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Spin-dependent transport for a two-dimensional electron
gas with magnetic barriers*
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The spin-dependent conductance and magnetoresistance ratio (MRR) for a semiconductor heterostructures con-

sisting of two magnetic barriers with different height and space have been investigated by the transfer-matrix method.

It is shown that the splitting of the conductance for parallel and antiparallel magnetization configurations results in

tremendous spin-dependent MRR, and the maximal MRRs reach 5300% and 3800% for the magnetic barrier spaces

W = 81.3 and 243.9 nm, respectively. The obtained spin-filtering transport property of nanostructures with magnetic

barriers may be useful to magnetic-barrier-based spintronics.
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The electronic transport properties in magneti-
cally modulated semiconductor heterostructures have
been attracting considerable attention since the dis-
covery of the giant magnetoresistance (GMR) effect.l!]
In the presence of the magnetic-barrier tunneling
structure, which can be realized experimentally!?
by depositing ferromagnetic conducting or super-
conducting stripes on the surface of a semicon-
ductor heterojunction two-dimensional electron gas
(2DEG), the electron transport in various cases
has been investigated.[>~6] The studies of antiparal-

lel magnetic—electric barriers!”

and tilted magnetic
field® in a 2DEG revealed resonant tunneling and
wave vector filtering properties. The GMR effect of
2DEG with periodically modulated magnetic field[!
and magnetic-electric barrier!!® has been demon-
strated, other than the negative GMR effect in in-

11 Meanwhile, mag-

homogeneous semiconductors.
netoresistance in magnetic tunneling junctions was
found to be essentially dependent on the height,
width, and effective electron mass of the potential bar-
rier but for the bias voltage. Furthermore, the spin
polarization effect?2~14 was proposed to be related
to the magnetic configuration, the applied bias and
the incident electron energy. In addition to an effi-

cient way to control spin polarization by the exter-

nal electric field[*5! and magnetic barriers,[!9! the bias
voltage was also used to manipulate the spin polariza-
tion by Honda et al.l'”) The above results have been
proposed to be used in designing spin memory devices
and spin transistors.['8] However, for the conductance
and MRR there lack investigations which take into
consideration the spin influence on the 2DEG modu-
lated by magnetic barriers.!*!

We note that previous worksl®1% have omitted
the Zeeman term of the Hamiltonian in numerical
calculations because of its comparatively small value
which results in spin-independent transport properties
in the system. In this work, we present a theoreti-
cal investigation on the influence of the intrinsic elec-
tron spin on the conductance and MRR for a 2DEG
The
conductance splitting and the spin-up and spin-down
electronic MRR for the 2DEG under both parallel (P)
and antiparallel (AP) alignments have been demon-

modulated by two different magnetic barriers.

strated by means of the transfer-matrix method and
the Landauer—Biittiker theory.
action between spin and magnetic field, the splitting

Owing to the inter-

becomes weak with the increase of the space between
the magnetic barriers. The results are discussed and
compared with those in related previous works.[9:10:19]

The spin-filtering property found here is expected to
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be useful in the design of spin-dependent devices.
the
Hamiltonian of a

the
Kronig-Penney

In effective-mass  approximation,
magnetic
superlatticel®10-19=21] 9DEG modulated by a perpen-
dicular magnetic field B, (z) = Boy1 [0(2—81.3)—d(x—
162.6)]+ABov2 [0(x — 162.6 — W)—d(x — L)] with
Byvi and By7y, being the magnetic field strengths
of the two magnetic barriers, W the space between
them, L = W+243.9 nm the length of a period and
A =1/—1 for P/AP alignment of the magnetization

configuration, is

h *
To.B.(@), (1)

where m* is the effective mass of an electron, e the ab-

H= [p+eA(z)]* +

2m*

solute value of the electron’s charge, p the momentum
operator, g* the effective Landé factor of the electron
in the semiconductor heterojunction 2DEG and o, =
+1/—1 for spin-up/spin-down electrons. The system
described by the above Hamiltonian is translational
invariant along the y direction, therefore, the total
wave function can be expressed as ¥ (z,y) = ' ¥+Y®(x)
with k, the Bloch wave vector in the y direction. All
the physical quantities can be expressed in dimension-
less units by introducing the cyclotron frequency w. =

cetKiw 4 ge i,

P(x) =

crei K, (z—L) +dye” i Kp(xz—L)

cjeili@=id) 4 g e~ 1Ki@=id) (=12 .. N), (0

eBy/m* and the magnetic length Ip = /h/eBy, such
as, the magnetic field B,(z) — B.(z)By, the coordi-
nate r — rlp, the vector potential A(x) — A(x)Bolp
and the energy £ — Fhw,.. For Al,Ga;_,As/GaAs
semiconductor g* = 0.44, m* is taken to be 0.067 m,
(me is the free electron mass), hence Ip = 81.3 nm
and Fy = hw, = 0.17 meV under the condition of
By =0.1T.

Substituting ¥(z,y) = ei*¥P(x) into the
Schrédinger equation for Hamiltonian (1) with di-
mensionless quantities, one obtains a one-dimensional

equation

2

{;32 — [ky + A(z)]* — g*0.B.(x)/2 + 2E}Q5(:r) =0.

(2)
Defining K? = 2E — [k, + A(z)]? — g*0.B.(x)/2,
then Eq. (2) reduces to [d?/dz? + K?]®(x)=0. When
the magnetic modulation is restricted to the region of
0 <z < L, which is divided into N segments of width
d = L/N (N >1), the vector potential A(x) is zero at
z < 0 and & > L, while A(z;) in the jth segment of
x € [jd,(j + 1)d] is assumed to be a constant. There-

fore, the wave function @(z) can be expressed as

<L), (3)
, (x> L),

where K; = K, =

r, j) are the wave function coefficients.

\/2E — k2, K; = \/2E — [k, + A(z)]? — g*0.B.(x)/2 with z; = jd, and ¢, and do (o =1,

According to the continuity of wave functions and their derivations at z =0, (j + 1)d and L, one obtains

¢+ d, cos(Knd) isin(Knd) i )
= M

S (K /Ky sin(Kyd) (K /K, cos(Kyd) El )
cos(K;d) isin(K;d) c+d; )

(K Ky sin(Kd) (K /Ky cos(Kyd) | | e —dy |

where
MG) = | COS(Kj(.i) isin(K;d) 5)
i(K;/Kj1)sin(K;d)  (K;/Kji1) cos(K;d)

is the transfer-matrix. Equation (4) can be reduced to a simpler form

cr + dr mii

cr —dy ma1

a+d

¢ —d

e , (6)

ma2
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where m;; (i,j=1,2) are the matrix elements of the successive multiplication of N+1 matrices on the right hand
side of Eq. (4). On the right hand side of the potential barrier, there exist only transmission waves, i.e., d, = 0.
Therefore, the spin-dependent transmission probability through the barriers can be obtained from Eq. (6)

2 2
—1_|mu + M1z — Ma1 — Mag (7)
M1z + M21 — M1 — M22

d;

a

T, (Ep,ky) =1—

Consequently, the spin-dependent ballistic conductance can be calculated from the Landauer-Biittiker formulal?2!

/2
G, = Go/ T,(Er,\/2Er sin0) cos 6d0, (8)

\
where Gy = 2.92771*1)Fly/7‘12 with vgp being the Fermi it is larger in the range of 5.5 < Fr < 7.0. Both the

velocity, [, the length of the structure in the y di-  spin-up and spin-down conductances are nearly zero
rection, Fp is the Fermi energy and 6 the angle be- in the energy range of 0 < Er < 3.5 due to a much
tween the incident direction and the z-axis. Moreover,  stronger suppression in the case of the antiparallel
the spin-dependent MRR is defined®’ as MRR, =  configuration. Moreover, a more frequent alternation
(Gop — Goap)/Goap with Gop and G,ap being the  is demonstrated in Fig. 2(b) (for W = 243.9 nm),
conductances for the parallel and antiparallel align- which also agrees with the results of Ref. [19]. We
ments, respectively. owe the large MRR in Figs. 1(c) and 2(c) to the fi-

Next, we present some numerical examples of nite conductance for parallel barrier configuration and
the spin-dependent conductance G, and MRR cal-

culated for an Al,Ga;_,As/GaAs 2DEG modulated 0.6
by two magnetic barriers with different strengths of spin up
. spin down
Byy1 = 0.1 T and Byy, = 0.5 T. The spin-dependent o 04}
conductance (in units of Gy) as a function of Fermi en- %
V]

ergy Er (in units of Ey) under the parallel configura- 0.2k
tion is shown in Figs. 1(a) for the space W = 81.3 nm
and 2(a) for W = 243.9 nm. As shown by the thick 0.4

(for spin-up) and thin (for spin-down) solid lines in

Fig. 1(a), the two lines increase alternatively with &

the increase of Fermi energy, the spin-up conduc- E 0.21

tance is smaller than that of spin-down in the range O | |
of 3.9 < Fr < 5.5 while it is larger in the range of (b)
5.5 < By < 7.0, and the conductances for both spin- 50000

up and spin-down are nearly zero within the energy

range of 0 < Er < 2.8. However, a more frequent S

alternative structure is demonstrated by the two cor- E s000T

responding lines in Fig. 2(a) when the barrier space b=

W increases up to 243.9 nm. This result is consistent 1000t

with Figs. 2 and 4 of Ref. [19] in which spin effect was 0 ©

included. Furthermore, Figs. 1(b) and 2(b) present
the spin-dependent conductance versus the Fermi en-

ergy under the antiparallel alignment for the magnetic
. . Fig. 1. Conductances for (a) parallel, (b) antiparallel
barrier spaces W = 81.3 and 243.9 nm, respectively.

alignment configuration, and (c¢) the magnetoresistance
As shown by the thick and thin solid lines in Fig. 1(b)7 ratio as functions of Fermi energy. The magnetic-barrier

the two lines also increase alternatively with the Fermi structure parameters are W = 81.3 nm and L = 325.2 nm

energy and the spin-up conductance is smaller than while the two magnetic strengths are 0.1 and 0.5 T. The

that of spin-down in the range of 3.9 < Er < 5.5 while

thick and thin solid lines correspond to spin-up and spin-
down, respectively.
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nearly zero conductance for antiparallel barrier con-
figuration in the energy ranges of 2.8 < Er < 3.5
and 2.8 < Ep < 4.3. The nearly zero spin-dependent
conductance for these energies may come from bound
state effects in the system modulated by magnetic bar-
riers. Therefore, the stronger evanescence effect for
antiparallel than for parallel magnetic configuration
results in large MRR at some energies. The more fre-
quent oscillations for the wider space case in Figs. 2(a)
and 2(b) as compared with Figs. 1(a) and 1(b) will also
be demonstrated in MRR for the system as follows.
The MRRs for the system as a function of the
Fermi energy for spaces W = 81.3 and 243.9 nm are
shown in Figs. 1(c) and 2(c), respectively. As illus-
trated by the thick and thin solid lines in Fig.1(c)
respectively for the spin-up and spin-down MRR (in
the peak regime the solid lines almost become dashed
due to the step-limitation in numerical integration),
both lines present a highest peak value at Fp = 3.15
other than the asymmetrically distributed lower peaks
in the vicinity of 0.37 and 4.4. However, the maxi-
mal MRR for spin-down (about 5300%) is much larger
than that (2500%) for spin-up. Moreover, Fig. 2(c)
demonstrates the MRR, in the case of the space W =
243.9 nm. In addition to the fast-oscillated (appears
black because of the resolution) increase of MRR in
the range of 1.0 < Ep < 2.8, one notes maximal
MRRs with the heights of 3800% and 2800% respec-
tively for spin-up and spin-down at Fr = 4.2. Besides,
the MRR peaks at Fg = 3.15 are lower than those in
the narrower space case while the peaks at Fp = 4.2
are higher and sharper than the ones near Fp = 4.4
in Fig. 1(c). It should be pointed out that the sys-
tem MRRs would decrease and oscillate strongly as
the space increases, which can be physically compre-
hended similarly to those in Fig. 2 of Ref. [10]. There-
fore, one may obtain the expected spin-dependent con-
ductances and MRRs by choosing appropriate spaces
between the magnetic barriers and incident energies,
which may be used to manipulate the spin-dependent
One notes that the
splitting of the spin-dependent conductance and MRR

electronic transport properties.

is not large enough owing to the small Zeeman cou-
pling and magnetic barrier space, and all the results

presented here are obtained at zero temperature. Con-
sidering the influence of finite temperature,®1% the
electron mean free path will decrease and the ballistic
conductance should mainly come from electrons with
energies within (Er — kT, Er + kgT'), and the mag-
netoresistance should increase accordingly.

0.6

spin up
spin down
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0.2
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Fig. 2. The conductances for (a) parallel, (b) antipar-
allel alignment configurations and (c¢) the magnetoresis-
tance ratio as functions of the Fermi energy. All other
parameters are the same as in Fig. 1 but with different
magnetic-barrier structure parameters of W = 243.9 nm
and L = 569.1 nm.

In conclusion, the effect of spin on the ballistic
conductance and MRR in a 2DEG modulated by two
different magnetic barriers have been investigated by
the transfer-matrix method and Landauer—Biittiker
formula. The splitting of the spin-dependent con-
ductance for parallel and antiparallel magnetization
alignments results in a tremendous spin-dependent
magnetoresistance effect. The obtained spin-filtering
property of magnetic barrier modulated nanostruc-
tures may be useful in designing magnetic-barrier-
based spintronic devices.
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