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We have theoretically investigated ballistic electron transport through a combination of
magnetic-electric barrier based on a vertical ferromagnet/two-dimensional electron gas/ferromagnet
sandwich structure, which can be experimentally realized by depositing asymmetric metallic
magnetic stripes both on top and bottom of modulation-doped semiconductor heterostructures. Our
numerical results have confirmed the existence of finite spin polarization even though only
antisymmetric stray field Bz is considered. By switching the relative magnetization of ferromagnetic
layers, the device in discussion shows evident magnetoconductance. In particular, both spin
polarization and magnetoconductance can be efficiently enhanced by proper electrostatic barrier up
to the optimal value relying on the specific magnetic-electric modulation. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3041477�

I. INTRODUCTION

The feasibility of spin polarization and spin filtering
within a two-dimensional electron gas �2DEG� has been pro-
posed by Papp and Peeters1 based on the combination of
hybrid magnetic-electric barrier structure, which can be ex-
perimentally realized by patterning ferromagnetic �FM� ma-
terials on top of modulation-doped semiconductor hetero-
structures. In such systems, the stray field of FM stripe
constitutes a spatial nonhomogeneous magnetic barrier to
manipulate locally the motion of electron within 2DEG
channel, and accounting for this spin-field interaction, spin
polarization in this device was expected. Unfortunately, for
single FM stripe with in-plane magnetization along the trans-
port direction, no spin polarization2–4 should occur if the
antisymmetric stray field Bz is only considered. Physically,
when electron tunnels through a pair of antisymmetric mag-
netic barriers, any spin polarization caused by a positive
magnetic barrier will be compensated completely by an op-
posite effect induced by a negative one. The detailed analysis
on system symmetry5 has also suggested that, since the
Hamiltonian of this system is invariant under the transforma-

tion of T̂R̂xR̂y, where T̂ is the time-reversal operator and

R̂x�R̂y� is the reflection operator, the resulting electron trans-
mission is identical for both spin channels and thus zero spin
polarization in this system occurs in the linear response re-
gime. Therefore, in order to obtain the finite spin polariza-
tion, one must break the structure symmetry governed by the

operator T̂R̂xR̂y.
To date, several methods5–9 have been proposed to

achieve the finite spin polarization based on analogous struc-
tures by breaking this intrinsic symmetry. Of particular inter-
est here is the proposal to construct a full symmetric mag-
netic barrier as initially suggested by Jiang and Jalil9 by
means of depositing two stripes both on top and bottom of
2DEG plane. Besides the spin polarization effect, the addi-
tional magnetoresistance �MR� effect is also expected in this
configuration. However, due to the accumulation of trans-
verse vector potential arising from the symmetric stray field,
there is a net increase in transverse momentum of electron
before and after tunneling,10–12 implying the shift of propa-
gating direction of electron after tunneling in comparison to
the incident one. Moreover, the enhancement of small spin
polarization by increasing the number of symmetric barriers
used13 will lead to low transmission probability. Thus the
combination of magnetic barrier with averaging zero accu-
mulation of vector potential is particularly beneficial for the
realization of spin transport. In this work we will remove this
unexpected accumulation by taking into account the mag-
netic field omitted in previous investigations, and the behav-
iors of external-tunable spin polarization as well as MR ef-
fect are revealed based on an alternative configuration.

II. THEORETICAL MODEL

Our system is schematically depicted in Fig. 1�a�, where
a 2DEG moving in the x-y plane is sandwiched by two
asymmetric metallic FM stripes with in-plane magnetization
�along x-direction�. Especially, two stripes are designed de-
liberately flush left and the strength of out-of-plane stray
field emanated from magnetic stripes is denoted by B1 �B2�
for bottom �top� one, respectively. To study MR effect, we
assume that the bottom FM stripe of width L is a harder
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magnetic layer in comparison with top one of width d, al-
lowing the switch of relative magnetization between stripes
from parallel �P�/antiparallel �AP� to AP/P configuration by
external magnetic field. In addition, applying a voltage VG on
the top stripe, an electrostatic modulation is incorporated.
Qualitatively, we approximate the exact stray field as delta
function and use rectangle barrier to describe electrostatic
term as shown in Fig. 1�b�. Hence electric barrier as well as
the integrated profiles of stray field can be, respectively, ex-
pressed as U�x�=U��x���d−x� and Bz�x�=B1���x−L�
−��x��+�B2���x�−��x−d��, where �= �1 denotes the con-
figuration of stripes with the positive �negative� sign for P
�AP� alignment, U is the height of electric barrier, and ��x� is
the well-known Heaviside step function.

Here, in order to clarify the spin polarization induced
only by the out-of-plane field Bz, we neglected the in-plane
stray field Bx because of its symmetric characteristic. In the
framework of single particle effective mass approximation,
the Hamiltonian of system can be written as

Ĥ =
�P̂ + eA� �2

2m�
+ U�x� +

eg�

2m0

�z�

2
Bz�x� , �1�

where m0 is the free electron mass, m� is the electron effec-
tive mass, g� is the effective Landé factor, �z= +1 /−1 corre-

sponds to spin up/down electron, respectively, P̂ is canonical
momentum operator, and magnetic vector potential, in the

Landau gauge, is given by A� = �0,Ay�x� ,0� with Ay�x�=
−B1��x−d���L−x�+ ��B2−B1���x���d−x�. Here for conve-
nience, we express all quantities in dimensionless units: �1�
the magnetic field Bz�x�→B0Bz�x�; �2� the vector potential
Ay�x�→B0�BAy�x�; �3� the coordinate x→�Bx; �4� the energy
E→��cE�=E0E�, by introducing two characteristic param-
eters: the cyclotron frequency �c=eB0 /m� and the magnetic
length �B=�� /eB0, where B0 is some typical magnetic field.
For example, for B0=0.1 T, this gives the reduced units E0

=0.48 meV and �B=81.3 nm if the effective mass is taken
for InAs system as m�=0.024m0.

Since the system is translation invariant along the
y-direction, the total wave function describing the transport
of electron with incident energy E can be written as ��x ,y�
=eikyy	�x�, where ky is the y-component of wave vector and
	�x� can be further solved exactly from reduced one-
dimensional Schrödinger equation,

� d2

dx2 + Ueff�x��	�x� = 0, �2�

with effective potential Ueff�x�=2�E−U�x��− �ky +Ay�x��2

− �g�m� /2m0��zBz�x�. Based on the above equation, by
means of standard transfer matrix method, one can calculate
spin-resolved transmission probability T�E ,ky ,�z�, from
which other ballistic transport properties such as conduc-
tance and MR can be further determined. For instance, spin-
resolved conductance under zero temperature is easily de-
duced in a ballistic regime from Landauer–Büttiker
formula,14

G�z
�EF� = G0�

−
/2


/2

T�EF,�2EF sin �,�z�cos �d� , �3�

where � is incident angle relative to transport direction, EF is
the Fermi energy of 2DEG, and G0=e2m�vFLy /h2 is the re-
duced unit of conductance with electron Fermi velocity vF

and length Ly of the system in the y-direction.

III. RESULTS AND DISCUSSION

In our numerical simulation, to see more clearly spin-
dependent effect, we take material parameters of 2DEG for
InAs system �i.e., g�=15, m�=0.024m0� due to its large ef-
fective g factor. Unless the special clarification, we assume
that the parameters of top stripe are d=0.4 and B2=2, and the
corresponding values for bottom one are selected as L=2 and
B1=5. In Fig. 2, we plot schematically the spin-resolved
transmission probability as a function of incident energy for
different electric barriers, where electron incident angle is
selected as �=
 /6. It is clearly seen that, starting from a
threshold energy, all spectra of transmission display the pro-
nounced oscillation with the increasing energy due to the
presence of quasibound state above the quantum barrier/well
induced by hybrid magnetic-electric suppression. The thresh-
old energy, beyond which the evident transmission probabil-
ity is observed, mainly depends on the accumulation of vec-
tor potential and incident angle, showing well-confirmed

FIG. 1. Schematic of device structure �a� and theoretical model �b� em-
ployed for electrostatic barrier and stray field profile under parallel
configuration.

FIG. 2. �Color online� Spin-related transmission probabilities of parallel
configuration taking for different electric barriers as a function of incident
energy E with an incident angle �=
 /6. In the inset, the corresponding
transmission polarization PT is shown.
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wave-vector filtering15 effect. Particularly, the splitting of
transmission into two spin-resolved branches indicates the
considerable existence of spin polarization within the consid-
ered structure. In the inset, the corresponding energy
E-dependence of transmission polarization PT�E ,��, defined
as PT�E ,��= �T�E ,� , +1�−T�E ,� ,−1�� / �T�E ,� , +1�
+T�E ,� ,−1��, is shown. Obviously, with the elevating elec-
tron energy E, there is a rapid reduction in the amplitude of
oscillatory transmission polarization as a consequence of its
finite strength of stray fields, the modulation of which are
weakened for large energy. By applying the gate-controllable
voltage, the spin-related transmission presents a quite dis-
tinct response relying on the sign of electric barrier. Con-
cretely, due to its strong dissipation effect, electron transmis-
sion for positive electric barrier is intensely blocked in
comparison with the cases for dissipationless negative elec-
tric barrier and vanishing electrostatic modulation, giving
rise to the large decrease in transmission probability. Promi-
nently, the transmission polarization of system under consid-
eration is efficiently enhanced by positive electric barrier
within realistic energy scope.

Since the intrinsic two-dimensional tunneling process,
the obtained PT strongly depends on incident angle �, which
is experimentally trouble measurable. To remove this incon-
venience and reflect this spin asymmetric effect on measur-
able quantities such as conductance G��E�, we evaluate in
our work the spin polarization of device as PG= �G+�E�
−G−�E�� / �G+�E�+G−�E��. In Fig. 3, this spin polarization
under the parallel configuration is calculated for different
electric barriers. Due to the oscillatory transmission, all spec-
tra of spin polarization exhibit evident oscillation with the
increasing Fermi energy. For small EF, there is a giant dif-
ference between two spin channels because of the intense
modulation coming from stray field, leading to the very high
polarization, whereas the blocking transmission within this
forbidden region makes the conductance undetectable, as
shown in the inset of Fig. 3. Beyond certain threshold energy
conductance for both channels shows rapid increase, while
the spin asymmetric effect shrinks significantly as a conse-

quence of weakening magnetic-electric suppression, result-
ing in the very reduction in spin polarization. Especially,
there are several kinks in all conductance-EF curves related
to the contribution of the quasibound states within the struc-
ture. By incorporating electric barriers, spin polarization is
efficiently modified. For example, if a positive electric bar-
rier U=10 is induced, the typical polarization for Fermi en-
ergy EF=10.6 can be remarkably enhanced up to 15% from
an invisible one corresponding to the absence of electrostatic
term U=0. Therefore, we have confirmed the existence of
finite spin-polarization and spin-filtering effects in consid-
ered structure. Physically, although the induced field Bz is
antisymmetric for each single stripe, the integrated stray field
emanated from both stripes as we demonstrated here might
not be antisymmetric, and thus the breaking system symme-

try governed by T̂R̂xR̂y just assures the presence of expected
spin polarization. Besides, since there is no accumulation of
transverse vector potential before and after electron tunnel-
ing, the further improvement of this weak polarization by
means of constructing multiple-period structure is promised.

Besides the feasibility of spin-filtering effect in hybrid
device, the MR effect as observed in conventional FM
multilayers16 is also expected. Traditionally, when the rela-
tive magnetization of adjacent magnetic layers is switched,
the quite distinct spin-dependent scattering leads to the strik-
ing variation in electric resistance. However, in our case,
when the magnetization configuration is switched, there is a
substantial change in the effective potential and the resulting
transmission is quite different, thus the obtained MR effect
might be spin independent.17–19 Here we calculate this spin-
less MR ratio in terms of magnetoconductance as �G= �GP

−GAP� / �GP+GAP�, where GP /GAP denotes the total conduc-
tance for P/AP alignment, respectively. In Fig. 4,
EF-dependent �G is presented for different electrostatic
modulations. It is obviously seen that all �G show remark-
ably degradation with the increasing EF because of weaken-
ing magnetic-electric confinement. Moreover, the incorpora-
tion of positive electric barrier has effectively improved the
magnitude of MR ratio, while for a negative barrier the MR
ratio shows evident reduction within the realistic energy re-
gion and even changes its sign. For very small EF, there is an
abrupt variation both in the magnitude and the sign of �G,
indicating the presence of a specific resonant state related to
AP configuration. Based on the same reason mentioned

FIG. 3. �Color online� Spin polarization as well as spin-resolved conduc-
tance �inset� as a function of Fermi energy of 2DEG under various electro-
static suppressions.

FIG. 4. �Color online� Magnetoconductance vs the increasing Fermi energy
EF for different electric barriers.
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above, all EF-dependent �G have pronounced fine kinks,
more visible for a stronger confinement. For Fermi energy
EF	10, �G for pure magnetic barrier is only about 25%,
which can be significantly improved by electrostatic barrier
up to 46% for U=5 and 56% for U=10. Even for a higher
Fermi energy EF	25, the MR ratio near 30% is still ex-
pected by incorporating an electric barrier U=10.

Having seen both spin polarization and magnetoconduc-
tance can be considerably influenced by external electrostatic
modulation, it is interested to know to what extent these
quantities can be tuned by electric barrier. As for example,
we schematically depict these quantities versus the variation
in electrostatic barrier in Fig. 5, where the Fermi energy of
2DEG has been selected for illustration as 10. Evidently,
both spin polarization and MR ratio can be effectively en-
hanced by a proper electrostatic barrier up to the optimal
value, which strongly depends on the specific magnetic-
electric barrier condition. Beyond this critical barrier, both
quantities display large degradation since the dominant elec-
trostatic modulation in this case is inherent configuration and
spin independent. Notice that, for magnetic strengths B2=0
and 5, the obtained parallel spin polarization is zero for pure
magnetic barrier as shown in Fig. 5�a� because the integrated
field is antisymmetric in these situations. As for �G depicted
in Fig. 5�b� is concerned, the typical value for considered
structure can be efficiently enhanced from 25% of pure mag-
netic modulation up to 62% by including an electric barrier
U=16, showing twofold strong improvement. For a stronger
magnetic field B2=5, �G larger than 90% is also expected.
Generally, the stronger magnetic confinement is accom-
plished, the higher MR ratio is expected.

It should be noted that for a real InAs materials, whose
typical electron densities are of the order of 1012 cm−2,
which gives large Fermi energy EF	42, corresponding to
E0=2.4 meV with typical magnetic field B0=0.5 T. For
such high incident energy, magnetic-electric modulation dis-

cussed above only plays a minor role, leading to very small
spin polarization and magnetoconductance as shown in Fig.
6, where the magnetic strength of bottom stripe is fixed at
B1=1.5 for the reduced unit B0=0.5 T, while the strengths
for top one are taken as B2=0.5, 1, and 1.5, respectively. Due
to its tiny strength in comparison to the incident energy, the
expected spin polarization is trouble resolvable when the
stray field of top stripe is modified. However, there is a re-
markable improvement in magnetoconductance induced by
the stronger field of top stripe, indicating its less spin-
dependent feature. Typically, both polarization and magneto-
conductance are not more than 10% for this weak magnetic
modulation. Therefore, to achieve higher spin polarization
and MR ratio, additional efforts must be paid to realize much
stronger magnetic-electric suppression.

IV. CONCLUSIONS

In conclusion, we have theoretically investigated in bal-
listic regime the spin-dependent transports based on a verti-
cal FM/2DEG/FM sandwich structure, where the vanishing
accumulation of transverse vector potential and the breaking

system symmetry governed by operator T̂R̂xR̂y have been
realized. Numerical results have confirmed the existence of
finite spin polarization as well as spinless MR effect. In par-
ticular, both quantities can be efficiently enhanced by the
optimal electrostatic barrier up to the maximum value deter-
mined mainly by the magnetic-electric barrier condition.
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