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Giant magnetoresistance effect in a magnetic-electric barrier structure
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A spin-independent giant magnetoresistance effect is demonstrated in a magnetically modulated two-
dimensional~2D! electron gas, which can be realized by depositing two parallel ferromagnets on top of the
heterostructure. The transmission for the parallel and antiparallel magnetization configurations shows a quite
distinct dependence on the longitudinal wave vector of the incident electrons. Such a discrepancy results in a
tremendous magnetoresistance~MR! ratio, which can be up to 106% for a realistic electron density. It is
confirmed that the MR ratio can be further tuned by the inclusion of an electric barrier. In addition, studies
indicate that the structure with antiparallel magnetization arrangement can be used to collimate the 2D electron
beam.
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The discovery of the so-called giant magnetoresista
~GMR! effect1 has given rise to a tremendous economic i
pact on magnetic information storage.2 Fueled by its fasci-
nating practical applications such as ultrasensitive magn
field sensors, read heads, and random access memorie
merous theoretical and experimental studies have devote
dealing with the GMR phenomenon.3 The structures where
GMR is observed generally consist of ferromagnetic lay
separated by thin nonmagnetic layers. In such heterogen
systems, GMR is characterized by a striking drop of the e
tric resistance when an external magnetic field switches
magnetizations of adjacent magnetic layers from an anti
allel ~AP! alignment to a parallel~P! one. It is widely agreed
that the spin-dependent scattering of electronic carriers
sults in different values (GP andGAP) of the conductances
in the two configurations.4 The magnetoresistance~MR! ratio
is usually defined as the corresponding normalized dif
ence, i.e., MR5(GP2GAP)/GAP .

To manufacture high-quality magnetic sensors and r
heads, one requires systems with high MR ratio under r
tively low switching magnetic fields. In conventional GM
devices, the nonmagnetic spacer is a single metal and
current flows in the plane~CIP!. The sample in such a ge
ometry has macroscopic size and thus obvious resistanc
low temperatures, high values of the MR ratio up to 220
have been reported, but with sizable magnetic fields.5 The
CPP~current perpendicular to the plane! geometry is theo-
retically more effective at filtering the current, which usua
leads to a larger GMR than the CIP counterpart. Howe
the exceedingly small resistance involved in the CPP c
figuration makes the measurements more dedicated. Acc
ing to the recent report,6 this difficulty may be overcome by
using perioducally modulated spacers.

It seems that the spin-dependent transport is indispens
for the observation of the GMR. Here we propose an al
native way to realize the GMR effect, which, howeve
makes no use of the spin freedom of the electrons. The c
sidered system is a two-dimensional electron gas~2DEG! in
the (x,y) plane modulated by a perpendicular magnetic fi
Bz and an electric barrierU. The magnetic field is created b
the deposition, on top of the heterostructure, of two para
metallic ferromagnetic stripes with widthsd and magnetiza-
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tions along thex axis. A suitable external magnetic field ca
change the relative orientation of the two magnetizatio
which is antiparallel at zero field. The fringe field of eac
ferromagnet induces a positiveBz underneath one edge o
the stripe and a negativeBz underneath the other edge.7 At
the limit of a small distance between the 2DEG and the f
romagnets, the magnetic barrier can be approximated
delta functions, i.e.,Bz(x)5BlB0

$@d(x)2d(x2d)#1g@d(x

2d2D)2d(x2L)#%. Here, B gives the strength of the
magnetic field,l B0

5A\/eB0 is the magnetic length for an

estimated magnetic fieldB0 , g represents the magnetizatio
configuration (61 or P, AP!, D is the distance between tw
stripes, andL52d1D is the total length of the structur
along the current direction (x). The model magnetic field
configurations forg561 are schematically depicted in Fig
1. Further, when a negative voltage is applied to the strip
an electric barrier arises. For simplicity, the latter is taken
a square shape8 with height U0, i.e., U(x)5U0Q(x)Q(L
2x), whereQ(x) is the Heaviside step function.

In the framework of the effective-mass approximation, t
Hamiltonian of such a system can be written as

H5
1

2m*
@P1eA~x!#21U~x!1g* mBBz~x!sz/2, ~1!

FIG. 1. The model magnetic field profile for the parallel~a! and
antiparallel~b! configurations of two magnetic moments.
©2002 The American Physical Society05-1
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wherem* is the effective mass of the electron,e is the ab-
solute value of the electron’s charge,P is the momentum
operator,A(x)5„0, A(x),0… is the vector potential in the
Landau gauge,g* is the effectiveg factor of the electron,mB
the Bohr magneton, andsz511/21 for electrons with up/
down spin. Using the cyclotron frequencyvc5eB0 /m* and
the magnetic lengthl B0

, we express all quantities in dimen

sionless units, for example,~1! the magnetic fieldBz(x)
→B0Bz(x), ~2! the vector potentialA(x)→B0l B0

A(x), ~3!

the energyE→\vcE, and ~4! the coordinater→ l B0
r and

~the wave vector! k→ l B0

21k. For the GaAs 2DEG and a rea

istic value B050.2 T, we havem* 50.067m0 (m0 is the
free electron mass!, g* 50.44, l B0

5575 Å, andE05\vc

50.34 meV. The total wave function describing an electr
with incident energyE can be written as a productF(x,y)
5eikyyC(x), where C(x) satisfies the reduced one
dimensional Schro¨dinger equation

2
1

2

d2C

dx2
1Ue f f~x,ky!C5EC. ~2!

It is going to be useful to introduce the effective potent
of the magnetic-electric barrier:

Ue f f~x,ky!5
1

2
@ky1A~x!#21U~x!

1~g* m* /2m0!Bz~x!sz/2. ~3!

The last term in Eq.~3! represents the Zeeman coupling b
tween the electronic spin and the local magnetic field.9 Com-
paring to other terms inUe f f , the absolute value of such
term is much smaller~the ratio between them is estimated
g* m* /2m050.015!1). Therefore, the spin-dependent ter
plays a minor role in determining the transport properties
electrons and can be omitted. Our numerical results also
firm this point. In contrast, the effective potential depen
strongly not only on the longitudinal wave vectorky , but
also on the profile of the local magnetic field. Theky depen-
dence renders the motion an essentially two-dimensio
process.10,11 From the expression of the vector potent
A(x)5B@Q(x)Q(d2x)1gQ(x2d2D)Q(L2x)#, one
can see that when the P alignment (g51) turns to the in-
verse (g521), Ue f f varies substantially. It is the depen
dence on the magnetic profile ofUe f f that leads to the GMR
in the involving system. Further, the GMR effect is tunable
the electric barrier is included.

We adopt the scattering-matrix method12 to evaluate the
transmission coefficientTg(E,ky) (g5P/AP). The ballistic
conductance is calculated by averaging the electron fl
over half the Fermi surface13:

Gg~EF!5G0E
2p/2

p/2

Tg~EF ,A2EFsinu!cosudu, ~4!

with u the incident angle relative to thex direction. The
conductance is presented in units ofG052e2m* vFLy /h2,
whereLy is the longitudinal length of the structure andvF
the Fermi velocity.
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Fig. 2 presents the transmission through a magne
electric barrier with P alignment. The longitudinal wave ve
tors are set to beky50 in the left panel andky562 in the
right one. In all of the graphs, we use the magnetic struct
parametersB55, d51, andD53. Note that the transmis
sion spectrum demonstrates obvious anisotropy withky .10,11

For suitable negativeky values~such asky522), the reflec-
tion is almost complete for low incident energy. Beyond th
forbidden region, the transmission shows obvious osci
tions and approaches unity rapidly. Forky>0, however,
there exist several line-shaped resonant peaks with unity
ues before the oscillation occurs. In addition, the presenc
an electric barrier significantly alters the positions of t
transmission peaks and minima.

All of the features stated above reflect the structure of
potentialUe f f to some extent. For a pure magnetic barr
(U050) with the P alignment and in the caseky.2B/2,
Ue f f has a symmetric double-barrier structure and the mid
region between two ferromagnets acts as a quantum w
When the barriers are high enough, the process of elec
motion is tunneling through the double barriers. The tra
mission is thus generally blocked while the sharp peaks c
respond to the resonant tunneling, which occurs when
incident energy coincides with one of quasibound ene
levels within the well. For barriers lower than the first in
trawell virtual state, however, no resonance appears when
energy falls below the barriers. In the case ofky,2B/2,
Ue f f consists of symmetric double wells, which are usua
transparent for electrons. Further, the electric barrier lifts
quasibound levels and makes the structure more opaqu
electrons.

In the following, we examine the transmission charact
istics for the AP alignment, which are exhibited in Fig. 3.
the case of normal incidence (ky50), the transmission curve
for the AP alignment is exactly the same as that for the
alignment because their corresponding effective potent
are identical. In addition, the effective potential of the A
configuration has an even symmetry about the center,
Ue f f(x2L/2,ky)5Ue f f(L/22x,2ky). As we know, for par-
ticles traversing a potential in opposite directions the tra
mission is always equal. Therefore, such a symmetry res
in the invariance of the transmission with respect to the
placementky→2ky . It is thus sufficient in Fig. 3 to take
only positive ky values into account. For a pure magne
barrier with the AP alignment, electrons withky,B/2 feel an
asymmetric electric double-barrier potential. For smallky
values the height difference of two barriers is slight, so o
can observe some sharp incomplete resonances in the
energy region~see the solid line forky50.7). With ky in-
creasing, these peaks vanish and the transmission is blo
when the incident energy is below the higher barrier. In
case ofky.B/2, Ue f f consists of a barrier and a well. Th
tunneling properties are mainly determined by the barrier.
a result, the transmission for largeky ~for example,ky54)
may be strongly suppressed in the whole considered en
region. From these facts one can conclude that for a gi
incident energy, only electrons with smallukyu values have
finite transmission through the same structure with AP
rangement. Therefore, such a device can be used to collim
the 2D electron beam. The~positive! electric barrier in-
5-2
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FIG. 2. Transmission through a magneti
electric barrier with parallel magnetizations fo
ky50 ~left panel! andky562 ~right panel!. The
magnetic structure parameters areB55.0, d
51, andD53. The height of the electric barrie
is taken asU050, 4, and 10.
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creases the height of the effective barrier~s! and extends the
forbidden region of the transmission, as depicted in the in
of Fig. 3.

As demonstrated above, the transmission for two ali
ments~P/AP! is quite distinct. Now we see to what exte
such a difference is reflected in the measurable quantity,
conductanceG. Fig. 4 shows the conductance versus
Fermi energy for different heights of the electric barri
Within the low-energy region, for both P and AP alignmen
the magnetic barrier blocks the transmission drastically
the corresponding conductance is almost zero. The bloc
effect is more obvious for the AP alignment. So there ex
a wide energy region whereGAP is closed to zero wherea
GP is finite. Beyond the transmission-blocked region,GP
exhibits rapid increase essentially with the Fermi energy
creasing. In addition, in theGP-EF curve one can see a strik
ing conductance peak with a large peak-to-valley ratio
well as several small peaks. For the AP alignment, there
exists a sharp conductance peak. However, in the vicinity
12530
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this peak, the conductance decays rapidly to zero. Note
in the GAP-EF curve several weak peaks appear within t
transmission-blocked region. A positive electric barr
drives all peaks moving towards the high-energy region a
lowers the whole conductance curve. All of these featu
originate from the rich resonant transmission behaviors
the considered magnetic-electric barrier.

To see the discrepancy betweenGP andGAP more clearly,
in Fig. 5 we present the magnetoresistance ratio as a func
of the Fermi energy. The concerned energy region is exa
the same as that in Fig. 4. It is remarkable that the MR ra
shows drastic oscillations with the Fermi energy. WhenEF
exceeds 10E0, the MR ratio for a pure magnetic barrier
lower than 105% and decays rapidly to the magnitude
102%. For a typically electron densityne'1011 cm22 in
GaAs 2DEG which givesEF53.55 meV'10E0, the corre-
sponding MR ratio is relatively small. However, if an electr
barrier with heightU54E0'1.4 meV is included, it can be
up to 53106%. The high values of the MR ratio are main
5-3
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FIG. 3. Transmission through a pure magne
barrier with antiparallel magnetizations for differ
ent values of electron momentumky50.7, 1, 2,
and 4. The magnetic structure parameters are
same as those in Fig. 2. The inset presents
energy dependence of the transmission for diff
ent values of the electric barrier height withky
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due to the strong suppression of the transmission in the
alignment. The electric barrier changes the degree of the
pression and thus can be used to adjust the MR ratio.
latter is obviously reflected in the inset of Fig. 5. From th
inset one can see that for a fixedEF (515E0), the MR ratio
is small for negativeU0 and shows obvious oscillations an
deep valleys for positiveU0. The valleys correspond to th
weak conductance peaks in theGAP-EF curves.

All the results presented so far are obtained in the cas
zero temperature. However, one can expect that such a
12530
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of GMR device also operates at room temperature if a pro
electric barrier is chosen. As we know, at a finite temperat
T the main contribution to the ballistic conductance com
from electrons with energy located in the region (EF
2kBT,EF1kBT). If the electric barrier is taken as a doubl
barrier form U(x)5U0@Q(x)Q(d2x)1Q(x2d2D)Q(L
2x)# andU0.EF1kBT, resonant tunneling is the dominan
transport mechanism and the distinction of the transmiss
between the P and AP alignments still exists. So the GM
effect may survive~though much smaller than the case
a
P
ts
m-
FIG. 4. The conductance of electrons as
function of the Fermi energy for both P and A
alignments under different electric barrier heigh
U050, 4, and 10. The magnetic structure para
eters are the same as those in Fig. 2.
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FIG. 5. The MR ratio vs the Fermi energy
The magnetic structure parameters are the sa
as those in Fig. 2. In the inset the MR ratio
shown as a function of the electric barrier heig
for a fixed Fermi energyEF515.
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T50) at finite temperature for the typical Fermi energy. F
practical utility, it is necessary to take a step further to inv
tigate other effects on the MR ratio, which include the te
perature, realistic scattering rates, disorder, and so on. S
works are now in progress.

In summary, we have investigated the ballistic transpor
a 2DEG subject to a combined magnetic-electric barr
where the magnetic barrier is created by depositing two p
allel ferromagnetic stripes with magnetizations along the c
rent direction. The results indicate that the difference
wave-vector-dependent transmission for two magnetiza
configurations~P/AP! leads to a tremendous MR ratio, whic
can approach 106% for a realistic electron density and can b
further adjusted by an electric barrier. Unlike metal-bas
GMR devices where the GMR is caused by spin-depend
f
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scattering, here the ferromagnets just generate a modu
local field and electronic spin plays a minor role in the b
listic transport because of a smallg factor in the GaAs
2DEG. Due to its obviously measurable electric resista
and low switching magnetic field (;1 T), such a
semiconductor-based GMR structure is an ideal candidat
magnetic reading devices. Of course, it is also in the rea
able scope of current technological advances. In addition
structure with AP alignment is shown to suppress the tra
mission for electrons with large incident angle and thus
be used to collimate the 2D electron beam.
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