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We study the ballistic spin transport properties in a two-dimensional electron gas system 
in the presence of magnetic barriers using a transfer matrix method. We concentrate on the 
size-effect of the magnetic barriers parallel to a two-dimensional electron gas plane. We 
calculate the transmission probability of the ballistic spin transport in the magnetic barrier 
structure while varying the width of the magnetic barriers. It is shown that resonant tunneling 
oscillation is affected by the width and height of the magnetic barriers sensitively as well 
as by the inter-spacing of the barriers. We also consider the effect of additional electrostatic 
modulation on the top of the magnetic barriers, which could enhance the current spin 
polarization. Because all-semiconductor-based devices are free from the resistance mismatch 
problem, a resonant tunneling structure using the two-dimensional electron gas system with 
electric-magnetic modulation would play an important role in future spintronics applications. 
From the results here, we provide information on the physical parameters of a device to 
produce well-defined spin-polarized current.
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I. Introduction

In spintronics, an important issue has been the re-

alization of a spin-polarized current injection into a 

semiconducting device. However, the large resistance 

mismatch between a ferromagnetic emitter and a 

semiconducting channel has always been an obstacle 

[1,2]. An alternative way to avoid the resistance mis-

match problem has been proposed based on all-semi-

conductor devices. In this respect, a semiconductor 

device including magnetic barriers has recently at-

tracted much attention as a spin device. Recently, the 

magnetic barrier problem has been widely studied, 

even in connection with grapheme [3] and topological 

insulators [4]. A magnetic barrier structure which 

used vortices in superconductors and superconducting 

masks and ferromagnetic material stripes on a 

two-dimensional form of electron gas (2DEG) was 

introduced. Experiments using a magnetic field can 

be classified in terms of the direction of the applied 

field, although this may be a comparatively mathe-

matical point of view. In experiments on the quantum 

Hall effect, observations of commensurability effects, 

and novel giant magneto-resistance, out-of-plane 

magnetic-fields are often used. Most theoretical 

studies [5-8] of magnetic barrier structures have 
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Figure 1. Schematic diagram of the magnetic profile 
due to (a) a ferromagnetic material stripe, (b)
a superconducting mask, (c) a super-
conducting mask with an opening width of d.

been carried out in an out-of-plane field so as to use 

the system as an out-of-plane oriented spin filter or 

a spin-injection device. It is important to note that 

the out-of-plane case requires an electrostatic po-

tential to cancel out the step-like vector potential 

due to the magnetic field [5,7]. In experiments on 

spin valves and the spin Hall effect [9-12], on the 

other hand, the spin orientation is often along the 

2DEG plane. Given the need for an in-plane-oriented 

spin filter or a spin-injection device, the in-plane 

magnetic barrier problem has also started to draw 

attention [13-16].

In most theoretical studies of the magnetic barrier 

problem in 2DEG, the inhomogeneous magnetic field 

profile is approximated as delta-function-like whether 

it comes from superconducting masks [5,6] or from 

ferromagnet stripes [7,8]. The delta-function treat-

ment always makes the calculations simple while 

capturing all of the important qualitative features 

due to the magnetic field. However, it is natural for 

physical quantities to depend on the details of the 

magnetic field profile. Especially when it comes to a 

device, it would be important to investigate the de-

pendence of the physical properties on the details of 

the field profile in order to have a concrete idea 

about the desirable parameter ranges. The aim of our 

work is to study the dependence on the details of the 

field profile as well as the effect of additional elec-

trostatic modulation on top of the magnetic barriers. 

We calculate the spin-dependent transmission proba-

bility of ballistic spin transport in a double-magnetic 

barrier structure while changing the width of the 

magnetic barriers and keeping the flux constant. In 

the present work, we use an in-plane barrier system 

due to its advantage over an out-of-plane magnetic 

barrier system in the spin-tunneling process, as the 

in-plane magnetic barrier does not introduce the 

unpleasant step-like vector potential. When the 

magnetic field is considered to be akin to a delta 

function, the step-like vector potential of the out- 

of-plane magnetic field can also be offset by in-

troducing an extra electrostatic potential, which re-

sults in the same form of the Hamiltonian, as in the 

in-plane-field case. However, it should be noted that 

such a treatment is not possible considering the de-

tailed profile of the field, i.e., other than the del-

ta-functional form.

II. Theory

The magnetic field profiles in the present work are 

compared to those of previous works in Fig. 1. Figure 

1(a) shows the magnetic profile and corresponding 

vector potential formed by the ferromagnetic material 

stripes [7,8], and Fig. 1(b) shows the magnetic profile 

and corresponding vector potential formed by the 

superconducting masks [5,6]. Fig. 1(c) shows the 

magnetic profile in the present work, the in-plane 
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magnetic barriers [16], which is akin to a square 

function. The magnetic field By is set along the y 

direction at two locations, 

, : . 

Here,  is the Heaviside step function, B is the 

magnetic field strength in barriers, L is the distance 

between the barriers and d is the width of each 

barrier. We keep B⋅d constant in our calculation, 

which is a proper setting for a superconducting mask.

The Hamiltonian with effective mass m* and the 

effective g-factor g* electrostatic potential U(x) can 

be written as 

                (1)

where  denotes the spin up/spin down of the 

electron. The vector potential , in the Landau gauge, 

can be expressed as follows:

          (2)

Note that the in-plane component of the vector 

potential happens to vanish at the 2DEG plane 

. As a result, the transverse motion is de-

coupled from the longitudinal motion.

The system is translation-invariant along the y direc-

tion, and the Schrodinger equation  

in a two-dimensional plane is simplified by means of 

where ; 

we use units of length 

energy 

with  being the magnetic field scaling unit. Notice 

that the Zeeman term  

serves as an effective potential barrier for spin-up 

electrons, while it acts as an effective potential well 

for spin-down electrons with . Based on the 

above Schrodinger equation, the transmission proba-

bility is calculated by the standard transfer matrix 

method. The theoretical formalism in this work 

closely follows those in an earlier study [16]. In our 

numerical calculation, because a better spin-filtering 

effect is expected in a material with large  and m* 

values [5,6], the material parameters of HgCdTe are 

used in the following manner: the effective mass 

 =100, the energy unit =2.32 meV, 

the magnetic length =57.5 nm, and the magnetic 

scaling unit =0.2 T. These are typical values of the 

parameters, and they are used often in our previous 

works. For the minimum energy requirement for 

electron tunneling, =0 is chosen for a qualitative 

calculation.

III. Results and Discussion

Fig. 2 shows the transmission probability  of 

the double-magnetic barrier system with  

with d (magnetic barrier width) varying while keeping 

L fixed. Fig. 2(a) is the result of the delta-func-

tion-like magnetic barriers. In this figure, the reso-

nance peak splitting between the spin-up and 

spin-down currents becomes smaller as the barrier 

width increases. Note that the height of the magnetic 

barrier becomes lower as the barrier width increases, 

as the magnetic flux is kept constant. The occurrence 

of transmission oscillation also moves down to a 

low-incident-energy region as the barrier width in-
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Figure 2. Transmission probability  of the dou-
ble-magnetic barrier structure as a function
of the energy of incident electron for various
values of d without any electrostatic modu-
lation: L=0.5 is fixed and (a) d  0, , 
(b) d=0.2, B=25, and (c) d=0.5, B=10 in di-
mensionless units. Assume that  is kept
constant.

Figure 3. Schematic diagram of the effective potential

 for two different electrostatic modu-
lations: L=0.5, d=0.5 and B=10 and (a) 

 and  (b) in dimensionless 
units. Red dashed lines are the effective po-
tential that the spin-up electrons undergo 
and the blue dashed lines are the potential 
that the spin-down electrons undergo after 
allowing for . Dotted lines (blue) are the 
original effective potential without allowing 
for . 

creases, as the relative  becomes smaller, as 

shown in Figs. 2(b) and 2(c).

Fig. 3 shows a schematic diagram of the effective 

potential  for the fixed d and L values. Because 

the electrostatic potential 

is applied, when  is positive, the resultant ef-

fective potential for spin-down electrons becomes 

positive and the spin-down electrons experience a 

barrier instead of a well. When , the effec-

tive potential for spin-down electrons becomes 

 while  when  

This is shown in Fig. 3(a). In Fig. 3(b), both the 

spin-up and spin-down electrons experience dou-

ble-electromagnetic barriers. As a result, resonant 

tunneling (RT) peak splitting also appears in the 

spin-down case.

Fig. 4 shows the transmission probability  for 

the electromagnetic RT barriers as a function of the 

energy of the incident electron for two different val-

ues of the electrostatic potential. As discussed in Fig. 

3, the case shown in Fig. 4(b) has a much higher 

barrier than Fig. 4(a). Resonance peaks move to 

slightly higher energies, and each resonance peak 

becomes sharper as the effective barrier height in-

creases in Fig. 4(b). In the current electromagnetic 

RT system, spin-splitting comes from the fact that 
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Figure 4. Transmission probability  for the dou-
ble-magnetic barrier structure as a function
of the energy of the incident electron for two
different electrostatic modulations: L=0.5, 
d=0.5 and B=10 and (a)  and (b) 

 in dimensionless units.

Figure 5. Transmission probability  for the dou-
ble- magnetic barrier structure as a function
of the energy of the incident electron for two
different values of L with electromagnetic 
modulation: , d=0.5, B=10 and (a) 
L=0.1 and (b) L=1 in dimensionless units.

the current carriers with different spins realize dif-

ferent barrier heights. Notice that, in a conventional 

magnetic RT structure, this originates from the dif-

ference between the spin-up and spin-down energy 

states of the quantum well [17,18]. In Fig. 4(b), sec-

ond resonant peak becomes clear. For device applica-

tions, sharply separated peaks are desirable, as 

broadly overlapped peaks means partial cancellation 

of spin polarization in the current.

Fig. 5 shows the transmission probability  for 

the double-magnetic barrier system as a function of 

the energy of the incident electron for two different 

values of L (the distances between the magnetic bar-

rier) while keeping d=0.5 and  constant. To 

observe the effect of the variation of L, Fig. 4(a) 

comes between Fig. 5(a) and Fig. 5(b). By comparing 

Fig. 5(a), Fig. 4(a) and Fig. 5(b), we reach the con-

clusion that a larger L allows lower energy incident 

particle transport. Increasing L makes the resonance 

peaks sharper and the peaks closer. It also brings in 

additional resonance peaks in the higher energy 

region. The tunneling spin polarization can be calcu-

lated by 

However, the information on the polarization can be 

read off from the figures of the transmission 

probability. Current polarization sensitively depends 

on the incident energy and the size of the system.

IV. Conclusion

We study the size effect, i.e., the dependence on 

the details of the field profile, and the electrostatic 
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modulation effect on the ballistic spin transport 

properties in a two-dimensional electron gas system 

in the presence of magnetic barriers using a transfer 

matrix method. The double-magnetic barrier system 

differentiates the spin-up and spin-down currents 

and insures occurrence resonance oscillation regard-

less of the detailed parameters. As the barrier width 

and the inter-spacing between the barriers increase, 

the resonance peaks for each spin become sharper 

and closer, moving down to lower energy levels, 

which is a desirable characteristic in terms of device 

applications. However, the spacings between the 

peaks of different spins also become closer, which is 

undesirable. In the presence of additional electro-

static modulation, as the electrostatic potential in-

creases, the resonance peaks for each spin become 

sharper but farther apart, and they move up to the 

higher energy levels. The spacings between the peaks 

of different spins become closer. The advantage of 

realizing electrostatic modulation is that it provides 

well-defined resonant tunneling peaks for both spin 

currents, although too much additional electrostatic 

potential prohibits low-energy electron tunneling. 

We hope that the present results provide concrete 

ideas about the desirable parameter ranges for spin 

devices using magnetic barriers in 2DEG.
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