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Tunable spin polarization in a two-dimensional electron gas modulated by a ferromagnetic metal
stripe and a Schottky metal stripe

Feng Zhat and H. Q. Xu
Division of Solid State Physics, Lund University, P. O. Box 118, S-221 00 Lund, Sweden

Yong Guo
Department of Physics, Tsinghua University, Beijing 100084, China
(Received 4 March 2004; revised manuscript received 17 May 2004; published 13 August 2004

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 semiconducalso its sign varies with the electrical barrigeB) height
tors has attracted great current interest because of both riclreated by the NM stripe. Therefore, the considered device
physics in the system and its promising applicatibrdFor  can be employed as a source of spin-polarized electrons,
ferromagnetic meta{FM)-semiconductor(SC) heterostruc- whose polarity can be switched by a voltage applied to the
tures, one of the special focuses is on the problem of a rathé¥M stripe.
low spin-injection efficiency arising from the conductance ~ The system under consideration is a 2DEG in (key)
mismatch between FM and SC materialRecent experi- plane subject to modulations by a FM stripe and a Schottky
ments have demonstrated solutions of this problem by introNM stripe as sketched in Fig(d). Assume that the magnetic
ducing diluted magnetic semiconductors as a spin alfgner field provided by the FM stripeB,(x), and the electrical
and by adding a tunneling barrigf. Meanwhile, many ef- potential induced by the Schottky stripg(x), are homoge-
forts have been made towards the realization of an efficierft€ous in they direction and vary only along theaxis. The
source of spin-polarized electrons. motion of an electron in such a modulated 2DEG system can

Another kind of combination of FM and SC materials, P& described by the single-particle Hamiltonian,
usually called magnetic barrigMB) nanostructured;is re- 1 5 1
alized by deposing a FM material on top of a near-surface H= 2m*[P+eA(x)] +U(x) + 59" 1eoB(x), (1)
two-dimensional electron gas(2DEG) formed in a
modulation-doped semiconductor heterostructure. The FNivherem*, P andg* are the effective mass, momentum and
material provides a magnetic field which can influence lo-effective g-factor of the electronug=e€f/2my is the Bohr
cally the motion of the electrons in the semiconductor hetmagneton(m, is the free electron magsand o, represents
erostructure. The effects caused by the MBs have been stuthe z-component of the electron spixl or 1, |). A(x)
ied extensively in the last deca8lend the feasibility of spin  =Ay(x)g, is the magnetic vector potential under the Landau
filtering in MB nanostructures has been discus$etf A gauge. For convenience we express all quantities in dimen-
simple, experimentally attractive proposal for spin devicessionless units by means of two characteristic parameters, i.e.,
was to exploit a single FM stripe on top of a 2DE®!By  cyclotron frequencyw.=eBy/m* and magnetic IengtHB0
the application of a magnetic field, the magnetization of the=#/eB, (B, being some typical magnetic figld
FM stripe can be made parallel to the 2DEG plane and, atthe Because of the translational invariance of the system
same time, perpendicular to the FM stripe, creating a magalong they direction, the total electronic wave-function can

netic field with an antisymmetric profile in the 2DEG. Re- pe written as®(x,y)=e*YW¥(x), where k, is the transverse
cent calculations have shown, however, that under this antWave vector. \If(x) satisfies a reduced one-dimensional

symmetric magnetic field condition, no spin filtering can schradinger equation,

occurt~14|n the present work an intrinsic symmetry in the , 5

single FM stripe structure is revealed. It will be shown that_ 1d™V + [ky + A/ +U(X) +(g* m* /4mp)B(X)a, (W
the symmetry can be broken and thus spin filtering can be 2 dx? 2 s
achieved by placing a Schottky normal-me¢alM) stripe —EV ?)
parallel to the FM stripe on top of the 2DEG. It will also be ’
shown that not only the amplitude of the polarization butfrom which the transmission probability=T(E,k,,o,) for
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d,, d. spin-down states in the system. In a 2DEG system modulated
(a) ﬂ by a single FM stripe with its magnetization along the cur-
FM rent direction(the x-direction), the Hamiltonian is invariant
o] pr— under the operation ofRR,, whereT=-i&,K, with K being
zl )y the complex conjugation, is the time-reversal operator, and
Zy 2DEG X Ry (R)) is the reflection operator— —x (y— —y). This sym-

0 metry implies that the states with wave functio®$x,y)
=e‘kyy\lfoz(x) and ®’'(x,y)=TRR®(x,y) have the same
(b) eigenenergy. It can be easily verified that under the operation

B.(x) U(x) of TRR,, a spin-up stateg*»W¥,(x), transforms to a spin-

1 down state, &YW (x), and a spin-down states*»¥ (x),

P A transforms to a spin-up state‘,kvV\IfT(x). Thus the spin-up

FE R and spin-down states with the same wave vekjoare de-
P vood,2 X generate, and the transmission probability is spin-

independentT(E,k,,o,)=T(E,k,,—0,). As a result, there is
no spin polarization in the electron transport through the
Ve single FM stripe system in the linear response regime. To
V| obtain a finite spin-polarization signal from the system, the

symmetry under the operation Gﬁny should be broken,
o . . . . which, fortunately, can be easily done. One can, for example,
FIG. 1. (8 Schematic illustration of the spin device with a preak the symmetry by placing a Schottky NM stripe parallel
double metal stripe structure. On top of a 2DEG, a FM stripe and 3o the FM stripe on top of the 2DEG, as shown in Fig. 1.
Schottky NM stripe are placed in a parallel configuration. The magBelow, we present our numerical calculations for the 2DEG
netization of the FM stripe is assumed to be along the current di'system with modulation by the double metal stripe.
rection (the x-direction. (b) Magnetic field and electric potential " ot s first consider a structure with simplified magnetic-
profiles exploited in this work. A simple square form is assumed forfield and electric potential profiles as depicted in Figh)1
the electrical potential under the Schottky NM gate. For the mag-(Solid line). It consists of a double-spike-like MB with
netic field ge.nerated by. the FM stripe, bmh a simplifislid line) strengthB a{nd distancely,, and a rectangular EB with height
and a realistiqdashed lingprofile are considered. U and widthdg, separated by a distan&e In our numerical
o ] ) calculation, the InAs system is taken as the 2DEG material
incident electrons with energl¢, wave vectork, and spin  (g*=15 and ny ,.=0.024n,) and the reduced units are
orientationo, can be determined by means of the scatteringB =81 nm an(; SEOZﬁwC=O.48 meV, corresponding to
matrix methocf? The conductance at zero temperature is caI-Bgzo 1T

culated fronf The device in discussion relies on the spin dependence of
2 resonant tunneling due to the symmetry breaking. To obtain a

G,.(Ep) = Gy(Ep) T(EF,VTEF sin §,0,)cos@de, (3)  quantitative feeling about this, in Fig. 2 we plot the transmis-

’ -7l2 sion probability calculated as a function of the incident en-

ergy E for spin-up (T,), spin-down(T|) and spinlesgT,)
electrons. The structure parameters were s&=st andU
=8, and the transverse wave vector was set t&b® and
+2. Itis seen that in comparison with the casekpf -2, the

where 6 is the incident angle relative to thedirection. The
up- and down-spin conductance compone@sandG,, as
well as the total conductanc€,,=G; +G,, are presented in
units OfGO.(EF)_eZm* U':.Ly/hz’ whereL, is the length of the - s ission fok,=0 is rather small in the considered en-
structure In they direction andu the Fermi veIomty. Th_e ergy region and is thus expressed in the logarithmic scale
spin polarization can be characterized by the relative differ; Figs. 2a) and Zb)]. This result can be understood with the
ence .between the spin-up and spin-down conductances at t €6 of the figure shown in the inset of Figa where the
Fermi energy, one-dimensional effective potentig@vithout including the
- _ Zeeman termfor electrons with the three differeky values
Pe=(Cy~GIG;+Gy). @ is shown[cf. Eg. (2)]. An electron with a positiveh;éy value
Many previous studies have focused on spin-dependentill see a higher potential barrier due to the presence of a
electron transport in a 2DEG modulated by a single FMmagnetic vector potential than that with a negative wave
stripe!®115The motion of a spin-half electron in such a vector k,, and thus has a smaller transmission probability
system can be described by the Hamiltonian given in(Eg. through the structure. The transmission for electrons with
without the electrical potential term describing the influencek,=-2 is shown in Fig. &). It is seen that the transmission
of the Schottky NM stripe. It is usually the case that theis significantly enhanced. This is as expected because effec-
presence of the spin-field interactifthe last term in Eq(1)] tively the electrons see a lower magnetic vector potential
introduces spin polarization in the curréAt3®However, it  barrier in this case. It is also seen in Fig&)22(c) that there
is very important to notice that this is true only when there isexist sharp resonances in the calculated transmissions. The
not any symmetry leading to the degeneracy of spin-up an@iresence of the Zeeman coupling term changes the positions
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E/E, The total conductance is plotted in the inset. Three electrical poten-

tial strengthsU=0 andU=+8, are considered. Other device pa-

FIG. 2. Left panel: Transmission as a function of incident en- - meters assumed atg =d==D=1 andB=6, the same as in Fig.

ergy for spinlesgsolid line), spin-up(dashed ling and spin-down
(dotted ling electrons with the transverse wave vector&fk,=0,
(b) k,=2 and(c) k,=-2, for the double metal stripe device with the . .
simpylified magne){ic field profile as shown by the double spike Iinethe Casfe Of,U:Q' only the potential barrier due to the

in Fig. 1(b). The inset in(a) shows the effective one-dimensional Magnetic stripe is present, and the conductance of spin-up
potentials seen by a spinless electron with different transverse way@ectronsG;, coincides completely with the conductance of
vectorsk,. Device parameters used in the calculationsdyfedz ~ SPin-down electrons, as expected. The two conductances
=D=1,B=6 andU=8. R|ght panek Corresponding Spin po|ariza. are genera”y lowered wheb) is finite. HOWeVer, for a

tion of the transmissionsy, for electrons with the three different negative value ol (e.g.,U=-8), the spin-up electron con-
transverse wave vectoks. ductance, as well as the total conductance, may exceed the

corresponding values seen in the caseUefO, due to the

of the resonances, which shift towards the low-energy regiospin-dependent resonant enhancenjseé Fig. 8) and the
for spin-up electrons and to the high-energy region forinsef. WhenEg changes from a resonant peak to an adjacent
spin-down electrons. Therefore, one can expect a remarkablalley, the conductance polarization is switched, as depicted
difference in the transmission for electrons with oppositeby the dashed line in Fig.(B). As for the positiveU, the
spin orientations, at the resonant energies. The differenggolarization shows oscillations with larger amplitudes.
between the spin-up and spin-down electron transmissionsloreover, in the low energy region there exists a small pla-
can be revealed by the polarization of the transmitted beameau with nearly 100% polarization although the correspond-
defined asPr=(T,—T))/(T,+T,). From Figs. 2d)-2(f) one ing conductance in the energy region is rather small. The
can see that the polarization of electrons changes its sigpolarization plateau is associated with resonant tunneling
when the incident energy varies from a spin-up resonanthrough states formed in an effective double-barrier structure
peak to its corresponding spin-down one. The amplitude ofcf. Fig. 2). It is also interesting to note that in the case of
P can be very large at resonant energies. In the high energy=8, the spin-up electron conductance peak at energy
region, T, and T, are large and their relative difference is aroundEg=8 is well separated from its corresponding spin-
small. down one. Thus the two peaks can be discerned in the total

The spin-dependent transmission features demonstratednductance, as shown in the inset of Fi@)3Therefore the
above should be reflected in the measurable quantityG,,,—Er measurement alone would provide an experimental
the conductanc&, which is obtained by integration of the evidence for spin polarization in the electron transport in the
transmission of electrons over the incident angle as irdevice.
Eq. (3). Figure 3 shows the conductances for spin-up and A tunable spin-polarized source is desirable for spintronic
spin-down electrons as well as their difference versus thapplications-’ It is thus necessary to explore in more details
Fermi energy for three different EB height$=0 and £8. In  the tunability of spin filtering, with a voltage applied to the
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FIG. 4. Spin-dependent conductance and spin polarization ver=4Eo (solid line), Er=6E, (dashed lingand Er=9E, (dash-dotted
sus the electric potential strendthunder the Schottky metal stripe, line). Other device parameters assumed dge 162 nm andD
for the same device as in Figs. 2 and 3. The total conductance ©81.1 nm.
plotted in the inset. Three magnetic field streng®s4, 6 and 9,
are considered. Other device parameters usedygrele=D=1and  |ike form, the modulated magnetic field in the 2DEG has a
EF=9. smooth profile, as shown in Fig(t) (dashed ling For a FM
stripe with a rectangular cross section and magnetization

Schottky NM stripe, in the device considered here. In Fig. 4,0 thex-direction, the generated magnetic field profile can

the conductance and spin polarization are plotted as a fungsg ghtained analytically using a formula in Ref. 18. Figure 5
tion of the EB height at a given Fermi ener@fr=9) for  ghqs the calculation for spin polarizatid®y, of the device
three fixed MB strengthéB=4,6,9. From the lower panel it such a FM stripe, whose parameters are given in the
one can observe that only for suitable MB strengths the spifigyre caption. Note that ferromagnetic elements with a sub-
polarizatior_l may exhibit a drastic variation with increasing micron scale have been successfully produced on top of a
the EB height. For example, at the MB strengthB#6,  2pEG19.20 and therefore our considered structure is in the
when the EB potential is changed frddw7.7 to U=12.7,  (eglizable scope of current technology. The calculation
the polarization varies from -=75% to 98%. Within this EB ghows that the polarization behavior of the device is similar
potential region the system can produce a strong sping that seen in Fig. @). The polarization remains large and
polarized current with either spin orientation. A FM stripe exhibits rich variations in its amplitude and polarity with
with a stronger magnetizatiofB>2\2E) does not neces- jncreasing the EB height. This is encouraging, because it is
sarily lead to a more pronounced spin polarization in theindicated that it is the magnetization strength, as well as the
device. This is reasonable because in this case thgidth of the FM stripe, rather than the shape of the magne-
ky-dependent magnetic vector potential barrier is high comtization profile that has a drastic effect on the polarization
pared with the considered EB potential and thus the symmecharacteristics of the spin device proposed here.
try in the device, with respect to the operationT®,R,, is All results presented so far are obtained for the zero-
difficult to break. On the other hand, when the magnetizatioiemperature case. For an application, it is interesting to know
strength of the FM stripe is weak, the effect of the magnetidhe temperature dependence of the results. The spin-
field on the electron motion and the Zeeman energy arelependent conductance at a finite temperafynelates with
small, and therefore no strong spin polarization can be exits zero-temperature values through
pected(see, e.g., th8=4 case in Fig. 1 Another observa- . 7
tion from Fig. 4b) is that for all negative values dfl the _ —_ml_ "D
polarization is small in the device. This is true as long as the G"Z(EF'TK) - fo dEG"Z(E'TK B O)( JE ) ®
Fermi energy is sufficiently largef. Fig. 5.

The above analysis gives a qualitative picture about spitvherefrp(E)={1+exd(E-E)/ksTy]}* is the Fermi-Dirac
polarization in the device with a double metal stripe struc-distribution function. Figure 6 illustrates the influence of the
ture. In a realistic case, instead of the simple double-spiketemperature on the spin polarization for the device as in Fig.
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filtering even in the presence of such a symmetric electric
potential. However, the presence of the poteritlg(x) 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-like Ug(x) lowers the total conductance and improves
the polarization amplitude, while a well-likég(x) increases

the total conductance and diminishes the polarization ampli-
tude. SinceUg(x) can be changed by a voltage gate applied
on the FM stripe, these results suggest an additional way of
10 controlling the performancéconductance and polarizatipn

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
; i , = %chottky NM stripe in a parallel configuration. The spin po-
keTk is much less than the maximal magnetic Splitif%  |5rization of the proposed device has been studied by nu-
=g (M /2mg)B, may For the device with the parameters as inerical calculations, and discussed in terms of spin-
Fig. 5, the spin polarization is seen to be greatly reduced Ofependent tunneling. It is shown that the device can be used
smoothed out by the thermal smearing B>EJ/4ks 45 a highly efficient spin filter with the spin polarity tunable

zl'fl K. ) i . by applying a voltage to the Schottky NM stripe.
Finally we would like to point out that a FM stripe depos-

ited on top of a 2DEG can generate not only a modulated This work was supported by the Swedish Research Coun-
magnetic fieldB,(x), but also an electric potentidlg(x) in cil (VR) and by the Swedish Foundation for Strategic Re-
the 2DEG?' This electric modulation comes from the search(SSH through the Nanometer Structure Consortium at
Schottky effect and the strain between the FM and semicon=und University. One of ugY.G.) acknowledges the support
ductor materials, and usually is symmetric with respect to thérom the Key Basic Research of Tsinghua UnivergBrant
center of the stripe. According to the previous analysis, théNo. J22002005and the National Key Project of Basic Re-
system with only a single FM stripe should possess no spisearch Development Pla@&rant No. G2000067107

Spin Polarization

FIG. 6. Spin polarization calculated as a function of the electric
potential strengtiJ for the same device as in Fig. 5 at the Fermi
energyE=6E, and various temperaturd=0.0, 0.5, 1.0, 2.0 and

5.0 K.

5, with the Fermi energy aE-=6E,. It is shown that the
polarization is still remarkable as long as the thermal energ
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