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Abstract
Based on a combination of an inhomogeneous magnetic field and a two-
dimensional electron gas, we have constructed a giant magnetoresistance
nanostructure, which can be realized experimentally by the deposition of
two parallel ferromagnetic strips on top of a semiconductor heterostructure.
We have theoretically studied the magnetoresistance for electrons tunnelling
through this nanostructure. It is shown that there exists a significant
transmission difference between the parallel and antiparallel magnetization
configurations, which leads to a large magnetoresistance. It is also shown
that the magnetoresistance ratio strongly depends not only on incident
electronic energy but also on the ferromagnetic strips, and thus a much
larger magnetoresistance ratio can be obtained by properly fabricating the
ferromagnetic strips in the system.

1. Introduction

The discovery of the giant magnetoresistance (GMR) effect in 1988 [1] has attracted a great
amount of experimental and theoretical attention to GMR systems in recent years [1–16]. At
present, the GMR effect has given rise to many significant practical applications in magnetic
information storage [2, 3], including ultrasensitive magnetic field sensors, read heads, random
access memories and so on [4]. The GMR effect is usually observed in a sandwiched structure
composed of two ferromagnetic layers separated by a thin nonmagnetic layer, when the
relative orientations of the magnetizations of these two magnetic layers are switched by an
externally applied magnetic field from an antiparallel (AP) to a parallel (P) alignment. In the
P configuration, the conductance of the structure is higher since the spin-dependent scattering
of the carriers is minimized, while the conductance is lower for the AP configuration due to
the maximized spin-dependent carrier scattering. In the GMR device, the current can either
be perpendicular to the planes of the layers (the so-called CPP geometry) or be parallel to the
interfaces (the CIP geometry). Moreover, the degree of the GMR effect is usually characterized
in the magnetoresistance ratio defined by MR = (G P − G AP )/G AP , where G P and G AP are
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the conductances for P and AP alignments respectively. For a specific GMR device, one
hopes from the viewpoint of practical applications that the system possesses high MR under a
relatively low saturation magnetic field. High values of the MR up to 220% have been reported
at low temperatures [5]. In addition, the CPP geometry generally has a higher MR than the CIP
geometry, but experiments on the GMR effect are mostly performed with the latter geometry
because the experimental set-up in CIP is easier to achieve than in CPP [6, 14, 16].

Very recently, using δ-function magnetic barriers on the two-dimensional electron
gas (2DEG), a GMR device has been proposed and studied [6]. It has been found that although
the average magnetic field of the structure is zero this kind of system possesses very high MR,
and the GMR effect makes no use of the spin degree of freedom, distinct from the situation
in conventional GMR devices. However, in [6] the use of an ideal magnetic profile can make
the attained results deviate from practical cases. In addition, in order to differentiate GMR
devices in the conventional sense one should call the kind of device defined by magnetic-barrier
nanostructures GMR-like or large magnetoresistance (LMR) devices. In this paper, based on a
combination of magnetic materials and semiconductor heterostructures, we have constructed
a realistic LMR device to study the GMR-like effect in a magnetic-barrier nanostructure. In
our work we employ the exact magnetic profiles instead of the ideal ones, and the effect of
system parameters on the MR of the device is examined in detail.

2. Model and formulation

The system we consider in this work is schematically depicted in figure 1, which is based
on a combination of non-homogeneous magnetic fields (magnetic barriers) and a 2DEG. This
system can be experimentally realized [7, 8] by the deposition, on top of a semiconductor
heterostructure, of two parallel metallic ferromagnetic strips with magnetizations parallel to
the 2DEG lying in the xy-plane,where the parameters d , h and M0 stand for the width, thickness
and magnetization of the strip respectively, and z0 is the distance between the strip and the
2DEG. Here, figures 1(a) and (b) correspond to the P and AP configurations respectively for
the GMR-like device, which can be switched by means of an externally applied magnetic
field. The magnetic field produced by the magnetized ferromagnetic strip in the 2DEG can be
expressed by [9]

B = Bz(x)ẑ,

Bz(x) = M0h

{
z0

[(x + d/2)2 + z2
0]

− z0

[(x − d/2)2 + z2
0]

}
,

(1)

while its vector potential can be given, in the Landau gauge, by

A = [0, Ay(x), 0],

Ay(x) = M0h

{
tan−1

[
(x + d/2)

z0

]
− tan−1

[
(x − d/2)

z0

]}
.

(2)

The Hamiltonian describing such a 2DEG system in the framework of the parabolic-band
effective-mass approximation can be written as

H = p2
x

2m∗
e

+
[py + eAy(x)]2

2m∗
e

, (3)

where m∗
e and (px, py) are the effective mass and the momentum of the tunnelling electron.

Because the system is translationally invariant along the y direction, the solution of the
stationary Schrödinger equation H�(x, y) = E�(x, y) can be written as a product�(x, y) =
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Figure 1. Schematic illustration of the GMR-like device, where the structural parameters are
chosen to be M0h = 11.5 T nm, d = 57.5 nm, z0 = 5.75 nm, and the left and right ends of the
nanostructure are located at x− = −172.5 nm and x+ = 172.5 nm. Figures 1(a) and (b) correspond
to the P and AP alignments respectively.

eiqyψ(x), where q is the y component of the wavevector of the electron. Furthermore, the
wavefunction ψ(x) satisfies the following one-dimensional (1D) Schrödinger equation:

{
d2

dx2
−

[
q +

e

h̄
Ay(x)

]2

+
2m∗

e

h̄2 E

}
ψ(x) = 0. (4)

For convenience, in what follows we introduce the effective potential of the above nanostructure

Uef f (x, q) = 1

2m∗
e

[h̄q + eAy(x)]2. (5)
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Clearly, the effective potential of the nanostructure depends not only on the magnetic
configuration Bz(x) but also on the electron wavevector q , i.e. on the momentum parallel
to the magnetic barrier. The q-dependence renders the motion of electrons an essentially
two-dimensional (2D) process as would be expected from the classical analogy. From the
dependence of the Uef f on the magnetic profile Bz(x), one can easily see that for the device
presented in figure 1, when the parallel alignment (figure 1(a)) turns to the inverse (figure 1(b)),
Uef f varies substantially. Moreover, as discussed below, it is this variation of the effective
potential induced by its dependence on the magnetic configuration that results in the LMR effect
in the nanostructure involved, and the structural parameters of the system greatly influence the
magnitude of its LMR.

For our considered nanostructure, since it has a realistic magnetic profile Bz(x) and
thus a complex effective potential Uef f in the structural region [x−, x+], it is impossible to
exactly solve the equation of motion (4). Therefore, we adopt the approximate method in [10].
Without any loss of generality, in both incident and outgoing regions of the nanostructure, the
wavefunctions can be assumed as ψ(x) = eikx +re−ikx , x < x− and teikx , x > x+ respectively,
where k = √

2E − q2, r is the reflection amplitude and t is transmission amplitude. By using
transfer-matrix technology [11], we can obtain the transmission coefficient through the whole
nanostructure

T (E, q) = |t|2. (6)

Once the T (E, q) is known, the conductance of the nanostructure at zero temperature can be
calculated in the ballistic regime as the average electron flow over half the Fermi surface from
the well-known Landauer–Buttiker formula, and is given by

G(EF ) = G0

∫ π/2

−π/2
T (EF ,

√
2EF sin θ) cos θ dθ, (7)

with θ the incident angle relative to the x direction. The conductance is presented in units of
G0 = 2e2m∗

evF L y/h2, where vF is the Fermi velocity and L y is the longitudinal length of the
nanostructure.

3. Results and discussion

First, to demonstrate the discrepancy of transmission for electrons tunnelling through the
parallel configuration (figure 1(a)) and the AP one (figure 1(b)), we have calculated the
corresponding transmission coefficients of TP and TAP . Figure 2 shows these transmission
coefficients versus the incident energy E for electrons with different wavevector q = 0.0 µm−1

(full curve), 8.7 µm−1 (dashed curve) and −8.7 µm−1 (dotted curve), where figures 2(a) and (b)
correspond to the P and AP configurations, respectively. The structural parameters are chosen
to be M0h = 11.5 T nm, d = 57.5 nm and z0 = 5.75 nm for both configurations. In our
calculations the material is taken as the typical GaAs system, where m∗

e = 0.067 me with
me being the free-electron mass, and the left and right ends of nanostructures are located at
x− = −172.5 nm and x+ = 172.5 nm respectively. For the P configuration, the transmission
spectrum exhibits clear longitudinal-wavevector-dependent tunnelling features as confirmed
previously [9, 10],due to the essentially 2D process for electrons moving through the magnetic-
barrier structures. Moreover, one can obviously see that in the low-energy region there are
several resonant peaks with unity values. This can be expected because for the considered
wavevectors q the effective potential Uef f has a symmetric multiple barrier structure for the
P configuration, where the process of electron motion is resonantly tunnelling through these
barriers. When the system switches from the P configuration to the AP configuration, one can
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Figure 2. The transmission coefficients of electrons tunnelling through the P and AP configurations,
respectively, where the structural parameters are the same as in figure 1 and the wavevector
components of electron are taken to be q = 0.0 µm−1 (solid curve), 8.7 µm−1 (dashed curve),
and −8.7 µm−1 nm (dotted curve).

see from figure 2(b) that the electron transmission is greatly altered because of the variation
of the Uef f induced by the structure. There are several prominent features in the transmission
spectrum that we would like to summarize here.

(1) In the case of normal incidence (i.e. q = 0), the transmission coefficient for the AP
alignment is exactly the same as that for the P alignment because their corresponding
effective potentials are identical.

(2) The transmission coefficient of electrons with wavevector q is equal to that with −q , i.e.
the dashed curve and dotted curve in figure 2(b) overlap each other. For the AP alignment,
the magnetic profile Bz(x) and the corresponding vector potential Ay(x) are symmetric
and antisymmetric respectively with respect to the x axis, which results in the effective
potential Uef f (x, q) = Uef f (x,−q) according to the well-known fact that for particles
traversing a potential in opposite directions the transmission is always equal. Therefore,
such a symmetry leads to the invariance of the transmission with respect to the replacement
q → −q , i.e. in figure 2(b) the dashed curve and dotted one are the same.

(3) When q �= 0, the transmission coefficient is strongly suppressed for electrons tunnelling
through the AP configuration. This is because for the AP alignment the effective
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Figure 3. The magnetoresistance ratio MR as a function of the Fermi energy EF for the system
parameters which are the same as in figure 2. The inset gives the conductances G A (dashed curve)
and G AP (dotted curve) of the P and AP alignments respectively, where the conductances are in
units of G0 = 2e2m∗

evF L y/h2.

potential Uef f is antisymmetric for electric multiple-barriers or wells, where the electron
transmission is incomplete.

Since there exists an evident difference of transmission between the P and AP alignments,
it is expected that the conductance of the P configuration will differ greatly from that of the
AP structure. Indeed, our calculated results also confirm this discrepancy in the conductances
G P and G AP . In the inset of figure 3 we present the conductances G P (dashed curve) and
G AP (dotted curve) for the P and AP alignments versus the Fermi energy EF , where the
structural parameters are the same as in figure 2 and the conductance is in units of G0. The
strong suppression of the conductance G AP is clearly seen due to the great reduction of the
transmission coefficient TAP in contrast to the P alignment. It is this large suppression of the
conductance of the AP alignment that results in an evident GMR-like effect in the device.
Figure 3 shows the magnetoresistance ratio MR as a function of the Fermi energy EF for our
considered nanostructure. It is obvious that the MR can be up to 104% at certain Fermi energy
and varies drastically with the Fermi energy EF (namely, it exhibits evident oscillation with
respect to the Fermi energy). It is also evident that the GMR-like effect mainly occurs in the
low Fermi-energy region and the MR reduces to zero for large EF .

Finally, we examine the effect of the ferromagnetic strip and its position relative to the
2DEG on the LMR for the system shown in figure 1. Figure 4(a) shows the MR versus
the Fermi energy EF for the system parameters (M0h = 11.5 T nm, d = 57.5 nm, and
z0 = 17.25 nm), where the inset gives the conductances of the P (dashed curve) and AP
(dotted curve) alignments. Comparing with the case of figure 3, one can see that both the
G P and the G AP curves shift towards the low-energy region with increase of z0, and the first
conductance peak disappears. Furthermore, the corresponding MR curve also moves to the
left and the oscillation peaks become much sharper. Figure 4(b) presents the GMR effect of the
system, in which the structural parameters are the same as in figure 3 except for d = 86.25 nm
and the inset also shows the conductance G P and G AP . From the inset one can see that for wider
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Figure 4. The magnetoresistance ratio MR versus the Fermi energy EF for the device parameters
(a) M0h = 11.5 T nm, d = 57.5 nm, z0 = 17.25 nm, (b) M0h = 11.5 T nm, d = 86.25 nm,
z0 = 5.75 nm, and (c) M0h = 17.25 T nm, d = 57.5 nm, z0 = 5.75 nm respectively. The
insets show their corresponding conductances G A (dashed curve) and G AP (dotted curve) and
these conductances are also presented in G0 for comparison.

ferromagnetic strips (increasing the parameter d) the conductance curves to the right and the
difference between G P and G AP is increased. Therefore, the MR also shifts towards the high
Fermi energy direction and increases greatly when ferromagnetic strips of the system become
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wide. Figure 4(c) gives the results when the system parameters are M0h = 17.25 T nm,
d = 57.5 nm and z0 = 5.75 nm. Comparing with figure 3, we can see from this plot that
when M0h increases, the conductance curves are suppressed, become much sharper and the
discrepancy in conductances for the P and AP alignments is enhanced. We can also see that
the MR curve shifts towards a much higher Fermi energy region, its peaks are widened and
the MR ratio increases so that it is two orders of magnitude larger than that in figure 3. These
effects of the ferromagnetic strips on the MR of the device are attributed to the variation of
the effective potential of nanostructures because the parameters of the strips greatly influence
the magnetic profiles (see the equation (1)). At the same time, these features also imply that
one can greatly enlarge the magnetoresistance ratio (MR) of the device by means of proper
fabrication of the ferromagnetic strips in the system.

4. Conclusions

In summary, we have constructed a GMR-like or LMR device based on the combination of
non-homogeneous magnetic fields and a 2DEG, which can be experimentally realized by
the deposition of two parallel metallic ferromagnetic strips on the top of a semiconductor
heterostructure. We have theoretically investigated the LMR effect for electrons tunnelling
through this system. Our calculations show that, since there exists an evident tunnelling
difference in the P and AP configurations (especially the suppression of transmission for the
AP alignment), this nanostructure shows a considerable GMR-like effect, which is strongly
dependent upon the Fermi energy of electrons. We have also exhibited that the MR ratio is
greatly influenced by the ferromagnetic strips and their distance to the 2DEG. Therefore, a
much larger MR ratio can be achieved by properly fabricating the strips and by adjusting their
locations relative to the 2DEG.
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