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We report on a theoretical study of the spin-dependent electron transport in a two-dimensional electron gas
(2DEG) modulated by a stripe of ferromagnetic metal and a stripe of Schottky metal in a parallel configuration.
It is shown that a device consisting of a 2DEG and a single ferromagnetic metal stripe with magnetization
parallel to the current direction possesses an intrinsic symmetry and does not give spin-polarized current. The
symmetry is broken in the device with the double metal stripe structure. The spin-dependent transmission and
conductance of the device are calculated. It is shown that highly spin-polarized electron transport can be
achieved in this structure. It is also shown that the spin polarity of the electron transport can be switched by a
voltage applied to the Schottky metal stripe. The underlying physical mechanism of the results is discussed in
terms of spin-dependent tunneling process in the device.
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The incorporation of magnetic elements into semiconduc-
tors has attracted great current interest because of both rich
physics in the system and its promising applications.1–21 For
ferromagnetic metal(FM)-semiconductor(SC) heterostruc-
tures, one of the special focuses is on the problem of a rather
low spin-injection efficiency2 arising from the conductance
mismatch between FM and SC materials.3 Recent experi-
ments have demonstrated solutions of this problem by intro-
ducing diluted magnetic semiconductors as a spin aligner4,5

and by adding a tunneling barrier.6,7 Meanwhile, many ef-
forts have been made towards the realization of an efficient
source of spin-polarized electrons.

Another kind of combination of FM and SC materials,
usually called magnetic barrier(MB) nanostructures,8 is re-
alized by deposing a FM material on top of a near-surface
two-dimensional electron gas(2DEG) formed in a
modulation-doped semiconductor heterostructure. The FM
material provides a magnetic field which can influence lo-
cally the motion of the electrons in the semiconductor het-
erostructure. The effects caused by the MBs have been stud-
ied extensively in the last decade,9 and the feasibility of spin
filtering in MB nanostructures has been discussed.10–16 A
simple, experimentally attractive proposal for spin devices
was to exploit a single FM stripe on top of a 2DEG.10,11 By
the application of a magnetic field, the magnetization of the
FM stripe can be made parallel to the 2DEG plane and, at the
same time, perpendicular to the FM stripe, creating a mag-
netic field with an antisymmetric profile in the 2DEG. Re-
cent calculations have shown, however, that under this anti-
symmetric magnetic field condition, no spin filtering can
occur.11–14 In the present work an intrinsic symmetry in the
single FM stripe structure is revealed. It will be shown that
the symmetry can be broken and thus spin filtering can be
achieved by placing a Schottky normal-metal(NM) stripe
parallel to the FM stripe on top of the 2DEG. It will also be
shown that not only the amplitude of the polarization but

also its sign varies with the electrical barrier(EB) height
created by the NM stripe. Therefore, the considered device
can be employed as a source of spin-polarized electrons,
whose polarity can be switched by a voltage applied to the
NM stripe.

The system under consideration is a 2DEG in thesx,yd
plane subject to modulations by a FM stripe and a Schottky
NM stripe as sketched in Fig. 1(a). Assume that the magnetic
field provided by the FM stripe,Bzsxd, and the electrical
potential induced by the Schottky stripe,Usxd, are homoge-
neous in they direction and vary only along thex axis. The
motion of an electron in such a modulated 2DEG system can
be described by the single-particle Hamiltonian,

H =
1

2m*
fP + eAsxdg2 + Usxd +

1

2
g * mBszBzsxd, s1d

wherem*, P andg* are the effective mass, momentum and
effective g-factor of the electron,mB=e" /2m0 is the Bohr
magneton(m0 is the free electron mass), and sz represents
the z-component of the electron spin(±1 or ↑, ↓). Asxd
=Aysxdey is the magnetic vector potential under the Landau
gauge. For convenience we express all quantities in dimen-
sionless units by means of two characteristic parameters, i.e.,
cyclotron frequencyvc=eB0/m* and magnetic lengthlB0
=Î" /eB0 (B0 being some typical magnetic field).

Because of the translational invariance of the system
along they direction, the total electronic wave-function can
be written asFsx,yd=eikyyCsxd, whereky is the transverse
wave vector. Csxd satisfies a reduced one-dimensional
Schrödinger equation,

−
1

2

d2C

dx2 + H fky + Aysxdg2

2
+ Usxd + sg * m* /4m0dBzsxdszJC

= EC, s2d

from which the transmission probabilityT=TsE,ky,szd for
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incident electrons with energyE, wave vectorky and spin
orientationsz can be determined by means of the scattering
matrix method.22 The conductance at zero temperature is cal-
culated from8

Gsz
sEFd = G0sEFdE

−p/2

p/2

TsEF,Î2EF sinu,szdcosudu, s3d

whereu is the incident angle relative to thex direction. The
up- and down-spin conductance components,G↑ andG↓, as
well as the total conductance,Gtot=G↑+G↓, are presented in
units ofG0sEFd=e2m* vFLy/h2, whereLy is the length of the
structure in they direction andvF the Fermi velocity. The
spin polarization can be characterized by the relative differ-
ence between the spin-up and spin-down conductances at the
Fermi energy,

PG = sG↑ − G↓d/sG↑ + G↓d. s4d

Many previous studies have focused on spin-dependent
electron transport in a 2DEG modulated by a single FM
stripe.10,11,15 The motion of a spin-half electron in such a
system can be described by the Hamiltonian given in Eq.(1)
without the electrical potential term describing the influence
of the Schottky NM stripe. It is usually the case that the
presence of the spin-field interaction[the last term in Eq.(1)]
introduces spin polarization in the current.12,13,16However, it
is very important to notice that this is true only when there is
not any symmetry leading to the degeneracy of spin-up and

spin-down states in the system. In a 2DEG system modulated
by a single FM stripe with its magnetization along the cur-
rent direction(the x-direction), the Hamiltonian is invariant
under the operation ofT̂R̂xR̂y, whereT̂=−iŝyK, with K being
the complex conjugation, is the time-reversal operator, and
R̂x sR̂yd is the reflection operator,x→−x sy→−yd. This sym-
metry implies that the states with wave functionsFsx,yd
=eikyyCsz

sxd and F8sx,yd=T̂R̂xR̂yFsx,yd have the same
eigenenergy. It can be easily verified that under the operation
of T̂R̂xR̂y, a spin-up state,eikyyC↑sxd, transforms to a spin-
down state,eikyyC↓sxd, and a spin-down state,eikyyC↓sxd,
transforms to a spin-up state,eikyyC↑sxd. Thus the spin-up
and spin-down states with the same wave vectorky are de-
generate, and the transmission probability is spin-
independent,TsE,ky,szd=TsE,ky,−szd. As a result, there is
no spin polarization in the electron transport through the
single FM stripe system in the linear response regime. To
obtain a finite spin-polarization signal from the system, the

symmetry under the operation ofT̂R̂xR̂y should be broken,
which, fortunately, can be easily done. One can, for example,
break the symmetry by placing a Schottky NM stripe parallel
to the FM stripe on top of the 2DEG, as shown in Fig. 1.
Below, we present our numerical calculations for the 2DEG
system with modulation by the double metal stripe.

Let us first consider a structure with simplified magnetic-
field and electric potential profiles as depicted in Fig. 1(b)
(solid line). It consists of a double-spike-like MB with
strengthB and distancedM, and a rectangular EB with height
U and widthdE, separated by a distanceD. In our numerical
calculation, the InAs system is taken as the 2DEG material
(g* =15 and mInAs

* =0.024m0) and the reduced units are
lB0

=81 nm and E0="vc=0.48 meV, corresponding to
B0=0.1 T.

The device in discussion relies on the spin dependence of
resonant tunneling due to the symmetry breaking. To obtain a
quantitative feeling about this, in Fig. 2 we plot the transmis-
sion probability calculated as a function of the incident en-
ergy E for spin-up sT↑d, spin-downsT↓d and spinlesssT0d
electrons. The structure parameters were set atB=6 andU
=8, and the transverse wave vector was set to beky=0 and
±2. It is seen that in comparison with the case ofky=−2, the
transmission forkyù0 is rather small in the considered en-
ergy region and is thus expressed in the logarithmic scale
[Figs. 2(a) and 2(b)]. This result can be understood with the
use of the figure shown in the inset of Fig. 2(a), where the
one-dimensional effective potential(without including the
Zeeman term) for electrons with the three differentky values
is shown[cf. Eq. (2)]. An electron with a positiveky value
will see a higher potential barrier due to the presence of a
magnetic vector potential than that with a negative wave
vector ky, and thus has a smaller transmission probability
through the structure. The transmission for electrons with
ky=−2 is shown in Fig. 2(c). It is seen that the transmission
is significantly enhanced. This is as expected because effec-
tively the electrons see a lower magnetic vector potential
barrier in this case. It is also seen in Figs. 2(a)–2(c) that there
exist sharp resonances in the calculated transmissions. The
presence of the Zeeman coupling term changes the positions

FIG. 1. (a) Schematic illustration of the spin device with a
double metal stripe structure. On top of a 2DEG, a FM stripe and a
Schottky NM stripe are placed in a parallel configuration. The mag-
netization of the FM stripe is assumed to be along the current di-
rection (the x-direction). (b) Magnetic field and electric potential
profiles exploited in this work. A simple square form is assumed for
the electrical potential under the Schottky NM gate. For the mag-
netic field generated by the FM stripe, both a simplified(solid line)
and a realistic(dashed line) profile are considered.
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of the resonances, which shift towards the low-energy region
for spin-up electrons and to the high-energy region for
spin-down electrons. Therefore, one can expect a remarkable
difference in the transmission for electrons with opposite
spin orientations, at the resonant energies. The difference
between the spin-up and spin-down electron transmissions
can be revealed by the polarization of the transmitted beam,
defined asPT=sT↑−T↓d / sT↑+T↓d. From Figs. 2(d)–2(f) one
can see that the polarization of electrons changes its sign
when the incident energy varies from a spin-up resonant
peak to its corresponding spin-down one. The amplitude of
PT can be very large at resonant energies. In the high energy
region, T↑ and T↓ are large and their relative difference is
small.

The spin-dependent transmission features demonstrated
above should be reflected in the measurable quantity,
the conductanceG, which is obtained by integration of the
transmission of electrons over the incident angle as in
Eq. (3). Figure 3 shows the conductances for spin-up and
spin-down electrons as well as their difference versus the
Fermi energy for three different EB heights,U=0 and ±8. In

the case ofU=0, only the potential barrier due to the
magnetic stripe is present, and the conductance of spin-up
electrons,G↑, coincides completely with the conductance of
spin-down electrons,G↓, as expected. The two conductances
are generally lowered whenU is finite. However, for a
negative value ofU (e.g.,U=−8), the spin-up electron con-
ductance, as well as the total conductance, may exceed the
corresponding values seen in the case ofU=0, due to the
spin-dependent resonant enhancement[see Fig. 3(a) and the
inset]. WhenEF changes from a resonant peak to an adjacent
valley, the conductance polarization is switched, as depicted
by the dashed line in Fig. 3(b). As for the positiveU, the
polarization shows oscillations with larger amplitudes.
Moreover, in the low energy region there exists a small pla-
teau with nearly 100% polarization although the correspond-
ing conductance in the energy region is rather small. The
polarization plateau is associated with resonant tunneling
through states formed in an effective double-barrier structure
(cf. Fig. 2). It is also interesting to note that in the case of
U=8, the spin-up electron conductance peak at energy
aroundEF=8 is well separated from its corresponding spin-
down one. Thus the two peaks can be discerned in the total
conductance, as shown in the inset of Fig. 3(a). Therefore the
Gtot−EF measurement alone would provide an experimental
evidence for spin polarization in the electron transport in the
device.

A tunable spin-polarized source is desirable for spintronic
applications.17 It is thus necessary to explore in more details
the tunability of spin filtering, with a voltage applied to the

FIG. 2. Left panel: Transmission as a function of incident en-
ergy for spinless(solid line), spin-up(dashed line) and spin-down
(dotted line) electrons with the transverse wave vector of(a) ky=0,
(b) ky=2 and(c) ky=−2, for the double metal stripe device with the
simplified magnetic field profile as shown by the double spike line
in Fig. 1(b). The inset in(a) shows the effective one-dimensional
potentials seen by a spinless electron with different transverse wave
vectorsky. Device parameters used in the calculations aredM =dE

=D=1, B=6 andU=8. Right panel: Corresponding spin polariza-
tion of the transmissions,PT, for electrons with the three different
transverse wave vectorsky.

FIG. 3. Spin-dependent conductance and spin polarization,PG,
as a function of the Fermi energy for the same device as in Fig. 2.
The total conductance is plotted in the inset. Three electrical poten-
tial strengths,U=0 andU= ±8, are considered. Other device pa-
rameters assumed aredM =dE=D=1 andB=6, the same as in Fig.
2.
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Schottky NM stripe, in the device considered here. In Fig. 4
the conductance and spin polarization are plotted as a func-
tion of the EB height at a given Fermi energysEF=9d for
three fixed MB strengthssB=4,6,9d. From the lower panel
one can observe that only for suitable MB strengths the spin
polarization may exhibit a drastic variation with increasing
the EB height. For example, at the MB strength ofB=6,
when the EB potential is changed fromU=7.7 to U=12.7,
the polarization varies from −75% to 98%. Within this EB
potential region the system can produce a strong spin-
polarized current with either spin orientation. A FM stripe
with a stronger magnetizationsB.2Î2EFd does not neces-
sarily lead to a more pronounced spin polarization in the
device. This is reasonable because in this case the
ky-dependent magnetic vector potential barrier is high com-
pared with the considered EB potential and thus the symme-

try in the device, with respect to the operation ofT̂R̂xR̂y, is
difficult to break. On the other hand, when the magnetization
strength of the FM stripe is weak, the effect of the magnetic
field on the electron motion and the Zeeman energy are
small, and therefore no strong spin polarization can be ex-
pected(see, e.g., theB=4 case in Fig. 4). Another observa-
tion from Fig. 4(b) is that for all negative values ofU the
polarization is small in the device. This is true as long as the
Fermi energy is sufficiently large(cf. Fig. 5).

The above analysis gives a qualitative picture about spin
polarization in the device with a double metal stripe struc-
ture. In a realistic case, instead of the simple double-spike-

like form, the modulated magnetic field in the 2DEG has a
smooth profile, as shown in Fig. 1(b) (dashed line). For a FM
stripe with a rectangular cross section and magnetization
along thex-direction, the generated magnetic field profile can
be obtained analytically using a formula in Ref. 18. Figure 5
shows the calculation for spin polarization,PG, of the device
with such a FM stripe, whose parameters are given in the
figure caption. Note that ferromagnetic elements with a sub-
micron scale have been successfully produced on top of a
2DEG,19,20 and therefore our considered structure is in the
realizable scope of current technology. The calculation
shows that the polarization behavior of the device is similar
to that seen in Fig. 4(b). The polarization remains large and
exhibits rich variations in its amplitude and polarity with
increasing the EB height. This is encouraging, because it is
indicated that it is the magnetization strength, as well as the
width of the FM stripe, rather than the shape of the magne-
tization profile that has a drastic effect on the polarization
characteristics of the spin device proposed here.

All results presented so far are obtained for the zero-
temperature case. For an application, it is interesting to know
the temperature dependence of the results. The spin-
dependent conductance at a finite temperatureTK relates with
its zero-temperature values through

Gsz
sEF,TKd =E

0

`

dEGsz
sE,TK = 0dS−

]fFD

]E
D , s5d

where fFDsEd=h1+expfsE−EFd /kBTKgj−1 is the Fermi-Dirac
distribution function. Figure 6 illustrates the influence of the
temperature on the spin polarization for the device as in Fig.

FIG. 4. Spin-dependent conductance and spin polarization ver-
sus the electric potential strengthU under the Schottky metal stripe,
for the same device as in Figs. 2 and 3. The total conductance is
plotted in the inset. Three magnetic field strengths,B=4, 6 and 9,
are considered. Other device parameters used aredM =dE=D=1 and
EF=9.

FIG. 5. Spin polarization versus the electric potential strengthU
for the double metal stripe device with a realistic magnetic field
configuration, as shown by the dashed line in Fig. 1(b), induced by
a FM stripe placed at a distance ofz0=16.2 nm on top of the InAs
2DEG. The FM stripe has a rectangular cross section of heightdz

=40.6 nm and width dM =162 nm, and magnetizationm0Mx

=3.0 T. The calculations are carried out for the Fermi energyEF

=4E0 (solid line), EF=6E0 (dashed line) andEF=9E0 (dash-dotted
line). Other device parameters assumed aredE=162 nm andD
=81.1 nm.

ZHAI, XU, AND GUO PHYSICAL REVIEW B 70, 085308(2004)

085308-4



5, with the Fermi energy atEF=6E0. It is shown that the
polarization is still remarkable as long as the thermal energy
kBTK is much less than the maximal magnetic splitting,Es
=g*sm* /2m0dBz max. For the device with the parameters as in
Fig. 5, the spin polarization is seen to be greatly reduced or
smoothed out by the thermal smearing atTK.Es/4kB
<1.4 K.

Finally we would like to point out that a FM stripe depos-
ited on top of a 2DEG can generate not only a modulated
magnetic fieldBzsxd, but also an electric potentialUBsxd in
the 2DEG.21 This electric modulation comes from the
Schottky effect and the strain between the FM and semicon-
ductor materials, and usually is symmetric with respect to the
center of the stripe. According to the previous analysis, the
system with only a single FM stripe should possess no spin

filtering even in the presence of such a symmetric electric
potential. However, the presence of the potentialUBsxd can
affect the conductance and polarization values of the double
metal stripe structure, because of its influence on the energy
positions of the spin-dependent resonant transmission peaks.
From our numerical simulation, we find that in general a
barrier-likeUBsxd lowers the total conductance and improves
the polarization amplitude, while a well-likeUBsxd increases
the total conductance and diminishes the polarization ampli-
tude. SinceUBsxd can be changed by a voltage gate applied
on the FM stripe, these results suggest an additional way of
controlling the performance(conductance and polarization)
of the device proposed here.

In conclusion, we have shown that a single antisymmetric
magnetic barrier does not provide spin-polarized transport in
a 2DEG due to the fact that the system possesses a hidden
symmetry. The symmetry can be broken by adding an elec-
tric barrier parallel to the magnetic barrier. Based on this
result, a 2DEG spin device has been proposed, which can be
realized by placing on top of the 2DEG a FM stripe and a
Schottky NM stripe in a parallel configuration. The spin po-
larization of the proposed device has been studied by nu-
merical calculations, and discussed in terms of spin-
dependent tunneling. It is shown that the device can be used
as a highly efficient spin filter with the spin polarity tunable
by applying a voltage to the Schottky NM stripe.
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