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Resistance effects due to magnetic guiding orbits
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The Hall and magnetoresistance of a two dimensional elec-
tron gas subjected to a magnetic field barrier parallel to the
current direction is studied as function of the applied per-
pendicular magnetic field. The recent experimental results
of Nogaret et al. [Phys. Rev. Lett. 84, 2231 (2000)] for
the magneto- and Hall resistance are explained using a semi-
classical theory based on the Landauer-Büttiker formula. The
observed positive magnetoresistance peak is explained as due
to a competition between a decrease of the number of con-
ducting channels as a result of the growing magnetic field,
from the fringe field of the ferromagnetic stripe as it becomes
magnetized, and the disappearance of snake orbits and the
subsequent appearance of cycloidlike orbits.

73.50.Jt; 73.50-h; 73.23

I. INTRODUCTION

Recently, there has been a growing experimental and
theoretical activity directed towards an increased func-
tionality of present day electronic devices. Previously,
electrical potentials were used to modify the current,
while more recently one became interested in the effects
of magnetic field profiles, modulated or not, on the mo-
tion of electrons in semiconductor structures. The lat-
ter is usually a heterostructure which contains a two-
dimensional electron gas (2DEG). Inhomogeneous mag-
netic field profiles in the 2DEG are created by depositing
superconducting or ferromagnetic materials on top of the
heterostructure which is then patterned in the desired
shape using modern nanolithography.1

These hybrid systems are important from a theoretical
and technological point of view, since they open the door
to new physics which might result in e.g. new magneto-
electronic devices.2 An example of such a new device is
the Hybrid Hall effect device3,4 in which the magnetic
material provides a local magnetic field which influences
locally the electron transport in the underlying 2DEG.
The 2DEG then acts as a detector5 measuring the mag-
netic state of the magnetic material.
The fringe field arising from a magnetic stripe forms

a magnetic barrier for the electron motion in the
2DEG.6–11 Barriers can be created in which the sign of
the magnetic field alters in different regions of space. Due
to this magnetic gradient, electrons can be bound at the
boundary line between two regions of opposite magnetic
field. The spectrum and the corresponding magnetic edge
states have been studied recently.6,12–16

When an (1D) inhomogeneous magnetic field is applied
across a quasi 1D wire, these magnetic edge states are
confined electrically due to the wire confinement poten-
tial and they mix with the ordinary edge states.17 Such a
situation was recently realized by Nogaret et al.,18 where
the inhomogeneous magnetic profile was arising from a
perpendicularly magnetized ferromagnetic stripe grown
on top of the 2DEG. They measured the magneto- and
Hall resistance as function of a background magnetic
field, and observed a sharp resistance resonance effect,
which they attributed to the formation and subsequent
killing of magnetic edge states.
In the present work we give a detailed theoretical anal-

ysis of this experiment, using a semi-classical approach
in which we consider the electrical and magnetic con-
finement quantum mechanically, and include scattering
processes using classical arguments. Both, the measured
Hall resistance and the magnetoresistance will be ex-
plained. We will show that the theoretical picture of
Nogaret et al. only captures part of the physics which
is involved and is unable to predict the correct position
of the peak in the magnetoresistance and the Hall resis-
tance.
The side and top view of the experimental setup of

Nogaret et al.18 are shown in Fig. 1. A Hall device
consisting of a W = 2µm wide 2DEG channel in a
GaAs/AlGaAs-heterojunction was fabricated, with elec-
tron density ne = 1.94 × 1015m−2 and mean free path
ℓ = 4.5µm at 4.5K. A narrow (Wf = 0.5µm) 32µm long
ferromagnetic (Fe or Ni) stripe (thickness df = 200µm)
was grown a distance h = 80nm above the center of the
electron channel.
The electron transport in the 2DEG is only influenced

by the perpendicular component of the magnetic stray
field. In absence of any background magnetic field the
ferromagnetic stripe is magnetized along the easy axis,
i.e. the y-direction, and the fringe field is situated out-
side the quasi 1D wire, i.e. in reservoir 1 and 2. Ap-
plication of a perpendicular background magnetic field
rotates the magnetization to align with the z-axis, and
this will result in a stray field in the wire, which imposes
a step magnetic field profile along the y-direction (see
Fig. 1(b)). The actual magnetic field profile is slightly
rounded (see Ref. 18) but we checked that our results
are not influenced by this simplification. This magnetic
step adds an inhomogeneous magnetic field component
to the uniform applied magnetic field Ba which induces
the observed resistance effects. In the present analysis,
we restrict ourselves to a Fe-stripe (saturation magneti-
zation: 1.74 T), since this was studied most thoroughly
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in Ref. 18 and produced the most pronounced resonance
effect.
This paper is organized as follows. In Sec. II we present

our theoretical approach. In Sect. III we calculate the
two terminal resistance as function of the applied back-
ground magnetic field. The Hall resistance is studied in
Sect. IV and in Sect. V the magnetoresistance is calcu-
lated. We will discuss differences between our theoretical
results and the experimental (and theoretical) results of
Nogaret et al.18 Our theoretical explanation for the ob-
served resonance effect in the magnetoresistance deviates
from the one proposed in Ref. 18. In Sect. VI we sum-
marize our conclusions.

II. THEORETICAL APPROACH

The magneto- and Hall resistance are measured exper-
imentally by use of a four-terminal configuration. In con-
trast to the theoretical study of Nogaret et al.18, we will
retain this feature in the present discussion. The four-
terminal configuration is schematically shown in Fig. 2
for (a) a Hall measurement and (b) a magnetoresistance
measurement. The leads are in thermodynamical equilib-
rium and can be characterized by a chemical potential µi.
Each reservoir injects a current Ii of electrons into the 1D
wire. If several bands are occupied, we have to consider
a many-channel situation, and according to Büttiker,19

the current in each of the leads is given by

Ii =
e

h

∑

n,n′







[δn,n′ − Tii(n, n
′)]µi −

∑

j 6=i

Tij(n, n
′)µj







,

(1)

where Tij(n, n
′) is the probability for an electron in chan-

nel n of lead i to be scattered/transmitted to n′ of lead
j. Current conservation requires Ni = Rii+

∑

j 6=i Tij for

all i, with Tij =
∑

n,n′ Tij(n, n
′) and Rii = 1 − Tii and

Ni is the number of channels in lead i.
Each channel n contributes a probability Tij(n) to the

conductivity which is transmitted from probe 1 to probe
2. The total transmission from probe i to j then equals
Tij =

∑

n≤N Tij(n), and Eq. (1) is simplified to

Ii =
e

h

∑

n







[1−Rii(n)]µi −
∑

j 6=i

Tij(n)µj







. (2)

In this type of measurement, only two probes are cur-
rent carrying, i.e., i = 1, 2, which results in the condition
I1 = −I2 = I while the other probes are voltage probes
and do not carry any net current: I3 = I4 = I5 = 0.
In order to calculate the four-terminal magneto- and

Hall resistance, we will make another simplifying as-
sumption that the voltage probes are weakly coupled,
i.e. their influence on the net current I is very small

(I = (µ1−µ2)/R12,12) and the chemical potentials in each
of the voltage probes can be calculated in the absence of
the other voltage probes (µi = (Ti1µ1+Ti2µ2)/(Ti1+Ti2)
with i = 3, 4). The general formula for this kind of re-
sistance measurement is then readily obtained and given
by

R12,3i =
µ3 − µi

eI
=

h

e2
1

T12

T31Ti2 − T32Ti1
(T31 + T32)(Ti1 + Ti2)

=
h

e2
1

T12
F = R12,12F,

which is the two terminal resistance R12,12 multiplied
with a geometrical form factor F , which is less than one.
In the following we will first calculate the two-terminal

resistance R12,12 and then concentrate on the geometrical
form factor F in the case of a Hall or magnetoresistance
measurement.

III. THE ENERGY SPECTRUM AND THE

TWO-TERMINAL RESISTANCE

The two-terminal resistance is given by R12,12 = (µ2−
µ1)/I. We know that in the absence of any collisions, the
current which flows from reservoir 1 to 2 is determined
by the number of subbands N which are occupied at the
Fermi level. Since the mean free path in the experiment
of Nogaret et al.18 is ℓ = 4µm, which is larger than the
wire width (W = 2µm), we can, to a good approxima-
tion, neglect the influence of scatterers on the spectrum
and calculate the number of channels quantum mechan-
ically following the work of Müller12 for a pure quasi 1D
quantum wire.
We consider a system of noninteracting electrons mov-

ing in the xy-plane subjected to a hard wall confinement
−W/2 < x < W/2, where W is the width of the wire.
The electrons are subjected to a magnetic field profile
−→
B = (0, 0, Bz(x)). This profile equals Bz = Bi(Ba)+Ba,
where Ba is the uniform applied background field and Bi

is the induced magnetic field profile due to the magne-
tized stripe.
In correspondence with Ref. 18 we will model the shape

of the induced magnetic field profile by the average mag-
netic field on the respective sides of the magnetic stripe
edges, i.e. at saturation the magnetic field profile is
given by Bsat = B1 − (B1 + B2)θ(|x| − Wf/2), where
θ is the heavyside step function and B1 = −0.06 Tesla
and B2 = 0.28 Tesla are the modeled magnetic field
strengths underneath and away from the stripe as shown
in Fig. 1(c). We also performed the calculations for the
exact magnetic field profile, but this resulted in negligible
small quantitative differences.
We model the magnetization of the stripe by con-

sidering two limiting cases: (A) when the stripe is al-
ready magnetized at Ba = 0 Tesla (as was consid-
ered by Nogaret et al.), i.e. Bi = Bsatsign(Ba) which
is the hard magnet case, and (B) when the applied
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magnetic field magnetizes the stripe as for soft mag-
nets. In case (B) we assume Bi to be linearly vary-
ing with applied background magnetic field Ba, up to
Ba = 0.05 Tesla, where saturation is attained according
to Ref. 18. The induced magnetic field is then given by
Bi = Bsat{1− [1− θ(|Ba| − 0.05)](1− |Ba|/0.05)}. The
actual experimental behaviour is expected to be situated
closer to situation (B) than to (A).
The one-particle states are described by the Hamilto-

nian

H =
1

2me

p2x +
1

2me

[

py −
e

c
A(x)

]2

+ V (x), (3)

where V (−W/2 < x < W/2) = 0 and V (x < −W/2) =
V (x > W/2) = ∞. Taking the vector potential in the

Landau gauge
−→
A = (0, Ay(x), 0), such that ∂Ay(x)/∂x =

Bz(x), we arrive at the following 2D Schrödinger equa-
tion
{

∂2

∂x2
+

[

∂

∂y
+Ay(x)

]2

+ 2[E − V (x)]

}

ψ(x, y) = 0,

(4)

where the magnetic field is expressed in B0, magnetic
units are used for a homogeneous field of B0 = 1 Tesla,
i.e., all lengths are measured in l0 =

√

h̄c/eB0 =
0.0257µm and energy is measured in units of E0 =
h̄eB0/mec = 1.7279meV . H and py commute due to
the particular choice of the gauge, and consequently the
wavefunction becomes

ψ(x, y) =
1

√

(2π)
e−ikyφn,k(x), (5)

which reduces the problem to the solution of the 1D
Schrödinger equation

[

−
1

2

d2

dx2
+ Vk(x)

]

φn,k(x) = En,kφn,k(x), (6)

where it is the k-dependent effective potential

Vk(x) =
1

2
[xBz(x) + k]2 + V (x), (7)

which contains the two dimensionality of the problem.6

We solve Eq. (6) numerically by use of a discretization
procedure.
For given applied background magnetic field we calcu-

lated the energy spectrum for case (A) with W = 2µm.
The results are shown in Fig. 3 for Ba/B0 = 0; 0.1; 0.5.
These energy spectra are symmetric in k and for small
Ba consist of the superposition of two parabolic spectra.
For small k-values and for energies below the intersection
of the two parabolas Landau levels are present due to
electrons which are bound underneath the stripe. These
levels shift away from each other as the background mag-
netic field increases, due to the increase of the magnetic

field underneath the stripe (B1). For increasing mag-
netic field the two parabolas shift further away from each
other, towards higher |k| values. Due to the confinement
of the wire, each parabola is infinitely dublicated, where
its maximum is shifted to higher energy and to lower
k-values. For higher magnetic fields (Ba > 0.5B0) Lan-
dau levels arise, due to the magnetic field away from the
stripe (B2 < B1) which is now strong enough to localize
electrons into cyclotron orbits.
The classical trajectories (for E = 4E0) corresponding

to the different regions in k-space are shown on top of
Fig. 3. We restricted ourselves to trajectories of states at
energy E = 4E0, since at zero temperature only channels
with energy E = ǫF = 4E0 = 6.9 meV contribute to the
conductivity.
For (B) the spectrum at Ba/B0 = 0; 0.03; 0.06 and

the corresponding classical orbits at the Fermi energy
are shown in Fig. 4. For Ba = 0 the magnetic stripe
is not magnetized and the spectrum consists only of the
potential confined levels. One single parabola (and its
duplicates due to confinement) centered around k = 0
is found which splits into two and its center shifts to-
wards higher |k|-values. Below the intersection of the
two shifted parabolas Landau states are formed. No-
tice that some levels intersect the Fermi energy twice as
much as before. These Landau states separate further
away from each other for increasing magnetic field. For
Ba ≥ 0.05B0 the spectra are identical to the ones of (A).
The number of conducting channels is given by the

number of energy levels intersecting the Fermi energy N ,
and hence the current is

I =
e

h
T12(µi − µj) (8)

with T12 =
∑

n<N T12(n) = N , since in absence of any
collisions T12(n) = 1.
Nevertheless, the mean free path measured by Nogaret

et al. is smaller than the length of the wire Ly = 16 µm
and also smaller than the distance between the probes.
Thus, scattering will play an important role in electron
transport and consequently T12(n) will be less than 1.
In order to account for this, we will estimate the trans-
mission coefficient for every channel using classical argu-
ments. Since we consider the voltage probes as weakly
coupled, they result in a very weak perturbation of the
electron-current path, and scattering due to the voltage
probes will be neglected. The only scattering we consider
is due to collisions with impurities and other imperfec-
tions in the 1D-channel.
The rate at which these collisions occur depends clas-

sically on the velocity in the y-direction, the length of
the wire and the scattering time. The lower the ve-
locity in the y-direction, the longer it takes to over-
come the distance between probe 1 and probe 2, and the
more probable it will be to experience a scattering event.
Because of this we consider the transmission probabil-
ity of every channel to be proportional to its velocity
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vy = −∂En(k)/∂k|ǫF and the scattering time τ , and in-
versely proportional to the length Ly of the wire, i.e.,

T12(n) ∼
vy(n)τ

Ly

. (9)

So finally, we arrive at the two terminal resistance

R12,12 =
1

α

h̄

e2
1

∑

n vy(n)
, (10)

where n runs over all the N electron states with positive
velocity (or negative velocity) at the Fermi energy ǫF ,
and α is a function of Ly and τ .
First we will discuss the change of the two-terminal

resistance R12,12 with respect to the situation in absence
of the ferromagnetic stripe R0

12,12, which we will call the

induced resistance R12,12/R
0

12,12. This property was also

calculated and discussed by Nogaret et al.,18 and is plot-
ted in Fig. 5 as function of the applied magnetic field
Ba for the approach of Ref. 18 (dashed curve) and ours
(dotted and solid curves). The zero temperature result
is shown in the inset.
We notice that at zero temperature, many discontinu-

ous jumps are present. As we will see further on, their
position is very sensitive to the Fermi-energy and they
disappear at 4.2 K. The energy distribution function
f(E, T ) = {exp[(E − ǫF )/kBT ] + 1}−1 is not a stepfunc-
tion for nonzero temperature and consequently also elec-
trons with energy different from ǫF will contribute to the
conductivity. This will smoothen out these oscillations,
as is shown in Fig. 5. Also the broadening of the energy
levels due to e.g. potential fluctuations will have such a
smoothening effect on the resistance curves. Hence, we
will only show these smooth curves in the next figures.
The curves (A) and (B) differ only for Ba < 0.05B0.

In case (A) the resistance for Ba = 0 is larger than in
the absence of the magnetic stripe. Increasing the back-
ground magnetic field results in a slight overall increase
of the induced resistance. At Ba = 0.02B0 the induced
resistance reaches its maximum, then it decreases rapidly.
The induced resistance in case (B) starts at 1 for

Ba = 0, increases more rapidly and attains its maxi-
mum at a slightly higher Ba-value, i.e., Ba = 0.0375B0.
Then it decreases rapidly up to Ba = 0.2B0. We again
notice oscillations at zero temperature (see inset), but
fewer than for case (A). For larger Ba-values the oscilla-
tions disappear and the scaled resistance increases ulti-
mately to one.
Nogaret et al.18 obtained theoretically a somewhat

similar behaviour, as is indicated by the dashed curve, ex-
cept for the peak which was situated at a slightly higher
value Ba = 0.06B0. They made the assumption that the
stripe was already fully magnetized at Ba = 0 like in
our case (A). Moreover they considered the magnetore-
sistance for a homogeneous magnetic field profile with
magnetic field strength Ba, and considered the effect of
the magnetic stripe profile by adding classical trajecto-
ries of states which arise due to the presence of the stripe.

In order to simplify the problem, they only considered
states which do not reach (classically) the edge of the
sample. They attributed the initial positive magnetore-
sistance to snake orbits (see situation “◦” in Fig. 3(a))
which are killed with increasing magnetic field and there-
fore no longer contribute to the conductivity for larger
fields. At Ba = 0.06B0 all snake orbits have vanished
and it is due to this, they inferred, that the resistance
reaches its maximum. However if the magnetic field is
larger than 0.06B0, the magnetic field has the same sign
over the whole sample but has different strength under
the stripe and away from it, and a new type of magnetic
edge states, so called cycloidlike states (see the states
indicated by “⊳” in Fig. 3(b)), arises, which again en-
hances conductivity and thus lowers the resistance. The
fact that the influence of the latter orbits vanishes for
larger Ba-values is due to the decrease of the velocity of
these states with decreasing relative difference between
the two neighboring magnetic fields.
In case (A), when the saturation magnetization is al-

ready attained at Ba = 0, we cannot attribute the ex-
istence of the (small) peak to the creation or annihila-
tion of a certain classical state. Fig. 3 shows the energy
spectrum and the corresponding classical states at the
Fermi-energy ǫF = 4E0 for (a) Ba = 0, (b) Ba = 0.1B0

and (c) Ba = 0.5B0. From this figure we see that the
enhancement of the resistance is a pure quantum me-
chanical effect and involves many different types of states
with different velocities. Therefore an explanation based
on the appearance or disappearance of only snake orbits
as done by Nogaret et al. is not possible, at least for
small Ba. The discontinuous behaviour for small Ba (see
the inset in Fig. 5) is due to edge states at the Fermi-level
whose energy moves through the Fermi level and then no
longer contribute to the conduction. They have nonzero
velocity and hence this is also reflected in the resistance.
For larger Ba > 0.05B0 the curve coincides with the one
of case (B).
In case (B), the initial magnetoresistance can be un-

derstood more easily. For Ba = 0, the stripe is not yet
magnetized and thus there is no effect of the magnetic
stripe. Fig. 4(a) shows subbands formed due to the quasi
1D confinement (N = 70 subbands contribute to the con-
duction). Already for a small applied magnetic field, a
relative large magnetic field is induced in the wire due to
the magnetization of the ferromagnetic stripe. Whereas,
for Ba = 0 the only confinement was due to the edges of
the sample, the magnetic field tends to localize electrons
into cyclotron orbits and thus forces them in Landau lev-
els, which separate further in energy with increasing mag-
netic field. As a consequence less channels will intersect
the Fermi-level and consequently less channels contribute
to electron transport and the resistance increases.
But there is a competing effect due to the presence of

the magnetic stripe which tends to lower the induced re-
sistance: new edge states arise (see the states indicated
by “⊳” and “⊲” in Figs. 3 and 4) which travel in the
opposite direction of the normal edge states. In terms
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of energy spectra, this effect is contained in subbands
which contribute twice to the conductivity, as can be
seen in Figs. 3(b,c). It overcomes the previous one at
Ba = 0.0375B0, and the induced resistance decreases.
This effect contributes even for Ba > 0.06B0, when the
magnetic field has the same sign in the whole wire, and
the previously mentioned cycloidlike orbits appear. For
increasing magnetic field their influence decreases, al-
though their number with respect to normal edge states
increases. This is due to their velocity, which decreases
for increasing Ba for reasons given by Nogaret et al.
In the following sections, we will try to reproduce the

experimental results obtained by Nogaret et al. First we
will concentrate on the Hall resistance, before we focus
on the magnetoresistance.

IV. THE HALL RESISTANCE

In order to calculate the magneto- and Hall resistance
we will further simplify the problem, by making the as-
sumption of symmetrical probes. In case of the Hall re-
sistance, the two voltage probes, i.e. probe 3 and 4, are
in front of each other as is clear from Fig. 2, and due
to this symmetry the transmission probabilities can be
written as T31 = T42 = T and T32 = T41 = t. The Hall
resistance then attains a very simple form

R12,34 =
1

α

h

e2
1

T12

(T/t− 1)

(T/t+ 1)
, (11)

as was already derived in Ref. 20. Note that there is ad-
ditionally one parameter α and one function t/T which
describe the behaviour of the Hall resistance. In the ab-
sence of any magnetic field t/T = 1, and consequently
the Hall resistance reduces to zero. As the cyclotron ra-
dius decreases, electrons will be localized closer to the
edge (in edge states) and consequently the probability
for an electron bouncing on one edge to be transmit-
ted in a probe on the other side of the wire decreases
drastically, i.e. exponentially, with increasing magnetic
field, as can be inferred from Ref. 20. Consequently
t/T will decrease rapidly and ultimately for already a
small applied magnetic field the geometrical form factor
F = (T/t− 1) / (T/t+ 1) will be 1 in which case the Hall
resistance equals the two-terminal resistance R12,12.
In order to obtain qualitative agreement with experi-

ment, we follow Ref. 21 and take the following functional
form for t/T = exp[−25Ba− (35Ba)

2] with Ba expressed
in Tesla. If we take R0

12,34(Ba) = (3669.4 ∗ Ba)Ω as the
functional form of the Hall resistance in absence of the
magnetic stripe, which we obtained from a linear fit of
the experimental result by Nogaret et al., we obtain the
induced Hall resistance R12,34/R

0
12,34 as shown in Fig. 6

for case (A) and (B) (dotted and solid curves, respec-
tively) which is compared with the experimental result
(dashed curve).

We notice that the induced Hall resistance for Ba = 0
approaches 0.5 in both cases (A) and (B), and increases
rapidly until Ba = 0.0325B0 in case (A) and Ba =
0.0375B0 for (B). The experimental peak position of the
Hall resistance Ba = 0.04B0 is very close to these values.
For larger Ba the curve almost coincides with the one in
Fig. 5, which is due to the exponential form of t/T .
Notice that for case (B) the peak is very close to the

experimental position and the qualitative behaviour of
the Hall resistance is reproduced, the experimental curve
differs quantitatively with the theoretical one only for
Ba > 0.04B0. Our Hall resistance in this magnetic field
range is smaller than measured experimentally. From this
comparison it seems that the cycloidlike electron trajec-
tories do not contribute much for large applied magnetic
field Ba. This might be due to a large concentration of
scatterers underneath the magnetic stripe edge, which
might arise from the fabrication process of the sample.
This would not only result in an increase of the resis-
tance, but would especially hamper/kill the cycloidlike
states propagating underneath it.
Due to the fact that the Hall resistance for large Ba

equals the two terminal resistance, it is possible to esti-
mate α by comparison of the theoretical curve with the
experimental one. In order to obtain reasonable agree-
ment with the experimental curve, we have to assume
α = 1.59. This value is now fixed and will be used to
compare our theoretical results on the magnetoresistance
with the experimental results of Ref. 18.

V. THE MAGNETORESISTANCE

In order to measure the magnetoresistance, the volt-
age probes are on the same side of the wire and separated
a distance from each other along the 1D wire as shown
schematically in Fig 2(b). If the probes are situated on
the same side (which is the case for the curves under
study), we can approximate the transmission probabili-
ties by: T31 = T , T32 = (1−β)t, T42 = (1−β)T , T43 = t,
where β < 1 is defined as the fraction of the current I12
which is reflected due to collisions between probe 3 and
4. The magnetoresistance is then given by

R12,34 =
h

e2
1

T12

(2− β) β
[

t
T
+ T

t

]

(1− β) + β2 − 2β + 2
. (12)

Note that in this case there are two parameters α and
β and one function t/T which determine the Hall resis-
tance.
In absence of any magnetic field, t/T = 1 and we ob-

tain for the form factor F ≈ β/(2 − β). For increas-
ing magnetic field Ba, t/T will decrease rapidly and for
Ba ≫ 0, t/T < 1, which results in F = (t/T )(2β)/(1−β).
Theoretically α and t/T are identical to those of the

previous section and we have only to determine the pa-
rameter β. It is clear that also this parameter depends
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on the distance between the two voltage probes, the scat-
tering time and the velocity of the electron states at the
Fermi-level. For simplicity we will consider β(Ba) ≈ β to
be independent of the magnetic field, which is justified
since the function t/T (Ba) changes more drastically than
β(Ba). We will show that this approximation already re-
sults in good qualitative agreement with the experimen-
tal curves.
If we insert α = 1.59 and t/T identical to the ones

obtained from the Hall resistance, we arrive at the mag-
netoresistance shown in Fig. 7. In this figure we took
β = 0.95 and plotted R12,35 for case (A) (dotted curve)
and case (B) (solid curve) together with the experimen-
tal result of Nogaret et al. (dashed curve), which is
plotted with respect to the right hand axis. We find
a peak in the resistance at Ba = 0.02B0 in case (A), and
Ba = 0.0275B0 for (B). The experimental peak position
(Ba = 0.03B0) (dotted curve) is very close to our theo-
retical result for case (B). Notice that the peak position
occurs for smaller Ba then for the induced Hall resis-
tance, which is in correspondence with the experimental
results.
In contrast to the experimental results, we notice that

for large Ba-values the magnetoresistance is zero. This
is due to the fact that we have assumed that for large
Ba-values, t/T = 0. But due to scattering there is al-
ways a possibility for an electron to be scattered from
an edge state localized on one side of the sample to
an edge state on the other side (and traveling in the
other direction). If we assume that this effect results
in a constant remainder t0 = 0.005 and corresponding
t/T = (1 − t0) exp[−25Ba − (35Ba)

2] + t0, we obtain
the positive magnetoresistance as measured experimen-
tally. This background does not change the Hall resis-
tance qualitatively: the slope decreases, but this can eas-
ily be compensated with a larger α in order to have good
agreement with the experiment.
It is very hard to reproduce the experimental results

quantitatively, as is obvious from the need for a different
left and right axis. The magnitude of the experimental
result is larger, and an additional background is present.
Due to the approximations made in our simple approach,
we underestimated the magnetoresistance. Moreover, the
experiment also suffers from other effects, like backscat-
tering etc., which also influence the resistance but which
we did not take into account in this paper. Nevertheless,
we were able to reproduce the position and the magni-
tude (≈ 150 Ω) of the peak.

VI. CONCLUSIONS

In this paper we studied electron transport in a quan-
tum wire subjected to an abrupt magnetic field gradi-
ent arising from a ferromagnetic stripe fabricated at its
surface, as was investigated experimentally by Nogaret
et al.18 We were able to reproduce the main qualita-

tive features of the magnetic field dependence of the Hall
and magnetoresistance. In particular, the position of the
peak in both resistances was correctly explained. This
peak is due to two competing effects, i.e. the increase of
the separation between subbands for increasing magnetic
field, which decreases the number of conducting channels,
and the killing of snake orbits and the creation of states
which travel in the opposite direction of ordinary snake
orbits, the so called cycloidlike states.16 Two models for
the magnetization of the ferromagnetic stripe were con-
sidered corresponding to the extreme cases of a hard (A)
and a soft (B) magnet. Model (B) gives the closest agree-
ment with experiment which agrees with the observation
by Nogaret et al. that almost no hysteresis was observed.
In comparison with the theoretical approach of Noga-

ret et al.,18 ours differs essentially in two ways: (1) the
magnetic field profile is the one created by a soft magnet
while Nogaret et al. assumed a magnetic barrier which is
already present for zero applied magnetic field, and (2)
we calculated the Hall and magnetoresistance for a four
probe measurement with particular geometry, by use of a
semi-classical theory based on the Landauer-Büttiker for-
mula, while Nogaret et al.18 made use of a semi-classical
drift diffusion model.
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FIG. 1. The top (a) and side view (b) of the sample config-
uration used by Nogaret et al.18 In (c) the resulting (modeled)
magnetic field profile in the wire is shown with Bi the mag-
netic field profile due to the fringe fields and Ba the uniform
externally applied field.

FIG. 2. Four-terminal configuration in (a) a Hall and (b) a
magnetoresistance measurement. In a magnetic field the elec-
tron current flows along the edge. This current is schemat-
ically shown together with the different transmission proba-
bilities.

FIG. 3. The energy spectrum in case (A) as function of
k for (a) Ba/B0 = 0, (b) 0.1, and (c) 0.5. The classical
trajectories for ǫF = 4E0 are schematically shown on top of
the figures for the k-range indicated by the solid bars. The
darker area in these insets correspond to the position of the
magnetic stripe.

FIG. 4. The same as in Fig. 3, but now for case (B) for
(a) Ba/B0 = 0, (b) 0.03 and (c) 0.06.

FIG. 5. The induced two point resistance R12,12/R
0

12,12

as function of Ba for case (A) (dotted curve) and case (B)
(solid curve), and according to the approach of Nogaret et
al. (dashed curve). The inset shows the zero temperature
induced resistance.

FIG. 6. The induced Hall resistance R12,34/R
0

12,34 as func-
tion of the applied magnetic field Ba as measured experimen-
tally by Nogaret et al. (dashed curve) and our theoretical
result for case (A) (dotted curve) and case (B) (solid curve).

FIG. 7. The magnetoresistance R12,35 as function of the
applied magnetic field Ba in case (A) (dotted curve) and (B)
(solid curve). The latter is plotted with and without remain-
der t0. The experimental result of Nogaret et al. (dashed
curve) is plotted with respect to the axis on the right hand
side
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