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Effects of intrinsic spin on electronic transport through magnetic barriers
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It is shown that the interaction of the intrinsic spin of two-dimensional electrons with the magnetic field
significantly changes the tunneling probability of electrons through magnetic barriers and the conductance of
devices having such barriers with respect to the case where this interaction is neglected. It is also shown that
certain structures having these magnetic barriers possess the ability to distinguish the two possible spin states
of the electrons[S0163-18206)04442-9

The electronic-transport properties of semiconductor het- A 2DEG in thexy plane with a magnetic field pointing in
erostructures in the presence of inhomogeneous magnetibe z direction is described by the Hamiltonian
fields on the nanometer scale have been recently studied.
Such magnetic fields have been experimentally created by 1
the fabrication of magnetic ddtand lithographic patterning H=—[p+eA(x)]*+
of ferromagnetic materialsand type-Il superconductcrsn 2m
conventional semiconductor heterostructures. Theoretically,
the motion of an electron in various types of magnetic fieldsvhere m* is the effective mass of the electrop,is the
have been studiet. momentum of the electrog* is the effectivey factor of the
New tunneling structures consisting of magnetic barrierlectron in a real 2DEG realized using semiconductors,
for two-dimensional electron ga@DEG) have been pro- o=+1/=1 for up/down spin electrons, and(x) is the
posed theoreticalfwhere the form of the equivalent poten- Magnetic vector potential given, in the Landau gauge, by
tial for the 2DEG depends on the wave vector of the incidentA(X) =BoAy for —d/2<x<d/2 and zero otherwise. We in-
electron. The tunneling probability and the conductance of droduce dimensionless units for the simplicity in expressing
resonant tunneling device consisting of such magnetic barrthe results. For that we need the cyclotron frequency
ers exhibits pronounced resonances with the electronic enw.=€eB,/m* and the magnetic lengliy= V#/eBy. The rel-
ergy. However, in these works, the effect of the intrinsic spinevant quantities are expressed in dimensionless ugitshe
of the electron on the effective potential was not considerednagnetic field B(x)—ByB(x), (2) the vector potential
The aim of this paper is to highlight the effect of the A(x)—BglgA(X), (3) the coordinatx—1gx, and(4) the en-
interaction of the intrinsic electronic spin with the magneticergy E—% wE.
field. It is shown that the tunneling probability and the con- The two-dimensional Schdinger equation
ductance are altered due to this interaction and that certail' ¥V (x,y) =EW¥(x,y) with H given by Eq.(1) in the dimen-
structures having these magnetic barriers possess the abiligjonless units has solutions of the form(x,y)
to distinguish the two possible spin states of an electron. =¢€'9Yy(x), whereE is the total energy of the electron and
For the analysis, we consider a 2DEG in theplane with  q is the electron wave vector in the direction. The wave
a magnetic field in thez direction. We take a simple function (x) satisfies the one-dimensional Sctirger
S-function magnetic field of the formB=B,(x)z with equation with an effective potential V(x)=[A(X)
B,(X) =Bo\[ 8(x+d/2)— 8(x—d/2)], whereBy\ gives the +q]%/2+g* oB,(x)/2. The last term in the effective poten-
strength of the magnetic field anlds the separation between tial is zero everywhere exceptat =d/2. It only introduces
the two & functions. This form of the magnetic field is an a discontinuity in the first derivative of the wave function at
approximation to the field that can be realized with ferro-those coordinates. The transmission probabilit¢z,q), is
magnetic stripesand is useful because it permits the calcu-evaluated by the standard procedure outlined in quantum me-

eg*
2m*

oh
TR0,

lation of the transmission probability in closed form. chanics texts and is given by
T(E,q)
4k2k3
. . . 2E>(q+\*)2
[ 2k k,cog kod) + 20N * kysin(kod) 12+ { — 20N * kocog kod) + [ K+ k5 — (on*)?]sin(k,d)}2
a 4K2K3
: : . 2E<(q+\*)?
[ 2k kycostikyd) + 20N * kysinh(k,d) ]2+ { — 20N * kycoshkyd) + [ ki — ks — (oA *)?]sinh(k,d) 12
2

0163-1829/96/54.7)/119113)/$10.00 54 11911 © 1996 The American Physical Society



11912
S
=
g 08 -
i)
2
s 0.6
p-d
(o] . X
173} 04 Without spin ----- 1
12} Up-spin —
% Down-spin -----
<z( 0.2 |- -
i
= 0 I"’ 1 1 1

0 10 20 30 40 50
ENERGY
FIG. 1. Energy dependence of the transmission probability of an

electron withg=2 and g*=0.44 through the magnetic barrier
structure withx =14 andd=2.

wherek,;=2E— g%, k,=[2E—(q+\*)?| and \* =g*\/
2. ForE<q?/2,T(E,q)=0. We plot the transmission prob-
ability as a function of the energy of the electron in Fig. 1 for
electrons withgq=2 andg* =0.44 (the value in GaAsfor
the barrier withh =14 andd=2. It is clear that the transmis-
sion probability is significantly altered for all values of en-
ergy with the introduction of thé&. B interaction. For most
values of energy, the transmission probability is lowered by
the S: B interaction.

The conductanceq) of a tunneling structure can be com-
puted in the ballistic regime as the average electron flow
over half the Fermi surfaeand is given by

/2
G:Gof IZT(EF,\/ZEFsincﬁ)co&;& do, (3

—y

whereEg is the Fermi energy and is the angle between the
direction of the incident electron and the direction.
Go=e’mugl/#2, wherevg is the Fermi velocity and is the
length of the structure in thg direction. The conductance
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versus Fermi energy plot for electrons witp=2 and . .
*_ . . . _ FIG. 3. Energy dependence of the transmission probability of an
g*=0.44 for the structure discussed in the previous para lectron @*=0.44) through the magnetic barrier structure with

graph is shown in Fig. 2. The conductance is normalizeq _ _ e _ __
with respect t0G,. The conductance is found to be less forcf 14 andd=0.5 for (@ q=0.(b}g=2, and(c) g= 2.
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FIG. 4. Fermi energy dependence of the conductafdé&g) of
a device using the magnetic barrier structure with14 and
d=0.5.

FIG. 2. Fermi energy dependence of the conducta@®d&y) of
a device using the magnetic barrier structure with-14 and
d=2.
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both up-spin and down-spin electrons for the case with spinfiltering properties for low Fermi energies and filters out
magnetic-field interaction than the case without the interacdown-spin electrons. It is also found that@séncreases, the
tion. This is expected since the transmission probability ofratio of the conductance of the down-spin electrons to that of
electrons through the barrier is lowered in the presence of thiéhe up-spin electrons decreases and thus, the structure loses
S-B interaction. It is also interesting to note that the elec-its spin-filtering property. For a 2DEG in GaAk=575 A
trons exhibit larger oscillations in conductance. and Aw.=0.34 meV forBy,=0.2 T. Thus, the spin filter
We now study structures with closely spaced ferromagcould be realized for structures witd<300 A and
netic stripes(thin barriey). We take d=0.5, A\=14 and Eg~1.2 meV.
g* =0.44 for the analysis. The transmission probability for In conclusion, we have shown that the presence of the
down-spin electrons is found to be much larger than that ofnteraction of the intrinsic spin of the electron with a mag-
the up-spin electrons for small electronic energies as denetic field significantly changes the transmission probability
picted in Fig. 3 for different values af. This difference in  of two-dimensional electrons through magnetic barriers and
the transmission probability shows up in t8e- Er charac- the conductance of devices consisting of such barriers. We
teristic as shown in Fig. 4. FdE-<3, the conductance of have also exhibited the spin-filtering properties of such struc-
the down-spin electrons is more than 10 times larger thatures with thin barriers, i.e., closely placed ferromagnetic
that of the up-spin ones. Thus, this structure exhibits spinstripes.
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