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Spin polarization of electrons tunneling through magnetic-barrier nanostructures
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We present a theoretical investigation of the spin-dependent transport properties of electrons in nanostruc-
tures consisting of realistic magnetic barriers created by a lithographic patterning of ferromagnetic or super-
conducting films. It is shown that a significant electron-spin polarization effect can be induced by such
magnetic-barrier nanostructures with a symmetric magnetic field. It is also shown that an applied bias voltage
or an external magnetic field can greatly change the degree of the electron-spin polarization in magnetic-barrier
nanostructures. When the applied bias voltage increases, the electron-spin polarization shifts toward the low-
energy end and gradually decreases, while, with an increase of the external magnetic field, the electron-spin
polarization shifts toward the high-energy direction and successively enlarges. It is also found that the degree
of the electron-spin polarization can be tuned with the electric barrier induced by a constant voltage applied to
the metallic stripe of system.

DOI: 10.1103/PhysRevB.66.224412 PACS number~s!: 75.70.Cn, 73.40.Gk, 73.23.2b
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I. INTRODUCTION

Electronic transports in magnetic-barrier nanostructu
have attracted considerable attention owing to the advanc
the microfabrication technique and its potential applicatio
to electronic devices in recent years.1–12 Present advances i
nanofabrication have made it possible to produce this typ
nanostructure, by the deposition of a heterostructure cont
ing a high mobility two-dimensional electron gas~2DEG! in
an inhomogeneous magnetic field; for example, microsco
magnetic barriers with amplitudes of several thousand
have been formed in nonplanar devices3 or by gating a
2DEG with micromagnets4–6 or superconductors.7 Experi-
mentally, magnetoresistance oscillations, via the comme
rability effect between the classical cyclotron diameter a
the period of a magnetic superlattice have been observed4,5,7

Very recently, a sharp resistance resonance effect was
observed due to the formation of two types of magnetic e
states.12 Theoretically, studies of electron tunneling throu
magnetic barriers1,2,9 and magnetic superlattices8 showed
that magnetic barriers possess wave-vector filtering, and
magnetic minibands in the energy spectrum are formed
magnetic superlattice.8

However, the effect of electron spin on transport prop
ties used to be overlooked. Actually, the spin dependenc
the electronic properties of artificial nanostructures is one
today’s leading problems in the physics of electron
devices.13–18 More recently, a few papers called attention
some peculiarities in the dependence of the tunneling p
ability and the conductance on the electronic spin
magnetic-barrier nanostructures.19,20 Using a simpled func-
tion magnetic barrier, the effects of intrinsic spin on ele
tronic transport properties were first investigated
Majumdar.19 It was found that the interaction of the intrins
spin of a 2DEG with a magnetic field significantly chang
the tunneling coefficient and the conductance of electro
Subsequently, the spin-dependent resonant tunneling of e
trons through rectangular and sawtooth magnetic barr
with and without an external electric field was also studied20
0163-1829/2002/66~22!/224412~8!/$20.00 66 2244
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It was found that certain magnetic barriers can induce
electron-spin polarization effect, and that the electric fie
can greatly alter the degree of the electron-spin polarizat
However, the magnetic barriers used in these studies w
not the realistic ones originally proposed by Matuliset al.1

and realized experimentally by Nogaretet al.,12 Carmona
et al.,7 and Ye et al.4 For realistic magnetic-barrier nano
structures, electronic transport properties were studied by
group,2 but the effect of electron spin was not considere
Therefore, in order to reveal the spin-dependent trans
properties of realistic magnetic nanostructures, in this pa
we employ realistic magnetic barriers instead of ideal on
The general rule of electron-spin polarization in magne
barrier nanostructures is revealed. We also investigate
effects of external electric and magnetic fields as well as
electric barrier induced by an applied voltage to the meta
stripes of the system on the electron-spin polarization in
magnetic barrier nanostructures.

II. MODEL AND METHOD

We consider four realistic magnetic barriers1 labeled~a!–
~d!, which are formed, respectively, by the deposition, on
of a heterostructure, of a ferromagnetic stripe with magn
zation~a! perpendicular and~b! parallel to the 2DEG,~c! of
a conduction stripe with a current driven through it, and~d!
of a superconducting plate interrupted by a stripe@see Figs.
1~a!–1~d! in Ref. 1#. For these four magnetic-barrier nan
structures, the magnetic fields experienced by the 2DEG
the (x,y) plane are given by

B5B~x,z0!ẑ, ~1!

B~x,z0!5B0@K~x1d/2,z0!2K~x2d/2,z0!#,

where ~a! B05M0h/d,K(x,z0)52xd/(x21z0
2), ~b! B0

5M0h/d,K(x,z0)52z0d/(x21z0
2), ~c! B05I /d,K(x,z0)

5 ln@(x21z0
2)/d2#, and~d! B(x,z0)5B0Re@1/A12(x1 iz0)2#.

M0 , h, andd are the magnetization, height, and thickness
©2002 The American Physical Society12-1
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the stripes,I is the current driven through the stripe, andz0 is
the distance between the stripes and the 2DEG. Accordin
these magnetic-field expressions, these four magnetic b
ers can be classified into two groups: symmetric magn
barriers,B(2x,z0)5B(x,z0), containing ~a! and ~d!; and
antisymmetric magnetic barriers,B(2x,z0)52B(x,z0),
having ~b! and ~c!. For simplicity, we limit our attention to
the symmetric magnetic barrier~a! and the antisymmetric
one ~b!; however, our results can also reflect the case
magnetic barriers~c! and~d!. Landau magnetic vector poten
tials A(x,z0)5@0,A(x,z0),0# of magnetic barriers~a! and~b!
are given by

A~x,z0!5B0d ln$@~x1d/2!21z0
2#/@~x2d/2!21z0

2#%

and

A~x,z0!5B0d$arctan@~x2d/2!/z0#2arctan@~x1d/2!/z0#%,

respectively. In Figs. 1~a!–1~d!, we present these two mag
netic barriers and their magnetic vector potentials, where
structural parameters are both chosen to bed51.0 andz0
50.1, the left and right ends of the barriers are assigne
x2521.5 andx151.5, respectively, and the magnetic fie
is in units ofB0.

The Hamiltonian for the 2DEG in the above magnet
barrier nanostructures under a applied bias voltageVa and an
external uniform magnetic fieldBexẑ is

H5
1

2m*
@P1eA~x!#21

1

2
smBg* @B~x,z0!1Bex#

2
eVax

~x12x2!
, ~2!

FIG. 1. Two realistic magnetic barriers and their correspond
magnetic vector potentials. Magnetic barriers~a! and ~b! are pro-
duced by the deposition, on top of a heterostructure, of a ferrom
netic stripe with magnetizations perpendicular and parallel to
2DEG, respectively, where the structural parameters are chose
be d51 andz050.1, and the magnetic field is in units ofB0.
22441
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wheremB5e\/2m* is the Bohr magneton,m* is the effec-
tive mass of electron,P is the momentum of electron,g* is
the effective Lande factor of the electron in a real 2DE
realized using a semiconductor,s511/21 is for the up-/
down-spin orientation, andA(x) is the total Landau mag
netic vector potential consisting ofA(x,z0) of the magnetic
barrier and Aex(x)5Bex@x2(x11x2)/2# of the external
magnetic field. We express quantities in dimensionless u
by using the cyclotron frequencyvc5eB0 /m* and the mag-
netic length l B5A\/eB0. For GaAs, g* 50.44, m*
50.067me (me is the free-electron mass!, and an estimated
B050.1T, we obtain l B581.3 nm and\vc50.17 meV.
Since the problem described by Eq.~2! is translationally in-
variant along they direction, the total wave function can b
written as a productC(x,y)5eiqyc(x), where q is the
wave-vector component in they direction. Accordingly, we
obtain the one-dimensional Schrodinger equation

H d2

dx2
2@A~x!1q#22

1

2
g* s@B~x,z0!1Bex#

1
2eVax

~x12x2!
12EJ c~x!50, ~3!

where the function Us(x,q,Va ,Bex)5@A(x)1q#2/2
1g* s@B(x,z0)1Bex#/42eVax/(x12x2) is usually
viewed as the effective potential of the corresponding m
netic nanostructure. Clearly, it depends on the magnetic c
figuration Bz(x,z0), the wave-vector componentq of the
electron in they direction, the applied bias voltageVa , the
electronic spins, and the external magnetic fieldBex . Since
the effective potentialUs(x,q,Va ,Bex) is very complicated,
it is impossible to exactly solve Eq.~3!. We divide the
magnetic-nanostructure region@x2 ,x1# into N (@1) seg-
ments, each of which has a widtha5(x12x2)/N, and view
the effective potential as a constantUs@x21( j
20.5)a,q,Va ,Bex# in the j th segment@x21( j 21)a,x2

1 ja#. Within this segment, the Schrodinger equation~3!
then becomes $(d2/dx2)2Us@x21( j 20.5)a,q,Va ,Bex#
12E%c(x)50, which has the plane-wave solutionc j (x)
5cje

ik j x1dje
2 ik j x,xP@x21( j 21)a,x21 ja#, where kj

5$2E2Us@x21( j 20.5)a,q,Va ,Bex#%
1/2. In the left and

right regions, the wave functions can be written asc(x)
5eiklx1re2 ikl,x,x2 , and c(x)5teikrx,x.x1 , where kl

5A2E2q2,kr5A2(E1eVa)2q2, and r and t are the re-
flection and transmission amplitudes, respectively. By me
of the standard transfer-matrix method, we can obtain

S eiklx2 e2 ikl x2

ik le
iklx2 2 ik le

2 ikl x2
D S 1

r D
5M S eikrx1 e2 ikrx1

ikre
ikrx1 2 ikre

2 ikrx1
D S t

0D , ~4!

where

g

g-
e
to
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M5S M11 M12

M21 M22
D 5)

j 51

N S cos~kja! 2sin~kja!/kj

kjsin~kja! cos~kja!
D

is the transfer matrix. Thus the transmission coefficient
spin-electrons tunneling through magnetic barriers can
obtained as follows:

Ts~E,q,Va ,Bex!

54
kr

kl
US M111

kr

kl
M22D1 i S krM122

M21

kl
D U22

. ~5!

To evaluate the electron spin-polarization effect, it is use
to calculate the spin polarization of the transmitted be
defined by

PT~E,q,Va ,Bex!5
T1~E,q,Va ,Bex!2T2~E,q,Va ,Bex!

T1~E,q,Va ,Bex!1T2~E,q,Va ,Bex!
,

~6!

whereT1 and T2 are transmission coefficients for spin-u
and -down electrons, respectively.

With the transmission coefficient, we calculate ballis
conductance at zero bias and at zero temperature from
well-known Landaur-Buttiker formula, which is given by1,2

Gs~EF ,Bex!5G0E
2p/2

p/2

Ts~EF ,A2EFsinu,0,Bex!cosudu,

~7!

whereu is the angle between the incidence velocity and
x axis, EF is the Fermi energy,G05e2m* vFLy /(2\2), and
vF is the Fermi velocity of electrons. Similar to the electro
spin polarization PT , we also can define the spin
conductance polarizationPG of the magnetic-barrier nano
structure in terms of the spin conductanceGs ,

PG~EF ,Bex!5
G1~EF ,Bex!2G2~EF ,Bex!

G1~EF ,Bex!1G2~EF ,Bex!
, ~8!

whereG1 andG2 are the up- and down-spin conductanc
respectively.

Under an applied biasVa , the transmission currentI s can
also be derived from the transmission coefficientTs by

I s~Va!5I 0E
0

`

dEAE@ f ~E,EF
le f t!2 f ~E,EF

right!#

3E
2p/2

p/2

Ts~E,A2Esinu,Va,0!cosudu, ~9!

where I 05LyeAm* /2A2p2\2 with the structural lengthLy

in the y direction, andf (E,EF
le f t) and f (E,EF

right) are the
Fermi-Dirac distribution functions in the left and right ele
trodes, respectively. WhenT50 K, Eq. ~9! reduces to

I s~Va!5I 0E
E0

EF
dEAEE

21

1

Ts~E,t,Va,0!dt, ~10!

whereE05(EF2eVa)Q(EF2eVa), andQ is the Heaviside
function.
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III. RESULTS AND DISCUSSION

Figure 2 shows the spin polarization versus the energy
electrons tunneling through two realistic magnetic-barr
nanostructures produced by depositing ferromagnetic str
on the surface of the heterostructures with and without
plied biases, where the external magnetic field is set to
zero for the moment, i.e.,Bex50. One is the single-barrie
magnetic nanostructure as presented in Fig. 1~a!, while the
other is the double-barrier magnetic nanostructure consis
of two identical magnetic barriers, i.e., a barrier presented
Fig. 1~b! is followed by an identical one. Here the structur
parameters are both chosen asd51 andz050.1 , the applied
bias Va is in units of \vc /e, and the solid, dashed, an
dotted curves correspond to the wave-vector componenq
50.0, 0.7, and20.7, respectively. In this figure, the le
column @~a1!–~a4!# is the electron-spin polarization for th
single-barrier magnetic nanostructure, while the right colu
@~b1!–~b4!# for the double-barrier one. Without the applie
bias Va50.0 for the double-barrier nanostructure, an ele
tron does not exhibit spin polarization, i.e.,PT50 @see Fig.
2~b1!#. In contrast, the single-barrier nanostructure show

FIG. 2. The spin polarization for electron tunneling through tw
magnetic-barrier nanostructures at different applied biases, w
~a1!–~a4! and ~b1!–~b4! correspond to single-barrier~a! and
double-barrier~b! magnetic nanostructures with the structural p
rametersd51, z050.1, andB051, andVa is in units of\vc /e.
2-3
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considerable electron-spin polarization effect, as depicte
Fig. 2~a1!, and the electron-spin polarizationPT is symmet-
ric with respect to the wave vectorq50, i.e., the dashed an
dotted cures overlap each other. It is well known that
transmission coefficient of particles through a potential is
same as that for particles moving in the opposite direction
other words, the tunneling characteristics are invariant w
respect to the replacementx→2x in the equation of motion.
Therefore, for the magnetic barrier shown in Fig. 1~b! with
an antisymmetric magnetic fieldB(x,z0)52B(2x,z0) and
a symmetric magnetic vector potentialA(x,z0)5A(2x,z0)
@see Figs. 1~b! and 1~d!#, at zero-bias voltage the effectiv
potential in Eq.~3! satisfying U1(x,q,0,0)5U2(x,q,0,0)
results in the transmission coefficientT1(E,q,0,0)
5T2(E,q,0,0), and thus this type of magnetic-barrier nan
structure does not show the electron-spin polarization.
for the symmetric magnetic barrier presented in Fig. 1~a!,
U1(x,q,0,0)ÞU2(x,q,0,0) due toB(x,z0)5B(2x,z0) and
A(x,z0)52A(2x,z0) @see Figs. 1~a! and 1~c!#, and this
kind of magnetic nanostructure therefore exhibits an evid
electron-spin polarization effect at zero bias voltage. Un
an applied bias voltage, however, the spin-dependent e
tive potential is greatly altered. For the antisymmetric ma
netic barrier, under the applied bias the electrons sho
considerable spin polarization@see Figs. 2~b2!–~b4!#, and
with increasing the bias voltageVa the electron-spin polar
ization PT shifts toward the low-energy region, is gradua
weakened, and finally approaches zero. For the symm
magnetic barrier, under an applied bias the electron-spin
larization is greatly altered due to the variation of the effe
tive potential caused by bias voltageVa and displays some
features similar to antisymmetric magnetic barriers. Fr
Figs. 2~a1!–2~a4!, we can clearly see that, when the appli
bias increases, the electron-spin polarizationPT also shifts
toward the low-energy direction, successively diminish
and finally disappears. Here it is also interesting to note
for the symmetric magnetic barrier the dependence of
electron wave vectorq on the spin polarization is very weak
which is obviously different from that for the antisymmetr
magnetic double barriers, due to their different magne
configurations. From these results, we can conclude tha
electron-spin polarization occurs only in symmet
magnetic-barrier nanostructures, and that the applied
can significantly change its magnitude.

In order to further reveal the effect of an applied bias
the electron-spin polarization, in Fig. 3 we present the tra
mission current~in units of I 0) versus the applied bias~in
units of \vc /e) for electrons tunneling through single- an
double-barrier magnetic nanostructures given in Figs. 1~a!
and 1~b!, respectively. The Fermi energy is set to beEF
50.6 ~in units of\vc), and the structural parameters are t
same as in Fig. 2. Here Fig. 3~a! is for the single-barrier case
while Fig. 3~b! is for the double-barrier case, and the sol
dashed, and dotted curves correspond to the without-
electrons, with up-spin electrons, and with down-spin el
trons. There are several prominent features in theI -Va char-
acteristic that we would like to summarize here.~1! The I -Va
characteristic manifests an obvious negative-differential c
ductivity effect. ~2! When the interaction of the electron
22441
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spin with the inhomogenous magnetic field is included,
transmission current is greatly changed~comparing the solid
curve with the dashed or dotted one in Fig. 3!, and a spin
splitting of the transmission current occurs, i.e., theI -Va
characteristic also exhibits an evident spin polarization.~3!
The degree of spin polarization of the transmission curr
depends strongly on the magnetic-barrier configuration
the magnitude of the applied biases. For the symmetric m
netic barrier~a!, the I -Va characteristic exhibits a stronge
spin polarization and a sharper peak similar to the transm
sion coefficientTs , while for the antisymmetric magneti
barrier ~b! the case is just the opposite.

Next we consider the case in which a uniform magne
field Bexẑ is further applied to the magnetic-barrier nan
structures to examine the effects of an external uniform m
netic field on spin-dependent transport properties for e
trons tunneling through the single barrier given in Fig. 1~a!
and the double barriers consisting of two identical magne
barriers shown in Fig. 1~b!, where the structural paramete
still are chosen asd51 andz050.1 for the two cases. The
external magnetic field is in units ofB0, and is assumed no
to influence the original magnetic profile of the magne
barriers, but the total magnetic field experienced by
2DEG is B5@B(x,z0)1Bex# ẑ . Figure 4 shows that unde
different external magnetic fields the electron-spin polari
tion in single-barrier@see Figs. 4~a1!–4~a3!# and double-
barrier @see Figs. 4~b1!–4~b3!# magnetic nanostructures
where the structural parameters are the same as in Fig. 3
the solid, dashed, and dotted curves correspond to the w
vectorq50.0, 0.7, and20.7, respectively. Apparently, with
the introducting of an external magnetic field the degree

FIG. 3. The transmission current for electron tunneling throu
two magnetic-barrier nanostructures, where~a! and ~b! are for
single- and double-barrier magnetic nanostructures with the s
structural configuration and parameters as in Fig. 2, respective
2-4
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the electron-spin polarization of magnetic-barrier nanostr
tures is significantly altered. For the antisymmetric barr
case, electrons will show an evident spin polarization wh
the external magnetic fieldBex is applied. Moreover, with an
increase of the applied magnetic fieldBex , the electron-spin
polarization shifts to the high-energy region and is streng
ened. For the symmetric magnetic-barrier nanostructure
electron-spin polarization is also changed, and exhibits so
features analogous to the antisymmetric magnetic-ba
case as the external magnetic fieldBex is applied and in-
creases, but the electron-spin polarization changes slo
than that in the asymmetric barrier case. Also, we can
from Figs. 4~a1!–4~a3! that the dashed and dotted curv
overlap each other, i.e., for symmetric magnetic barriers
electron-spin polarization is symmetric with respect to
wave vectorq, PT(E,q,Bex)5PT(E,2q,Bex). For this type
of magnetic barrier under an applied uniform magnetic fie
the symmetric total magnetic fieldB(x)5B(2x) and anti-
symmetric total magnetic vector potentialA(x)5A(2x)
lead to an effective potential in the equation of motion@Eq.
~3!# having Us(x,q,Va ,Bex)5Us(x,2q,Va ,Bex), so the
transmission coefficientTs(E,q,Va ,Bex) is independent of
the signs of the wave vectorq, and thusPT is symmetric
aboutq.

Figure 5 shows the results that for different external m
netic fieldsBex the spin-conductance polarization versus
Fermi energy without an applied bias at zero temperat
where Figs. 5~a! and 5~b! are for single-barrier and double

FIG. 4. The spin polarization for electron tunneling through tw
magnetic-barrier nanostructures at different external magn
fields, where~a1!–~a4! and ~b1!–~b4! correspond to single- and
double-barrier magnetic nanostructures with the same structura
rameters and configuration as in Fig. 3, respectively, andBex is in
units of B0.
22441
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barrier magnetic nanostructures, respectively, and their st
tural parameters are the same as in Fig. 4. Similar to
electron-spin polarization, the spin-conductance polariza
is also affected by the applied uniform magnetic field. F
the antisymmetric magnetic barrier, atBex50 the spin-
conductance polarization vanishes, i.e.,PG50; under an ex-
ternal magnetic fieldPGÞ0, PG shifts toward the high-
Fermi-energy region, and enlarges gradually with an incre
of the magnetic fieldBex . The same variation of the spin
conductance polarization with the external magnetic fi
also appears for the symmetric magnetic barrier case@com-
paring Fig. 5~b! with Fig. 5~a!#, but PG changes more slowly
than that for antisymmetric barrier case. These results,
sented in both Figs. 4 and 5, imply that one can also cha
the spin polarization of electrons tunneling throu
magnetic-barrier nanostructures by the use of an exte
magnetic field.

Considering that the above results are presented in a
mensionless form, in Fig. 6 we give a quantitative exam
by using the standard units. Figure 6~a! is the magnetic bar-
rier as shown in Fig. 1~a!, where the magnetic field and co
ordinate are in units of T and nm, respectively, and its str
tural parameters are chosen to bed581.3 nm, z0
58.13 nm, andB050.1 T ~which is a typical value!. Figure
6~b! corresponds to the electron-spin polarization as a fu
tion of the energy and wave vector in this magnetic-barr
nanostructure under both a zero-bias voltageVa50 and a
zero external magnetic fieldBex50, where the electronic
energyE is in units of meV and the wave vector compone
q of the electron in they direction is in units of 1/mm. As

ic

a-

FIG. 5. The spin-conductance polarization for electron tunnel
through two magnetic-barrier nanostructures, where~a! and~b! cor-
respond to the single barrier and the double barrier, respectiv
and their structural parameters and configurations are the same
Fig. 4.
2-5
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discussed above, from Fig. 6~b! we can clearly see that thi
magnetic barrier exhibits an evident electron-spin polari
tion effect even at zero-bias voltage and at zero exte
magnetic field, especially in the low-energy region. Also, o
can see that this electron-spin polarization is symmetric w
respect to theq50 plane, i.e.,PT(E,2q)5PT(E,q), which
arises from the symmetric magnetic profileBz(x,z0) and the
antisymmetric magnetic vector potentialA(x,z0) about thex
coordinate.

In search of a more efficient control of the electron-sp
polarization, we finally consider the case in which a const
voltage is further applied to the ferromagnetic stripes of
system~the stripes are assumed to be metallic!. In Fig. 7~a!
we schematically depict this kind of system, where the ne
tive ~positive! applied voltage will induce an electric barrie
~or well!,21,22 together with the magnetic barrier produced
the magnetized stripe. For convenience, we refer to s
structures as magnetic-electric barriers, and two magne
electric-barrier nanostructures are showed in Figs. 7~b! and
7~c!, which correspond to perpendicularly and paralle
magnetized stripes, respectively. Here the electric barrier@the
dotted curves in Figs. 7~b! and 7~c!# is viewed as a rectan
gular shape for simplicity, and it can be expressed byU(x)
5U for 2d/2,x,d/2 and zero otherwise, where the p

FIG. 6. ~a! A realistic magnetic barrier plotted by using unit
the magnetic field is in units of T and the coordinate or length
units of nanometers.~b! Its electron-spin polarization as a functio
of the energy~in units of meV! and the wave vector~in units of
mm21), where the structural parameters are chosen to bd
581.3 nm,z058.13 nm, andB050.1 T.
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rameterU denotes the electric barrier height or well dep
Note that when the electric barrier appears, the total Ham
tonian of Eq.~2! describing the such hybrid nanostructures
then H5(1/2m* )@P1eA(x)#21 1

2 smBg* B(x,z0)1U(x).
In the following, we present numerical results of th
electron-spin polarization in magnetic-electric-barrier nan
structures under different electric-barrier heightsU.

In Fig. 8 we show the electron-spin polarizationPT as the
functions of the energyE and wave vectorq through nano-
structure given in Fig. 7~b! with different electric-barrier
heights~a! U50.34 meV and~b! U520.34 meV, respec-
tively. Here, the structural parameters are still chosen to
the same as in Fig. 6, i.e.,B050.1T, d581.3 nm, z0
58.13 nm, andx656121.95 nm. Compared with that o
the pure magnetic barrier@see Fig. 6~b!#, the electron-spin
polarization in hybrid magnetic-electric barrier nanostru
tures exhibits a few prominent features summarized here~1!
This kind of nanostructure also shows a considera

FIG. 7. ~a! Schematic illustration of the magnetic-electri
barrier system.~b! and ~c! are two magnetic-electric-barrier nano
structures corresponding to a stripe magnetized perpendicularly
parallelly, respectively. Here the structural parameters for these
nanostructures are both chosen to beB050.1T, d581.3 nm, z0

58.13 nm, andx656121.95 nm.
2-6
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electron-spin polarization effect in the presence of the e
tric barrierU. ~2! Akin to the pure magnetic barrier case, th
electron-spin polarizationPT is still symmetric with respec
to theq50 plane. This is because the spin-dependent tra
mission coefficientTs is symmetric about the planeq50
due to the symmetry of the electric barrierU(x) aboutx for
this kind of magnetic-electric-barrier nanostructure. Tha
to say, the presence of the electric barrier does not chang
symmetry of the electron-spin polarization with respect
the wave vectorq. ~3! However, the electron-spin polariza
tion PT is closely associated with the applied voltage to
metallic stripe of system or the electric barrierU , namely,
the electric barrierU can greatly changes the degree of t
electron-spin polarization. When a negative voltage is
plied to the stripe~i.e., U.0), PT shifts towards the high-
energy end and reduces; while it moves in the low-ene
direction and increases for a positive applied voltage~i.e.,
U,0). This is expected from the variation of the effecti
potential induced by the applied voltage, and means that
can efficiently control the electron-spin polarization by tu
ing the voltage applied to the stripe of the system. Regard
the magnetic-electric barrier nanostructure shown in F
7~c!, it does not possess any electron-spin splitting of
transmission no matter if the electric barrier parameter isU
50 or UÞ0. This occurs because for this nanostructure

FIG. 8. The electron-spin polarizationPT as functions of the
energy E and wave vectorq tunneling through the magnetic
electric-barrier nanostructure shown in Fig. 7~b! in the presence of
electric barriers~a! U50.34 meV and~b! 20.34 meV, where the
structural parameters are chosen to be the same as in Fig. 7~b!.
22441
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magnetic fieldBz(x) and the corresponding magnetic vect
potential A(x) @the electric barrierU(x) as well# are anti-
symmetric and symmetric with respect to the coordinatex,
respectively, i.e.,Bz(2x)52Bz(x) and A(2x)5A(x) as
well asU(2x)5U(x). As a consequence of this, the spi
dependent effective potentials in Eq.~3! satisfy U15U2 ,
according to the well-known fact that the transmission co
ficient through a potential barrier is equal for particles mo
ing in opposite directions~i.e., the tunneling characteristic
are invariant with respect to the replacementx→2x in the
equation of motion!. Indeed, our calculations also substan
ate the electron-spin polarizationPT50 for this kind of
magnetic-electric barrier nanostructures.

Figure 9 shows the results of the spin-conductance po
ization PG ~or the relative spin conductance excess! versus
the Fermi energyEF for spin electrons tunneling through th
magnetic-electric barrier nanostructure presented in F
7~b!, where the structural parameters are still chosen to
the same as in Fig. 8. In this figure the solid, dashed,
dotted curves are for the electric-barrier heightsU50, 3.4,
and23.4 meV , respectively. From this figure, it is obviou
that the spin-conductance polarizationPG exhibits features
similar to the electron-spin polarizationPT with the electric-
barrier heightU. For the electric barrierU.0, the spin-
conductance polarizationPG moves toward in high-Fermi-
energy region and diminishes, while it shifts toward the lo
Fermi-energy region and increases for the electric poten
well U,0. These features reflected in the spin-conducta
polarization indicate again that one can manipulate the s
polarized electrons in semiconductors by using an elec
barrier, i.e., by means of tuning the applied voltage to
metallic stripe of the system.

IV. CONCLUSIONS

In summary, we have studied the electron-spin polari
tion in the realistic magnetic-barrier nanostructures. It

FIG. 9. The spin-conductance polarization or the relative sp
conductance excessPG as a function of the Fermi energyEF for the
magnetic-electric-barrier nanostructure given in Fig. 7~b! with dif-
ferent electric-barrier heightsU50 ~solid curve!, 0.34 meV~dashed
curve!, and20.34 meV~dotted curve!, where the structural param
eters are the same as in Fig. 8.
2-7
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shown that only in symmetric magnetic-barrier nanostr
tures do electrons display an evident spin polarization eff
It is also shown that an applied bias or an external magn
field can greatly affect the degree of electron-spin polari
tion in such magnetic-barrier nanostructures. The electr
spin polarization shifts toward the low-energy region a
diminishes when an applied bias voltage increases, while
an external magnetic field increases, the electron-spin po
ization shifts towards the high-energy region and is succ
sively enhanced. If the ferromagnetic stripes of the sys
are metallic, one can apply a constant voltage to stripes,
this voltage will further induce a electric barrier togeth
with the magnetic barrier, i.e., forming a so-called hyb
magnetic-electric barrier structure. The electron-spin po
ization in magnetic-barrier nanostructures is found to
strongly dependent upon the electric-barrier height or
applied voltage on the metallic stripes. These results
et
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tt
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tained in this paper summarize the general rule of electr
spin polarization in magnetic-barrier nanostructures, and
ply that one can control the degree of spin polarization
electrons tunneling through magnetic-barrier nanostructu
by means of an external electric field, an external magn
field, as well as an electric barrier induced by an appl
voltage of strips of the system, which can be useful for
design and applications of magnetic-barrier-based spintro
devices.
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