

Another remarkable point goes back to the Dirac point 

that spin transfer torque in the x and y direction of spin 



 

 

space put zero36,37. This point is important that is why 

minimal conductance occursat the Dirac point. 

For non-graphene systems non-adiabatic effects arise for 

short domain wall their magnitude decreases expo 

nentially as the wall width increases35. We have shown a 

method for changing the direction of DW motion. 

According to x-component torque seen that we can move 

DW parallel or antiparallel to the direction of current by 

adjusting the magnetic barrier and length of the DW . For 

istance in the interval 𝑘𝐹  𝐿 < 1  with 
ℎ

𝐸𝐹
= 5 and 𝑘𝐹  𝐿 >1 

with  
h

EF
= 0.5 we have change of the sign of the STT in 

the x-direction. We have the similar behaviour in the 

paper10 .   

Graphene is suggested as a potentially fascinating 

material system rather than ferromagnetic 

semiconductor23 and transition metal semiconductor for 

manipulating magnetic patterns like DW due to having 

great properties like having a manipulatable magnitude of 

moment38 in accordance with the desired spin current 

density for its moving. 
the 𝑧-direction of spin space for different values of  𝑘𝐹𝐿 versus 

magnetic barrier. 
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