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Electron-spin polarization in magnetically modulated quantum structures
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The spin-dependent electron resonant tunneling through magnetically modulated quantum structures has
been investigated with and without an external electric field. The spin polarization is found to be strongly
dependent on the magnetic configuration, the applied bias, the incident electron energy, and the incident wave
vector. It is shown that an unpolarized beam of conducting electrons can be strongly polarized for an electron
tunneling through magnetic-barrier structures, which is an arrangement with unidentical magnetic barriers and
wells. The external electric field greatly changes the spin polarization of electrons for small electronic energies,
where the electron-spin polarization exhibits considerable wave-vector-dependent features.

[. INTRODUCTION will be examined through which the essential features of the
spin-polarization are revealed.
Recently, physical properties and potential applications of

magngtically modulated quantum structures call inc;reasing Il. THEORY
attention. Many quantum systenisiagnetic dots, antidots, ) )
steps, wells, barriers, periodic, and quasiperiodic superlat- We start from the two-dimensional electron gabEG)
tices have been proposed and realizetf These systems in the (x,y) plane subject to a perpendicular magnetic field
greatly widen the field of the low-dimensional quantum sys-(8long thez direction and an external electric field. The
tems. For example, Matuliet al,* proposed new magnetic- magnetic field is taken homogeneous along yhaxis and

barrier(MB) tunneling structures that can be realized experi-\’ar!es 3'0”9 thex axis, while the electric field is an_ng the_
mentally by depositing ferromagnetic conducting or X direction. A MB quantum structure can be obtained with

: ; wrranging identical building block& or with arranging two
flfrgzrcﬁ]n?#;IQQM?I;?SC& r;etshethseurfi(;itSIntT;nhsetg:ﬁ;n;(gifferent building blocksA andB (Ref. 6 as depicted in Fig.
j ' 9 b T, each of which consists of one magnetic barfiaith

mhetren';!?{ tWO'd'me”Sf”é‘?‘s'_gprl\fA’CGSS and tlpos_sizssest \.Navﬁ'eightBi and widthd;(i=1,2)] and one magnetic wellvith
vector TItering - properties. = Viore recently, -nterest -in depth— B; and widthd;(i =1,2)]. The rectangular magnetic-
electronic-spin polarization in a solid-state system Nage|q profile can be obtained in the limit of a small distance
grown;="fueled by the possibility of producing efficient hepyeen the 2DEG and the ferromagnetic thin fiftklere in
photoemitters with a high degree of polarization of the elecgec |1, we constrict our theoretical analysis to the MB struc-
tron beam, creating spin memory devi€esand spin  yre, which is an arrangement with two different blooks
transistor” as well as exploiting the properties of spin co- andB. The formalism can be naturally extended to the MB
herence for quantum computatiét’* The idea of electronic  structure of two identical blocks and to more complex MB
devices that exploit both the charge and spin of an electrostructures. In magnetic barrier and magnetic well regions, the
for their operation has given rise to the new field of “spin- Hamiltonian of the system with the interaction between the
tronics,” literally spin electronic$? in which the direction electron spin and the inhomogeneous magnetic field is de-
an electron spin is pointing is just as important as its chargescribed by

However, although there exists a wealth of studies on elec-
tron spin in semicondutor heterostructures and ferromagnetic
metals, few investigations deal with electron-spin problem in
magnetically modulated quantum structuteg herefore, a
detailed analysis to clarify and to evaluate the effect magniwherem* is the effective mass of the electr@the proton’s
tude is greatly desired. In this paper, we pay attention techarge,P the momentum of the electrog; the effectiveg
spin-dependent quantum tunneling through magneticallyactor of the electron in a real 2DEG realized using semicon-
modulated structures. The interesting interaction of electroductor,o= =1 for the spin direction, and= (0, A(x),0) is

spin with inhomogeneous magnetic field will be investigatedthe Landau vector potential. We express quantities in dimen-
and the important role played by the external electric fieldsionless units by using the cyclotron frequenay,

°g oh g F 1
om* 7 Z(X)_e X ()

H ! P+eAl?
—W[+e]+
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B_’_I d, For MB structures consisting of identical building blocks
with an external electric field, or MB structures of unidenti-
B, cal building blocks with or without an electric field, one can

g expect a difference betwedn andT _ for the electron with

the sameE and k,. To evaluate the electron spin-
block A block B polarlzatlon effectz it is useful to _calculate the spin polariza-
tion of the transmitted beam defined by

iI_ d P(E K V)_T+(E,ky,Va)—T,(E,ky,Va)
YT T L (Eky, V) FT(E Ky, Vo)

4

In the ballistic regime, the conductanGeat zero bias can
be calculated as the electron flow averaged over the Fermi
surface to both spin directions

1 2 o=1-1J-m

I’B’ (5)
-B

2 whereGo=e’m*veL, /%2, Er the Fermi energyy ¢ the ve-
locity corresponding tdg, andL, the length of the struc-
ture in they direction. Under an applied bias, the current

A B densityJ, can be derived from the transmission coefficient

: 2 B G wl2
tiI_ v 2 GE)=—= 3 To(Er J2E¢ sin6,0)coseds,

FIG. 1. Schematic representations of building blocks and twoby
double magnetic-barrier structures. %
W= 2 Jof dEVE[f(E,ER)~f(E,Ep)]
=eB,/m* and the magnetic lengthy= \#%/eB,. For GaAs, o=l-1 - Jo
g* =0.44, m* can be taken as 0.06% (m, is the free elec- 2
tron masy and an estimatedBy=0.1 T, we havelg Xf
=813 A andzw.=0.17 meV. The problem described by

the above equation is translationally invariant along yhe whereJ,=e /_mg/zﬁw%z, f(E,EL) andf(E,EL) are the

direction so that t?keytotal wave function can be written as ggrmj_pirac distribution functions in the left and right elec-
product¥ (x,y) ="/ ®(x), wherek, is the wave vector in - y4des. WhenT=0 K, the above equation reduces to
they direction. Accordingly, we obtain the one-dlmensmnalJX:20:1’_1\]0@?E\/Efl_lTU(E,EVa)dE where Eq

(1D) Schralinger equation as follows:
=(Er—eV,)0(Er—eV,) andO is the step function.

cosoT (E,\2Esing,V,)dé, (6)
2

— /.

d? g* oB,(X) . 2eV,x

o2 (A +kP-=—— +2E1P(x)=0,

Ly lll. RESULTS AND DISCUSSION

@ Figure 2 presents the spin polarization for electron tunnel-
whereV,=FL, is the applied bias with the length,=2d;  ing through one MB structure, which is an arrangement with
+2d, along thex direction. It is important to introduce two identical blocksA with and without applied biases. En-
the effective potential U,(x,k,,Va)=[A(X)+k/?/2  ergy andeV, are in units oft w,. It is known that the trans-
+9*0B,(x)/4—eVx/L, of the corresponding structure, mission coefficient through a potential barrier is equal for
which depends not only on the magnetic configuration, théyarticles moving in opposite directions, i.e., the tunneling
wave vectork,, and the applied bias, but also on the inter-characteristics are invariant with respect to the replacement
action between the electron spin and the nonhomogeneoys- —x in the equation of motion. According to this invari-
magnetic field. In the left and right regions, the wave funC-ance,U+(E,ky,0)= U_(E,k,,0) for MB structures of iden-
tions can be written a®,(x,y)=e*¥(e**+re ™), and tical building blocks leads to the independence of the trans-
V(x,y) = 7,e%Ye*™, where k= V2E—-[A(x) +k,]?, k.,  mission coefficient on the spin direction. Therefore, at zero
= \/2(E+eva)—[Ar(x)+ky]2, andr, is the spin-dependent bias this type of MB structure does not show up spin polar-
transmission amplitude. In these two regions, there is nazation and cannot possess spin-filtering properties, but the
magnetic field, s&\(x)=A,;(x)=0. In the magnetic barrier transmisssion is still different from the traditional description
and well regions, we can solve the 1D Sdfirmer equation for electrons without consideration of the spin. Under an
by using Hermitian function$ Therefore, the spin-dependent applied bias, for the case with the interaction between the
transmission coefficient through the MB structure can be obintrinsic spin of electrons and the magnetic field, the trans-
tained by the standard transfer-matrix method, which ismission coefficient is significantly altered, so the electron
given by shows up considerable spin-polarization, especially for small
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FIG. 2. Spin polarization for electron tunneling through one MB  FIG. 3. Spin polarization for electron tunneling through one MB

structure of two identical block& (B;=0.1 T, d;=1). structure of two unidentical block#\ (B;=0.1T,d;=1) and
B (B,=0.3 T,d,=1).

electronic energies. For large electronic energy, the spin po-
larization is weakened, and finally approaches zero. Numerispin polarization exhibits rapid oscillations. For small biases,
cal results also indicate that for different wave veétpr the  the electron-spin polarization changes its sign quickly, and
spin polarization is very different, and with the magnitude ofexhibits polarization-flip features. With the applied bias in-
wave vectork, increasing, the spin polarization is strength- creasing, the spin polarization smoothens. In general, the
ened. Moreover, upon further increasing the applied bias, thgagnitude of the oscillations decreases with the applied bias

spin polarization smoothens. increasing. Further, as the incident energy increases, the
Similar to asymmetric double-barrier semiconductormagnitudes of the oscillations also decrease.

structures, the MB structure of two different building blocks  From Eq.(4), it is evident that the spin polarizatioR
also provides wider room for theoretical investigation and= (T, —T_)/(T,+T_) is determined not only by the trans-
potential application8-8 Studies have already indicated that
this type of MB structure possesses stronger wave-vector fil-
tering propertie§~® The results of the spin polarization are
shown in Fig. 3. It is interesting to note that at zero bias, the
electron shows stronger wave-vector-dependent spin-
polarization for small electronic energies. Under the influ-
ence of the applied bias, the spin polarization changes

03¢ —4=00
—— k=07
e k=07

0.0

<
P

greatly. Moreover, upon further increasing the applied bias, / ~ B=0.1T,B=03T
the spin polarization smoothens as that exhibited in Fig. 1. d=d=1

Here one may wonder why all calculations except kKje J./ E=0.5 ho,

=0.0 case stop near the incident energy 0.25 in unit ®f (= '8%_ ' ' !

in both Fig. 2 and Fig. 3. Is there any numerical problem?
We would like to point out that there is no numerical prob-
lem in our calculation. For considered incident wave vector
k,=0.7 andk,= — 0.7 cases, the corresponding enegyin

the y direction equals 0.245. Therefore, the total incident
electron energy must not be less than 0.245. In Figs. 2 and 3,
the horizontal axis represents the total incident energy of the

electron. Therefore, it seems that calculations for ke . . E=l.'0hw° .
=0.7 andk,= —0.7 cases stop near 0.25 in Figs. 2 and 3. '0'30 5 10 15 20
Similar phenomena can also be seen in Fig. 4 of Ref. 4. \A (h(’)c/e)

In order to further reveal the characteristics of the spin
polarization in the magnetically modulated structure, Fig. 4 FIG. 4. Spin polarization versus the applied bias for electron
gives the results of the spin polarization versus the appliegunneling through one MB structure of two unidentical blocks
bias at certain incident energi€s=0.5,1.0. We see that the A (B;=0.1T,d;=1) andB (B,=0.3T, d,=1).
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FIG. 6. The conductance for electron tunneling through two MB
FIG. 5. Transmission versus the applied bias for electron tunstructures.(a) A (B;=0.1T,d,;=1); (b) A (B;=0.1T,d;=1)

neling through one MB structure of two unidentical blogks(B, andB (B,=0.3T, d,=1).
=0.1T,d;=1) andB (B,=0.3 T, d,=1).

normalized with respect t@5y/2. The total conductance
mission coefficient versus the applied bias but also by théhrough the MB structure is the sum of the spin-up conduc-
difference betwee, andT_ . Keeping this fact in mind, tance and the spln—d_own conductance. For comparison, we
we have no difficulty in understanding the oscillations ap-drew the curve by taking half of the total conductance for the
pearing in the polarization versus the applied bias in Fig. 4¢ase without spin-magnetic-field interactitsee solid curve
In order to better understand the oscillations appearing in th# Fig. 6). For the MB structure with two identical building
polarization, in Fig. 5 we display the transmission coefficient?locks, the conductance is the same for both spin-up and
for electron tunneling through the magnetic-barrier structureéSPin-down electrons, and it is less than the case without spin-
at certain incident energieg=0.5,1.0. Thick solid, dotted, mag_netlc-fleld m_teractl_on. For the MB structure _of_ two uni-
and dashed-dotted lines correspond to the spin-up case, Wh;p@ntlca_l magnetic t_)arrlers, the conductance splitting occurs.
thin solid, dotted, and dashed-dotted ones correspond to theere is obvious difference of the conductance between the
spin-down case. It is easily seen that in the both cases tHPin-up case and the spin-down case. The conductance of
variations of the transmission coefficient exhibit complex os-SPin-up electrons is larger than that of spin-down electrons
cillations with the applied bias increasing, and for smaller
incident electron energy, the oscillations become more com-
plex. At some intervals of the applied bias, the transmission

0.0101

— without spin

coefficient for the spin-up case is larger than that for the

spin-down casdi.e., T,>T_), while at other intervals of :E;Eggwn
the applied bias, the transmission coefficient for the spin-up 0.005},

case is less than that for the spin-down case, T, <T_). B=B=0.1T
These complex variations of the transmission coefficient ver- d11=d;=1

sus the applied bias for the spin-up and spin-down cases
result in frequent change of the sign of the spin polarization.

Therefore, in Fig. 4, one can see the rapid oscillations of the —— without spin
polarization. spin up
From Fig. 2 to Fig. 4 one can conclude that a much larger —-—---spin down

spin polarization can be obtained with the MB structure of
different building blocks. Contrary to the case of the MB

Current Density (A/m)
==

B=01T,B=03T

F 2

structure of identical building blocks, this type of MB struc- d=d=l

ture manifests dependence of the transmission coefficient on ;

the electron-spin sign even without any external electric

fields. By adjusting the electric field, we can control the 0.000, 6

magnitude of spin-polarization effect.
Finally, we examine the spin-polarization effect on the

2 4
V. (hofe)

conductance and the current density. Figure 6 shows the re- FIG. 7. The current density for electron tunneling through two
sults that the conductance versus Fermi energy without amB structures.(a) A (B;=0.1T,d;=1); (b) A (B;=0.1T,d;
applied bias at zero temperature, where the conductance is1) andB (B,=0.3 T, d,=1).
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for small electronic energies, while for higher Fermi ener- IV. CONCLUSIONS

gies, the conductance decreases for both spin-up and spin-

down cases than the case without the spin-magnetic-field in- In .cor)clus_|on, we demqnstrated the dependence of spin
teraction. polarization in the magnetically modulated quantum struc-

The current density, for electron tunneling through two ture on the magnetic configuration, the applied bias, the in-

MB structures is given in Fig. 7. The Fermi energy is set toC'dent energy, and th_e incident wave vector. Two major re-
— ; - e sults have been obtained. One is the external electric field
be EF=0.6. It is clear that),—V, characteristic exhibits

obvious negative-differential conductivity, and the current iscan pla_y an important role on the spin polarization n the
. énagnencally modulated quantum structure. The other is that
suppressed drastically for electron transport through the M

. o . in the MB structures of unidentical building blocks, the elec-

structure of different building blocks due to the averaging of o . : o .

o 2 ~'tron exhibits considerable spin polarization even without an
the transmissiom ,(E,k,,V,). Moreover, the current splits lied bi hich basis for th . f
and is significantly altered when the interaction between th gpplied bias, which can serve as a basis for the creation o

. : o .. quantum structures with new functions.
electron spin and the inhomogeneous magnetic field is in-
cluded. For the MB structure of identical blocks, the current
density of spin-down electrons is larger than that of the case
without the spin-magnetic-field interaction, while the current
density of spin-up electrons is less than that of the case with- Two of us(Y.G. and B.-L.G) would like to acknowledge
out the spin-magnetic-field interaction. For the MB structureproject support by the National High Technology Develop-
of unidentical blocks, the variations of the current density arement Program of Chin&Grant No. 715-010-00)1and by
complicated and different among spin-up, spin-down, andhe Research Foundation of Tsinghua Univer§iiyant No.
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