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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.
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I. INTRODUCTION It was found that certain magnetic barriers can induce the
electron-spin polarization effect, and that the electric field
Electronic transports in magnetic-barrier nanostructuresan greatly alter the degree of the electron-spin polarization.
have attracted considerable attention owing to the advance ifowever, the magnetic barriers used in these studies were
the microfabrication technique and its potential applicationgot the realistic ones originally proposed by Matuisal.
to electronic devices in recent yeard? Present advances in and realized experimentally by Nogaret al,** Carmona
nanofabrication have made it possible to produce this type ot al.” and Ye et al* For realistic magnetic-barrier nano-
nanostructure, by the deposition of a heterostructure contairstructures, electronic transport properties were studied by our
ing a high mobility two-dimensional electron gé2DEG) in group? but the effect of electron spin was not considered.
an inhomogeneous magnetic field; for example, microscopid herefore, in order to reveal the spin-dependent transport
magnetic barriers with amplitudes of several thousand @roperties of realistic magnetic nanostructures, in this paper
have been formed in nonplanar devites by gating a We employ realistic magnetic barriers instead of ideal ones.
2DEG with micromagnefs® or superconductorsExperi- ~ The general rule of electron-spin polarization in magnetic
mentally, magnetoresistance oscillations, via the commensiparrier nanostructures is revealed. We also investigate the
rab|||ty effect between the classical Cyc|otr0n diameter and?ﬁ:eCtS of external electric and magnetic fields as well as the
the period of a magnetic superlattice have been obsérvéd. electric barrier induced by an applied voltage to the metallic
Very recently, a sharp resistance resonance effect was al§¥ipes of the system on the electron-spin polarization in the
observed due to the formation of two types of magnetic edgé&agnetic barrier nanostructures.
statest? Theoretically, studies of electron tunneling through
magnetic barriers>® and magnetic superlatticeshowed Il. MODEL AND METHOD
that magnetic barriers possess wave-vector filtering, and that

magnetic minibands in the energy spectrum are formed in Ve consider four realistic magnetic barrijerabe_led(a)—
magnetic superlattic®. (d), which are formed, respectively, by the deposition, on top

However, the effect of electron spin on transport proper_of a heterostructu_re, of a ferromagnetic stripe with magneti-
ties used to be overlooked. Actually, the spin dependence d@tion (@) perpendicular andb) parallel to the 2DEG(c) of

the electronic properties of artificial nanostructures is one oft conduction stripe with a current driven through it, adg
today’s leading problems in the physics of electronicOf @ Superconducting plate interrupted by a stfigee Figs.

devicest®-18 More recently, a few papers called attention to (@—1(d) in Ref. 1]. For these four magnetic-barrier nano-
some peculiarities in the dependence of the tunneling propstructures, the magnetic fields experienced by the 2DEG in
ability and the conductance on the electronic spin inthe ,y) plane are given by

magnetic-barrier nanostructurts® Using a simples func-

tion magnetic barrier, the effects of intrinsic spin on elec- B=B(X,Zo)2, 1)
tronic transport properties were first investigated by
Majumdar*® It was found that the interaction of the intrinsic B(X,zp) =Bo[K(x+d/2,zg) —K(x—d/2,zp)],

spin of a 2DEG with a magnetic field significantly changes s 2

the tunneling coefficient and the conductance of electrongvhere (@ Bo=Mgh/d,K(x,z0)=2xd/(x"+25), (b) Bg
Subsequently, the spin-dependent resonant tunneling of elee=Moh/d,K(x,zo) = — zod/ (x?+2}), (c) Bo=1/d,K(x,z)
trons through rectangular and sawtooth magnetic barriersln[(x2+z§)/d2], and(d) B(x,zo)=BORe[llx/l—(erizo)z].
with and without an external electric field was also studfed. Mg, h, andd are the magnetization, height, and thickness of
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2" @ 12 o where ug=efi/2m* is the Bohr magnetorm* is the effec-
ol - tive mass of electror® is the momentum of electro* is

i‘ the effective Lande factor of the electron in a real 2DEG
z st realized using a semiconducter=+1/—1 is for the up-/
it down-spin orientation, and\(x) is the total Landau mag-

g netic vector potential consisting @f(x,zy) of the magnetic
53’-5- barrier and Ag,(X) =Bg,d X— (X, +x_)/2] of the external

) 2 magnetic field. We express quantities in dimensionless units

o
Lo
1]

40 05 00 05 10 15 15 -10 05 00 05 10 15 by using the cyclotron frequenczyc=eBO/m* and the mag-
netic length lg=+#%/eB,. For GaAs, g*=0.44, m*
=0.067Mn, (m, is the free-electron magsand an estimated
By=0.1T, we obtain1z=81.3 nm and/«.=0.17 meV.
Since the problem described by E@) is translationally in-
variant along they direction, the total wave function can be
written as a product¥(x,y)=€'Yy(x), where q is the
wave-vector component in thedirection. Accordingly, we
obtain the one-dimensional Schrodinger equation
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FIG. 1. Two realistic magnetic barriers and their corresponding d_ —[A(x)+q]2— Eg* o[ B(X,20) + Bey]
magnetic vector potentials. Magnetic barri¢as and (b) are pro- dx? 2 ’ €
duced by the deposition, on top of a heterostructure, of a ferromag-
netic stripe with magnetizations perpendicular and parallel to the
2DEG, respectively, where the structural parameters are chosen to
bed=1 andz,=0.1, and the magnetic field is in units Bf.

+2E] P(x)=0, 3

" (X4 —Xx2)

the stripes| is the current driven through the stripe, ands  \yhere the function U, (%0, V. ,Beg =[A(X) +q]2/2

the distance between the stripes and the 2DEG. According tQ g* o B(X,20) + Bey]/4— eV, X/ (X4 —X_) is  usually
these magnetic-field expressions, these four magnetic barijjeyed as the effective potential of the corresponding mag-
ers can be classified into two groups: symmetric magnetiGetic nanostructure. Clearly, it depends on the magnetic con-
barriers, B(—x,20) =B(X,2o), containing(a) and (d); and  figyration B,(x,z,), the wave-vector componenf of the
antisymmetric magnetic barriersB(—x,zo)=—B(X,20),  glectron in they direction, the applied bias voltagé, , the
having (b) and (c). For simplicity, we limit our attention t0  g|actronic spinr, and the external magnetic fie},. Since

the symmetric magnetic barrige) and the antisymmetric .« offective potentiall ,(x,q,V,,,Be,) is very complicated,

one (b);_ howe_ver, our results can also reflect the case of; ig impossible to exactly solve Eq3). We divide the
magnetic barriergéc) and(d). Landau magnetic vector poten- magnetic-nanostructure regid_ ,x. ] into N (>1) seg-

tials A(x,29) =[0,A(x,20),0] of magnetic barrierga) and(b)  ments each of which has a widdh= (x, —x_)/N, and view

are given by the effective potential as a constant [x_+(]
A(X,Zo)=Bod In +d/2)2+ 2211 (x— d/2)2+ 72 -0.5)a,q,V,,Bs] in the jth segment[x_+(j—1)a,x_
(X:20)=Bod In{[ (x )zl il +ja]. Within this segment, the Schrodinger equati@

and then becomes{(d?/dx?)—U[x_+(j—0.5)a,q,V,,Bey]

+ — -
A(x,25) = Bod{arctari (x— d/2)/zy] - arctafi (x+ di2)/zo]}, - iji?k‘fx(f)dj eolik}'xvmih[ has (tjhf' 1‘;22% \J'FVT;T Sf,lvlﬁlt'e(:ﬂ ()f()]
respectively. In Figs. (B)—1(d), we present these two mag- ={2E—U,[x_+(j—0.5)a,9,V,,Be,J} 2% In the left and
netic barriers and their magnetic vector potentials, where thgght regions, the wave functions can be written (&)
structural parameters are both chosen todkel.0 andz, =eX+re ki x<x_, and g(x)=te'** x>x,, wherek,
=0.1, the left and right ends of the barriers are assigned as V2E—q%,k,=\2(E+eV,)—q? andr andt are the re-
x_=—1.5 andx, =1.5, respectively, and the magnetic field flection and transmission amplitudes, respectively. By means
is in units of By. of the standard transfer-matrix method, we can obtain

The Hamiltonian for the 2DEG in the above magnetic-
barrier nanostructures under a applied bias voliagand an

N eik|)(, e_ik|X, 1
external uniform magnetic fielB.,z is , _
ik —ikje - [r
1 2 1 ik, x —ik,x
H=——[P+eA(x)*+ 5 ougg* [B(X,20) + Be] gl €O e
2m “Mlik ke —iketkxi|lo) @
eV, x @
(Xy—x_)’ where
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cogk;a)

N

is the transfer matrix. Thus the transmission coefficient for
spin-electrons tunneling through magnetic barriers can be

Mll
MZl

—sin(kja)/k,-)

M 5o cogk;a)

M 12)
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obtained as follows:

TO'(E!Q!Va/ 'BeX)

k -2
4L

< ©)

Mz
ki

k
(Mll+ k_rM22)+i(krM12_
|

To evaluate the electron spin-polarization effect, it is useful g
to calculate the spin polarization of the transmitted beam'g

defined by

T+(E!qivaiBeX)_T—(E1qiva!Bex)
T+(E1qvva vBeX)+T7(E1q1Va aBex) ’

(6)
whereT, andT_ are transmission coefficients for spin-up

and -down electrons, respectively.
With the transmission coefficient, we calculate ballistic

Pr(E,q,Vq,Bex) =

conductance at zero bias and at zero temperature from th

-
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well-known Landaur-Buttiker formula, which is given 1%/ b4)
0.5 0.5] vV =20
/2 o
G, (Eg,Bey= Goj T,(Eg,V2EEsing,0B,,)cosddo, 0.0 0.0
— 72
0.5 (a4) -0.5
@) V=60
whered is the angle between the incidence velocity and the " ——%—% 5 =2 =% 3 2 3 4 5

X axis, Eg is the Fermi energyG0=e2m*vFLy/(2h2), and
ve is the Fermi velocity of electrons. Similar to the electron-
spin polarization Py, we also can define the spin-
conductance polarizatioRg of the magnetic-barrier nano-
structure in terms of the spin conductar@g,

G, (Er -Bex)_Gf(EF vBex)
G+(EF 1BeX)+G—(EF aBex) ,

Pc(Er,Bew = (8)

whereG, andG_ are the up- and down-spin conductances,

respectively.
Under an applied biag, , the transmission currehf. can
also be derived from the transmission coefficigptby

[, (V) =1 ond E\/E[f(E'ElFeft) — f(E,E'r:ight)]

2

xf T,(E,V2Esin6,V,,0)cosods, (9)
—l2

wherel =L eym*/2y27%4? with the structural length.,,

in the y direction, andf(E,EF™) and f(E,EL") are the

Fermi-Dirac distribution functions in the left and right elec-

trodes, respectively. Wheh=0 K, Eg. (9) reduces to

|(,(va)=|0fEEFd E\/EfllTU(E,t,Va,O)dt, (10)
i .

whereEq=(Eg—eV,)®(Er—eV,), and® is the Heaviside
function.

Energy E(r0)

FIG. 2. The spin polarization for electron tunneling through two
magnetic-barrier nanostructures at different applied biases, where
(@a)—(ad and (b1)—(b4) correspond to single-barrieta) and
double-barrier(b) magnetic nanostructures with the structural pa-
rametersd=1, z,=0.1, andBy=1, andV, is in units ofhw./e.

III. RESULTS AND DISCUSSION

Figure 2 shows the spin polarization versus the energy for
electrons tunneling through two realistic magnetic-barrier
nanostructures produced by depositing ferromagnetic stripes
on the surface of the heterostructures with and without ap-
plied biases, where the external magnetic field is set to be
zero for the moment, i.eB.,=0. One is the single-barrier
magnetic nanostructure as presented in Fi{@), Wwhile the
other is the double-barrier magnetic nanostructure consisting
of two identical magnetic barriers, i.e., a barrier presented in
Fig. 1(b) is followed by an identical one. Here the structural
parameters are both chosendas1 andzy,=0.1, the applied
bias V, is in units of hw;/e, and the solid, dashed, and
dotted curves correspond to the wave-vector compogent
=0.0, 0.7, and—0.7, respectively. In this figure, the left
column[(al)—(ad)] is the electron-spin polarization for the
single-barrier magnetic nanostructure, while the right column
[(b1)—(b4)] for the double-barrier one. Without the applied
bias V,=0.0 for the double-barrier nanostructure, an elec-
tron does not exhibit spin polarization, i.€;=0 [see Fig.
2(bD)]. In contrast, the single-barrier nanostructure shows a
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considerable electron-spin polarization effect, as depicted in 0.250
Fig. 2(al), and the electron-spin polarizatidty is symmet-

ric with respect to the wave vectgr=0, i.e., the dashed and
dotted cures overlap each other. It is well known that the
transmission coefficient of particles through a potential is the
same as that for particles moving in the opposite direction; in
other words, the tunneling characteristics are invariant with
respect to the replacemexit — x in the equation of motion.
Therefore, for the magnetic barrier shown in Figb)lwith

an antisymmetric magnetic fieB(x,z,) = —B(—Xx,z5) and

a symmetric magnetic vector potenti&(x,zy) = A(—X,zp)
[see Figs. (b) and Xd)], at zero-bias voltage the effective
potential in Eq.(3) satisfying U, (x,q,0,0)=U_(x,q,0,0)
results in the transmission coefficienT ,(E,q,0,0) .
=T_(E,q,0,0), and thus this type of magnetic-barrier nano- oA ~--
structure does not show the electron-spin polarization. But .. s
for the symmetric magnetic barrier presented in Fig),1 NS )
U.(x,9,0,0)#U_(x,q,0,0) due toB(x,z,) =B(—x,z,) and f ~ Up-spin - ---
A(X,z0)=—A(—Xx,20) [see Figs. @@ and 1c)], and this Down-spin -------
kind of magnetic nanostructure therefore exhibits an evident 0.00— . 1' 1'5 20
electron-spin polarization effect at zero bias voltage. Under 0 5 0

an applied bias voltage, however, the spin-dependent effec- Bias Voltage V (rw/e)

tive potential is greatly altered. For the antisymmetric mag-
netic barrier, under the applied bias the electrons show 2
considerable spin polarizatiofsee Figs. ©2)—(b4)], and
with increasing the bias voltagé, the electron-spin polar-
ization P shifts toward the low-energy region, is gradually

weakened, and finally approaches zero. For the symmetric

magnetic barrier, under an applied bias the electron-spin pg2Pin With the inhomogenous magnetic field is included, the

larization is greatly altered due to the variation of the eﬁec_transm|§5|on current is greatly chang(e@mpanng the SO'.'d
curve with the dashed or dotted one in Fig, @nd a spin

tive potential caused by bias voltaye, and displays some lt f th . . 1hy
features similar to antisymmetric magnetic barriers. FronpP!Itting of the transmission current occurs, 1.e., a

Figs. 2al)—2(a4), we can clearly see that, when the alop"edcharacteristic also_ exhibit.s an evident spin pollar!zat@)l.
bias increases, the electron-spin polarizatpalso shifts The degree of spin polarization of the transmission current

toward the low-energy direction, successively diminishesd€PeNds strongly on the magnetic-barrier configuration and

and finally disappears. Here it is also interesting to note tha,[the magpnitude of the applied biases. For the symmetric mag-

for the symmetric magnetic barrier the dependence of thé‘e_tiC barri.er(g), the |-V, characteristic_exhibits a stronger.
electron wave vectag on the spin polarization is very weak, Spin polarl_zgtlon and a_sharper peak_S|m|Iar to the transmis-
which is obviously different from that for the antisymmetric S'°" coefficientT,, _Wh”e for the antisymmetric magnetic
magnetic double barriers, due to their different magnetid®@'ier (b) the case is just the opposite. . .
configurations. From these results, we can conclude that the N&Xt we consider the case in which a uniform magnetic
electron-spin  polarization occurs only in symmetric field Be,z is further applied to the magnetic-barrier nano-
magnetic-barrier nanostructures, and that the applied biasfructures to examine the effects of an external uniform mag-
can significantly change its magnitude. netic field on spin-dependent transport properties for elec-
In order to further reveal the effect of an applied bias ontrons tunneling through the single barrier given in Fi¢g)1
the electron-spin polarization, in Fig. 3 we present the transand the double barriers consisting of two identical magnetic
mission currentin units of 1) versus the applied biagn barriers shown in Fig. (b), where the structural parameters
units of Aw./e) for electrons tunneling through single- and still are chosen ad=1 andz,=0.1 for the two cases. The
double-barrier magnetic nanostructures given in Figs) 1 external magnetic field is in units &, and is assumed not
and 1b), respectively. The Fermi energy is set to Be  to influence the original magnetic profile of the magnetic
=0.6(in units ofiw.), and the structural parameters are thebarriers, but the total magnetic field experienced by the
same as in Fig. 2. Here Fig(a83 is for the single-barrier case, 2DEG is B=[B(X,zy) +B¢,]z . Figure 4 shows that under
while Fig. 3b) is for the double-barrier case, and the solid, different external magnetic fields the electron-spin polariza-
dashed, and dotted curves correspond to the without-spition in single-barrier[see Figs. éal)—4(a3] and double-
electrons, with up-spin electrons, and with down-spin elecbarrier [see Figs. &1)—4(b3)] magnetic nanostructures,
trons. There are several prominent features inlthg, char-  where the structural parameters are the same as in Fig. 3, and
acteristic that we would like to summarize he(®.Thel-V,, the solid, dashed, and dotted curves correspond to the wave
characteristic manifests an obvious negative-differential convectorq=0.0, 0.7, and-0.7, respectively. Apparently, with
ductivity effect. (2) When the interaction of the electronic the introducting of an external magnetic field the degree of

—— Without-spin
- - - - Up-spin

0.125

(@
E =0.650_

5 10 15 20

0.000
0
0.30

Transmission Current I(I)

o
N
(S
T
~

Without-spin

FIG. 3. The transmission current for electron tunneling through
0 magnetic-barrier nanostructures, wheée and (b) are for
single- and double-barrier magnetic nanostructures with the same
structural configuration and parameters as in Fig. 2, respectively.
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FIG. 5. The spin-conductance polarization for electron tunneling
FIG. 4. The spin polarization for electron tunneling through two through two magnetic-barrier nanostructures, whieyand(b) cor-
magnetic-barrier nanostructures at different external magnetiéespond to the single barrier and the double barrier, respectively,
fields, where(al)—(ad) and (b1)—(b4) correspond to single- and and their structural parameters and configurations are the same as in
double-barrier magnetic nanostructures with the same structural p&ig. 4.
rameters and configuration as in Fig. 3, respectively, Bpdis in
units of Bo. barrier magnetic nanostructures, respectively, and their struc-
tural parameters are the same as in Fig. 4. Similar to the
the electron-spin polarization of magnetic-barrier nanostrucelectron-spin polarization, the spin-conductance polarization
tures is significantly altered. For the antisymmetric barrieris also affected by the applied uniform magnetic field. For
case, electrons will show an evident spin polarization wherthe antisymmetric magnetic barrier, &,,=0 the spin-
the external magnetic fiel,, is applied. Moreover, with an conductance polarization vanishes, iRg=0; under an ex-
increase of the applied magnetic fiddd,, the electron-spin ternal magnetic fieldP;#0, P shifts toward the high-
polarization shifts to the high-energy region and is strengthFermi-energy region, and enlarges gradually with an increase
ened. For the symmetric magnetic-barrier nanostructure, itsf the magnetic fieldB.,. The same variation of the spin-
electron-spin polarization is also changed, and exhibits someonductance polarization with the external magnetic field
features analogous to the antisymmetric magnetic-barriesilso appears for the symmetric magnetic barrier ¢asm-
case as the external magnetic fidd, is applied and in- paring Fig. %b) with Fig. 5@)], but Pg changes more slowly
creases, but the electron-spin polarization changes slowéhan that for antisymmetric barrier case. These results, pre-
than that in the asymmetric barrier case. Also, we can sesented in both Figs. 4 and 5, imply that one can also change
from Figs. 4al)—4(a3 that the dashed and dotted curvesthe spin polarization of electrons tunneling through
overlap each other, i.e., for symmetric magnetic barriers thenagnetic-barrier nanostructures by the use of an external
electron-spin polarization is symmetric with respect to themagnetic field.
wave vector, P1(E,q,Bey) =P1(E,—(,Be,). For this type Considering that the above results are presented in a di-
of magnetic barrier under an applied uniform magnetic field mensionless form, in Fig. 6 we give a quantitative example
the symmetric total magnetic field(x) =B(—x) and anti- by using the standard units. Figuréapis the magnetic bar-
symmetric total magnetic vector potentidl(x)=A(—x) rier as shown in Fig. ), where the magnetic field and co-
lead to an effective potential in the equation of motj@&y.  ordinate are in units of T and nm, respectively, and its struc-
(3)] having U,(x,9,V,,Be) =U,(X,—q,V,,Bey, SO the tural parameters are chosen to k#=81.3 nm, z,
transmission coefficient ,(E,q,V,,Be,) is independent of =8.13 nm, and,=0.1 T (which is a typical valug Figure
the signs of the wave vectay, and thusP; is symmetric  6(b) corresponds to the electron-spin polarization as a func-
aboutq. tion of the energy and wave vector in this magnetic-barrier
Figure 5 shows the results that for different external maghanostructure under both a zero-bias voltdge=0 and a
netic fieldsB., the spin-conductance polarization versus thezero external magnetic fielB.,=0, where the electronic
Fermi energy without an applied bias at zero temperaturegnergyE is in units of meV and the wave vector component
where Figs. 88) and §b) are for single-barrier and double- q of the electron in they direction is in units of 1J4m. As
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FIG. 6. (a) A realistic magnetic barrier plotted by using units:
the magnetic field is in units of T and the coordinate or length in -05
units of nanometergb) Its electron-spin polarization as a function
of the energy(in units of meV\j and the wave vectofin units of '_1181.95 8130 4065 000 4065 8130 12195
um™1), where the structural parameters are chosen todbe
=81.3 nm,z,=8.13 nm, and3,=0.1 T. x (nm)

) ] ) FIG. 7. (a) Schematic illustration of the magnetic-electric-
discussed above, from Fig(l§ we can clearly see that this pgrier system(b) and (c) are two magnetic-electric-barrier nano-

magnetic barrier exhibits an evident electron-spin polarizastructures corresponding to a stripe magnetized perpendicularly and
tion effect even at zero-bias voltage and at zero externglarallelly, respectively. Here the structural parameters for these two
magnetic field, especially in the low-energy region. Also, onenanostructures are both chosen to Bxe=0.1T, d=81.3 nm, z,
can see that this electron-spin polarization is symmetric with=8.13 nm, and.. = *=121.95 nm.
respect to the;=0 plane, i.e.Pt(E,—q)=P+(E,q), which
arises from the symmetric magnetic profide(x,z;) and the rameterU denotes the electric barrier height or well depth.
antisymmetric magnetic vector potenti(x,z,) about thex Note that when the electric barrier appears, the total Hamil-
coordinate. tonian of Eq.(2) describing the such hybrid nanostructures is
In search of a more efficient control of the electron-spinthen H=(1/2m*)[P+eA(x)]?+ 3 ougg* B(X,20) + U(X).
polarization, we finally consider the case in which a constantn the following, we present numerical results of the
voltage is further applied to the ferromagnetic stripes of theelectron-spin polarization in magnetic-electric-barrier nano-
system(the stripes are assumed to be metallin Fig. 7(a) structures under different electric-barrier heigbits
we schematically depict this kind of system, where the nega- In Fig. 8 we show the electron-spin polarizatiBr as the
tive (positive applied voltage will induce an electric barrier functions of the energ¥ and wave vectoqg through nano-
(or well),>2?2together with the magnetic barrier produced by structure given in Fig. () with different electric-barrier
the magnetized stripe. For convenience, we refer to sucheights(a) U=0.34 meV and(b) U= —0.34 meV, respec-
structures as magnetic-electric barriers, and two magnetidively. Here, the structural parameters are still chosen to be
electric-barrier nanostructures are showed in Fige) @and the same as in Fig. 6, i.eBy=0.1T, d=81.3 nm, z;
7(c), which correspond to perpendicularly and parallelly =8.13 nm, andx.==*=121.95 nm. Compared with that of
magnetized stripes, respectively. Here the electric bdttier the pure magnetic barridsee Fig. @)], the electron-spin
dotted curves in Figs.(B) and 7c)] is viewed as a rectan- polarization in hybrid magnetic-electric barrier nanostruc-
gular shape for simplicity, and it can be expressedJ}{x) tures exhibits a few prominent features summarized Héje.
=U for —d/2<x<d/2 and zero otherwise, where the pa- This kind of nanostructure also shows a considerable
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FIG. 9. The spin-conductance polarization or the relative spin-
conductance exce$¥; as a function of the Fermi enerdgg for the
magnetic-electric-barrier nanostructure given in Figp) Zvith dif-
ferent electric-barrier heightd =0 (solid curve, 0.34 meV(dashed
curve, and— 0.34 meV(dotted curvg where the structural param-
eters are the same as in Fig. 8.

Spin Polarization P

magnetic fieldB,(x) and the corresponding magnetic vector
potential A(x) [the electric barrield(x) as well are anti-
symmetric and symmetric with respect to the coordinate
respectively, i.e.B,(—X)=—B,(x) and A(—x)=A(x) as
well asU(—x)=U(x). As a consequence of this, the spin-
dependent effective potentials in E@) satisfyU ,=U_,

FIG. 8. The electron-spin polarizatio®; as functions of the according to the well-known fact that the transmission coef-
energy E and wave vectorg tunneling through the magnetic- T'C'e.nt through a potepual_ barrier is eque_ll for parncle; mov-
electric-barrier nanostructure shown in Figb)7in the presence of Ing '_n op.pOSIte.dlreCtlonsSI.e., the tunneling Charaqter'sucs
electric barriersa U=0.34 meV andb) —0.34 meV, where the &€ In_\/arlant W”fh respect to the repIaC(_emEn%—x in the .
structural parameters are chosen to be the same as in(Bjg. 7 €duation of motion Indeed, our calculations also substanti-

ate the electron-spin polarizatioRr=0 for this kind of
electron-spin polarization effect in the presence of the elecM@gnetic-electric barrier nanostructures.
tric barrierU. (2) Akin to the pure magnetic barrier case, the  F19ure 9 shows the results of the spin-conductance polar-
electron-spin polarizatiofy is still symmetric with respect 12ation Pg (or the relative spin conductance exgessrsus
to theq=0 plane. This is because the spin-dependent trandl® Fermi energe for spin electrons tunneling through the
mission coefficientT,, is symmetric about the plang=0 magnetic-electric barrier nanostructure pre_sented in Fig.
due to the symmetry of the electric barrigfx) aboutx for 7(b), where the st_ructural pqrameters are st.|II chosen to be
this kind of magnetic-electric-barrier nanostructure. That idh€ Same as in Fig. 8. In this figure the solid, dashed, and
to say, the presence of the electric barrier does not change tifQtted curves are for the electric-barrier heigbits 0, 3.4,
symmetry of the electron-spin polarization with respect to@nd —3.4 meV , respectively. From this figure, it is obvious
the wave vecton. (3) However, the electron-spin polariza- that the spin-conductance polarizatiély exhibits features
tion P is closely associated with the applied voltage to theSimilar to the electron-spin polarizatidhy with the electric-
metallic stripe of system or the electric barrigr, namely, ~ Parrier heightU. For the electric barriet>0, the spin-
the electric barriet) can greatly changes the degree of theconductance polarizatioRg moves toward in high-Fermi-
electron-spin polarization. When a negative voltage is apE€nergy region and diminishes, while it shifts toward the low-
plied to the stripe(i.e., U>0), Py shifts towards the high- Fermi-energy region and increases for the ellectrlc potential
energy end and reduces; while it moves in the Iow-energ)We” U<O The;e featurgs reflected in the spm—conductan_ce
direction and increases for a positive applied voltdige., polar!zatlon indicate again t.hat one can manlpulate the spin-
U<0). This is expected from the variation of the effective polarized electrons in semiconductors by using an electric
potential induced by the applied voltage, and means that orfTier, i.e., by means of tuning the applied voltage to the
can efficiently control the electron-spin polarization by tun-Metallic stripe of the system.
ing the voltage applied to the stripe of the system. Regarding
the magnetic-electric barrier nanostructure shown in Fig.
7(c), it does not possess any electron-spin splitting of the
transmission no matter if the electric barrier parametey is In summary, we have studied the electron-spin polariza-
=0 or U#0. This occurs because for this nanostructure theion in the realistic magnetic-barrier nanostructures. It is

IV. CONCLUSIONS
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shown that only in symmetric magnetic-barrier nanostructained in this paper summarize the general rule of electron-
tures do electrons display an evident spin polarization effectspin polarization in magnetic-barrier nanostructures, and im-
It is also shown that an applied bias or an external magnetiply that one can control the degree of spin polarization of
field can greatly affect the degree of electron-spin polarizaelectrons tunneling through magnetic-barrier nanostructures
tion in such magnetic-barrier nanostructures. The electronby means of an external electric field, an external magnetic
spin polarization shifts toward the low-energy region andfield, as well as an electric barrier induced by an applied
diminishes when an applied bias voltage increases, while, asltage of strips of the system, which can be useful for the
an external magnetic field increases, the electron-spin poladesign and applications of magnetic-barrier-based spintronic
ization shifts towards the high-energy region and is succesdevices.
sively enhanced. If the ferromagnetic stripes of the system

are metallic, one can apply a constant voltage to stripes, and

this voltage will further induce a electric barrier together

with the magnetic barrier, i.e., forming a so-called hybrid This work was supported by the National Major project of
magnetic-electric barrier structure. The electron-spin polarFundamental Research: Ministry of Sciences and Technology
ization in magnetic-barrier nanostructures is found to beof China under Grant No. 1999064501 and by the National
strongly dependent upon the electric-barrier height or théNatural Science Foundation of China under Grant No.
applied voltage on the metallic stripes. These results ob10074064.
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