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Resistance effects due to magnetic guiding orbits
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The Hall and magnetoresistance of a two-dimensional electron gas subjected to a magnetic field barrier
parallel to the current direction is studied as a function of the applied perpendicular magnetic field. The recent
experimental results of Nogaretet al. @Phys. Rev. Lett.84, 2231~2000!# for the magneto- and Hall resistance
are explained using a semiclassical theory based on the Landauer-Bu¨ttiker formula. The observed positive
magnetoresistance peak is explained as due to a competition between a decrease of the number of conducting
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.
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I. INTRODUCTION

Recently, there has been a growing experimental and
oretical activity directed towards an increased functiona
of present day electronic devices. Previously, electrical
tentials were used to modify the current, while more recen
one became interested in the effects of magnetic field p
files, modulated or not, on the motion of electrons in se
conductor structures. The latter is usually a heterostruc
which contains a two-dimensional electron gas~2DEG!. In-
homogeneous magnetic field profiles in the 2DEG are c
ated by depositing superconducting or ferromagnetic ma
als on top of the heterostructure which is then patterned
the desired shape using modern nanolithography.1

These hybrid systems are important from a theoretical
technological point of view, since they open the door to n
physics which might result in, e.g., new magneto-electro
devices.2 An example of such a new device is the Hybr
Hall effect device3,4 in which the magnetic material provide
a local magnetic field which influences locally the electr
transport in the underlying 2DEG. The 2DEG then acts a
detector5 measuring the magnetic state of the magnetic m
terial.

The fringe field arising from a magnetic stripe forms
magnetic barrier for the electron motion in the 2DEG.6–11

Barriers can be created in which the sign of the magn
field alters in different regions of space. Due to this magne
gradient, electrons can be bound at the boundary line
tween two regions of opposite magnetic field. The spectr
and the corresponding magnetic edge states have been
ied recently.6,12–16

When an~1D! inhomogeneous magnetic field is applie
across a quasi-1D wire, these magnetic edge states are
fined electrically due to the wire confinement potential a
they mix with the ordinary edge states.17 Such a situation
was recently realized by Nogaretet al.,18 where the inhomo-
geneous magnetic profile was arising from a perpendicul
magnetized ferromagnetic stripe grown on top of the 2DE
They measured the magneto- and Hall resistance as fun
of a background magnetic field, and observed a sharp re
tance resonance effect, which they attributed to the forma
and subsequent killing of magnetic edge states.
0163-1829/2001/63~16!/165317~8!/$20.00 63 1653
e-
y
-

y
o-
i-
re

-
ri-
in

d

c

a
-

ic
ic
e-
m
ud-

on-
d

ly
.
on
is-
n

In the present work we give a detailed theoretical analy
of this experiment, using a semiclassical approach in wh
we consider the electrical and magnetic confinement qu
tum mechanically, and include scattering processes u
classical arguments. Both, the measured Hall resistance
the magnetoresistance will be explained. We will show t
the theoretical picture of Nogaretet al. only captures part of
the physics which is involved and is unable to predict t
correct position of the peak in the magnetoresistance and
Hall resistance.

The side and top view of the experimental setup of No
ret et al.18 are shown in Fig. 1. A Hall device consisting of
W52 mm wide 2DEG channel in a GaAs/AlGaAs
heterojunction was fabricated, with electron densityne
51.9431015 m22 and mean free pathl 54.5mm at 4.2 K. A
narrow (Wf50.5 mm) 32mm long ferromagnetic~Fe or Ni!
stripe ~thicknessdf5200 mm) was grown a distanceh580
nm above the center of the electron channel.

The electron transport in the 2DEG is only influenced
the perpendicular component of the magnetic stray field

FIG. 1. The top~a! and side view~b! of the sample configura-
tion used by Nogaretet al. ~Ref. 18!. In ~c! the resulting~modeled!
magnetic field profile in the wire is shown withBi the magnetic
field profile due to the fringe fields andBa the uniform externally
applied field.
©2001 The American Physical Society17-1
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absence of any background magnetic field the ferromagn
stripe is magnetized along the easy axis, i.e., they direction,
and the fringe field is situated outside the quasi-1D wire, i
in reservoir 1 and 2. Application of a perpendicular bac
ground magnetic field rotates the magnetization to align w
the z axis, and this will result in a stray field in the wire
which imposes a step magnetic field profile along thex di-
rection @see Fig. 1~b!#. The actual magnetic field profile i
slightly rounded~see Ref.18! but we checked that our resul
are not influenced by this simplification. This magnetic s
adds an inhomogeneous magnetic field component to
uniform applied magnetic fieldBa which induces the ob-
served resistance effects. In the present analysis, we re
ourselves to a Fe-stripe~saturation magnetization: 1.74 T!,
since this was studied most thoroughly in Ref. 18 and p
duced the most pronounced resonance effect.

This paper is organized as follows. In Sec. II we pres
our theoretical approach. In Sec. III we calculate the t
terminal resistance as function of the applied backgro
magnetic field. The Hall resistance is studied in Sec. IV a
in Sec. V the magnetoresistance is calculated. We will d
cuss differences between our theoretical results and the
perimental~and theoretical! results of Nogaretet al.18 Our
theoretical explanation for the observed resonance effec
the magnetoresistance deviates from the one propose
Ref. 18. In Sec. VI we summarize our conclusions.

II. THEORETICAL APPROACH

The magneto- and Hall resistance are measured ex
mentally by use of afour-terminalconfiguration. In contras
to the theoretical study of Nogaretet al.,18 we will retain this
feature in the present discussion. The four-terminal confi
ration is schematically shown in Fig. 2 for~a! a Hall mea-
surement and~b! a magnetoresistance measurement. T
leads are in thermodynamical equilibrium and can be ch
acterized by a chemical potentialm i . Each reservoir injects a
currentI i of electrons into the 1D wire. If several bands a
occupied, we have to consider a many-channel situation,
according to Bu¨ttiker,19 the current in each of the leads
given by

FIG. 2. Four-terminal configuration in a Hall~voltage probes: 3
and 4! and a magnetoresistance~voltage probes: 3 and 5! measure-
ment. In a magnetic field the electron current flows along the ed
The different transmission probabilities are shown.
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n,n8

H @dn,n82Rii ~n,n8!#m i2(
j Þ i

Ti j ~n,n8!m j J ,

~1!

whereTi j (n,n8) is the probability for an electron in channe
n of leadi to be scattered/transmitted ton8 of leadj. Current
conservation requiresNi5Rii 1( j Þ iTi j for all i, with Ti j
5(n,n8Ti j (n,n8) and Rii 512Tii and Ni is the number of
channels in leadi.

Each channel n contributes a probability Ti j (n)
5(n8Ti j (n,n8) to the conductivity which is transmitted
from probe 1 to probe 2. The total transmission from probi
to j then equalsTi j 5(n<NTi j (n), and Eq.~1! is simplified to

I i5
e

h (
n

H @12Rii ~n!#m i2(
j Þ i

Ti j ~n!m j J . ~2!

In this type of measurement, only two probes are curr
carrying, i.e., i 51,2, which results in the conditionI 1
52I 25I while the other probes are voltage probes and
not carry any net current:I 35I 45I 550.

In order to calculate the four-terminal magneto- and H
resistance, we will make another simplifying assumption t
the voltage probes are weakly coupled (Ti j !Ti1 , Ti2 for i,
j 53, 4, 5!, their influence on the net currentI is very small
@ I 5(m12m2)/eR12,12# and the chemical potentials in eac
of the voltage probes can be calculated in the absence o
other voltage probes@m i5(Ti1m11Ti2m2)/(Ti11Ti2) with
i 53,4]. The general formula for this kind of resistance me
surement is then readily obtained and given by

R12,3i5
m32m i

eI
5

h

e2

1

T12

T31Ti22T32Ti1

~T311T32!~Ti11Ti2!

5
h

e2

1

T12
F5R12,12F,

which is the two-terminal resistanceR12,12 multiplied with a
geometrical form factorF, which is less than one.

In the following we will first calculate the two-termina
resistanceR12,12 and then concentrate on the geometric
form factor F in the case of a Hall or magnetoresistan
measurement.

III. THE ENERGY SPECTRUM
AND THE TWO-TERMINAL RESISTANCE

The two-terminal resistance is given byR12,125(m2
2m1)/eI. We know that in the absence of any collisions, t
current which flows from reservoir 1 to 2 is determined
the number of subbandsN which are occupied at the Ferm
level. Since the mean free path in the experiment of Noga
et al.18 is l 54.5 mm, which is larger than the wire width
(W52 mm), we can, to a good approximation, neglect t
influence of scatterers on the spectrum and calculate
number of channels quantum mechanically following t
work of Müller12 for a pure quasi-1D quantum wire.

We consider a system of noninteracting electrons mov
in the xy plane subjected to a hard wall confineme

e.
7-2
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FIG. 3. The energy spectrum
in case~A! as function ofk for ~a!
Ba /B050, ~b! 0.1, and ~c! 0.5.
The classical trajectories foreF

54E0 are schematically shown
on top of the figures for thek
range indicated by the solid bars
The darker area in these inse
correspond to the position of th
magnetic stripe.
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2W/2,x,W/2, whereW is the width of the wire. The elec

trons are subjected to a magnetic field profileBW
5@0,0,Bz(x)#. This profile equalsBz5Bi(Ba)1Ba , where
Ba is the uniform applied background field andBi is the
induced magnetic field profile due to the magnetized stri

In correspondence with Ref. 18 we will model the sha
of the induced magnetic field profile by the average magn
field on the respective sides of the magnetic stripe edges,
at saturation the magnetic field profile is given byBsat5B1
1(B22B1)u(uxu2Wf /2), where u is the heavyside step
function andB150.28 T andB2520.06 T are the modeled
magnetic field strengths underneath and away from the s
as shown in Fig. 1~c!. We also performed the calculations fo
the exact magnetic field profile, but this resulted in negligi
small quantitative differences.

We model the magnetization of the stripe by consider
two limiting cases:~A! when the stripe is already magnetize
at Ba50 T ~as was considered by Nogaretet al.!, i.e. Bi
5Bsatsgn(Ba) which is the hard magnet case, and~B! when
the applied magnetic field magnetizes the stripe as for
magnets. In case~B! we assumeBi to be linearly varying
with applied background magnetic fieldBa , up to Ba
50.05 T, where saturation is attained according to Ref.
The induced magnetic field is then given byBi5Bsat$1
2@12u(uBau20.05)#(12uBau/0.05)%. The actual experi-
mental behavior is expected to be situated closer to situa
~B! than to~A!.

The one-particle states are described by the Hamilton

H5
1

2me
px

21
1

2me
Fpy2

e

c
A~x!G2

1V~x!, ~3!

where V(2W/2,x,W/2)50 and V(x,2W/2)5V(x
.W/2)5`. Taking the vector potential in the Landau gau
AW 5(0,Ay(x),0), such that]Ay(x)/]x5Bz(x), for which we
took Ay(x)5*0

xBz(x8)dx8, we arrive at the following 2D
Schrödinger equation:

H ]2

]x2
1F ]

]y
1Ay~x!G2

12@E2V~x!#J c~x,y!50, ~4!

where the magnetic field is expressed inB0, magnetic units
are used for a homogeneous field ofB051 T, i.e., all lengths
are measured inł 05A\c/eB050.0257 mm and energy is
measured in units ofE05\eB0 /mec51.7279 meV.H and
16531
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py commute due to the particular choice of the gauge, a
consequently the wave function becomes

c~x,y!5
1

A~2p!
e2 ikyfn,k~x!, ~5!

which reduces the problem to the solution of the 1D Sch¨-
dinger equation

F2
1

2

d2

dx2
1Vk~x!Gfn,k~x!5En,kfn,k~x!, ~6!

where it is thek-dependent effective potential

Vk~x!5
1

2
@Ay~x!1k#21V~x!, ~7!

which contains the two dimensionality of the problem.6 We
solve Eq.~6! numerically by use of a discretization proc
dure.

For given applied background magnetic field we calc
lated the energy spectrum for case~A! with W52 mm. The
results are shown in Fig. 3 forBa /B050; 0.1; 0.5. These
energy spectra are symmetric ink and for smallBa consist of
the superposition of two parabolic spectra. For smallk values
and for energies below the intersection of the two parabo
Landau levels are present due to electrons which are bo
underneath the stripe. These levels shift away from e
other as the background magnetic field increases, due to
increase of the magnetic field underneath the stripe (B1). For
increasing magnetic field the two parabolas shift furth
away from each other, towards higheruku values. Due to the
confinement of the wire, each parabola is infinitely dup
cated, where its maximum is shifted to higher energy and
lower k values. For higher magnetic fields (Ba.0.5B0) Lan-
dau levels arise, due to the magnetic field away from
stripe (B2,B1) which is now strong enough to localize ele
trons into cyclotron orbits.

The classical trajectories~for E54E0) corresponding to
the different regions ink space are shown on top of Fig. 3
We restricted ourselves to trajectories of states at energE
54E0, since the experiment was performed ateF56.9
meV'4E0 and at zero temperature only channels with t
energy contribute to the conductivity. We obtained the
classical trajectories by inspection of the electron den
distribution ufk(x)u2 and the effective potentialVk(x), and
7-3
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FIG. 4. The same as in Fig. 3
but now for case ~B! for ~a!
Ba /B050, ~b! 0.03, and~c! 0.06.
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by comparison of the sign of the quantum mechanical ve
ity in the y direction (vy52]Ek /]kueF

) with the one from
our classical orbit.

For ~B! the spectrum atBa /B050; 0.03; 0.06 and the cor
responding classical orbits at the Fermi energy are show
Fig. 4. ForBa50 the magnetic stripe is not magnetized a
the spectrum consists only of the potential confined lev
One single parabola~and its duplicates due to confinemen!
centered aroundk50 is found which splits into two and its
center shifts towards higheruku values. Below the intersec
tion of the two shifted parabolas Landau states are form
Notice that some levels intersect the Fermi energy twice
much as before. These Landau states separate further
from each other for increasing magnetic field. ForBa
>0.05B0 the spectra are identical to the ones of~A!.

The current is given by

I 5
e

h
T12~m i2m j ! ~8!

with T125(n,NT12(n). In the absence of any collision
T12(n)51, and consequentlyT125N, whereN is the num-
ber of conducting channels, i.e. The energy levels inters
ing the Fermi energy.

Nevertheless, the mean free path measured by Nog
et al. is smaller than the length of the wireLy516 mm and
also smaller than the distance between the probes. T
scattering will play an important role in electron transp
and consequentlyT12(n) will be less than 1. In order to
account for this, we will estimate the transmission coeffici
for every channel using classical arguments. Since we c
sider the voltage probes as weakly coupled, they result
very weak perturbation of the electron-current path, and s
tering due to the voltage probes will be neglected. The o
scattering we consider is due to collisions with impuriti
and other imperfections in the 1D channel.

The rate at which these collisions occur depends cla
cally on the velocity in they direction, the length of the wire
and the scattering time. The lower the velocity in they di-
rection, the longer it takes to overcome the distance betw
probe 1 and probe 2, and the more probable it will be
experience a scattering event. Because of this we cons
the transmission probability of every channel to be prop
16531
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tional to its velocityvy52]En(k)/]kueF and the scattering
time t, and inversely proportional to the lengthLy of the
wire, i.e.,

T12~n!;
vy~n!t

Ly
. ~9!

So finally, we arrive at the two terminal resistance

R12,125
1

a

h

e2

1

(
n

vy~n!

, ~10!

where n runs over all theN electron states with positive
velocity ~or negative velocity! at the Fermi energyeF , anda
is a function ofLy andt.

First we will discuss the change of the two-terminal res
tanceR12,12 with respect to the situation in absence of t
ferromagnetic stripeR12,12

0 , which we will call the induced
resistanceR12,12/R12,12

0 . This property was also calculate
and discussed by Nogaretet al.,18 and is plotted in Fig. 5 as
function of the applied magnetic fieldBa for the approach of
Ref. 18 ~dashed curve! and ours~dotted and solid curves!.
The zero temperature result is shown in the inset.

FIG. 5. The induced two-terminal resistanceR12,12/R12,12
0 at 4.2

K as function ofBa for case~A! ~dotted curve! and case~B! ~solid
curve!, and according to the approach of Nogaretet al. ~dashed
curve!. The inset shows the zero temperature induced resistanc
7-4
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RESISTANCE EFFECTS DUE TO MAGNETIC GUIDING ORBITS PHYSICAL REVIEW B63 165317
We notice that at zero temperature, many discontinu
jumps are present. As we will see further on, their position
very sensitive to the Fermi-energy and they disappear at
K. The energy distribution functionf (E,T)5$exp@(E
2eF)/kBT#11%21 is not a stepfunction for nonzero temper
ture and consequently also electrons with energy differ
from eF will contribute to the conductivity. This smoothe
out these oscillations at 4.2 K, as is shown in Fig. 5. Also
broadening of the energy levels due to e.g. potential fluc
tions will have such a smoothing effect on the resista
curves at nonzero temperature. Hence, we will only show
~smooth! curves at 4.2 K in the next figures.

The curves~A! and ~B! differ only for Ba,0.05B0. In
case~A! the resistance forBa50 is larger than in the ab
sence of the magnetic stripe. Increasing the background m
netic field results in a slight overall increase of the induc
resistance. AtBa50.02B0 the induced resistance reaches
maximum, then it decreases rapidly.

The induced resistance in case~B! starts at 1 forBa50,
increases more rapidly and attains its maximum at a slig
higherBa value, i.e.,Ba50.0375B0. Then it decreases rap
idly up to Ba50.2B0. We again notice oscillations at zer
temperature~see inset!, but fewer than for case~A!. For
larger Ba values the oscillations disappear and the sca
resistance increases ultimately to one.

Nogaretet al.18 obtained theoretically a somewhat simil
behavior, as is indicated by the dashed curve, except for
peak which was situated at a slightly higher valueBa
50.06B0. They made the assumption that the stripe was
ready fully magnetized atBa50 like in our case~A!. More-
over, they considered the magnetoresistance for a hom
neous magnetic field profile with magnetic field strengthBa ,
and considered the effect of the magnetic stripe profile
adding classical trajectories of states which arise due to
presence of the stripe. In order to simplify the problem, th
only considered states which do not reach~classically! the
edge of the sample. They attributed the initial positive m
netoresistance tosnake orbits@see situation ‘‘s ’’ in Fig.
3~a!# which are killed with increasing magnetic field an
therefore no longer contribute to the conductivity for larg
fields. AtBa50.06B0 all snake orbits have vanished and it
due to this, they inferred, that the resistance reaches its m
mum. However if the magnetic field is larger than 0.06B0,
the magnetic field has the same sign over the whole sam
but has different strength under the stripe and away from
and a new type of magnetic edge states, so calledcycloidlike
states@see the states indicated by ‘‘v ’’ in Fig. 3~b!#, arises,
which again enhances conductivity and thus lowers the re
tance. The fact that the influence of the latter orbits vanis
for largerBa values is due to the decrease of the velocity
these states with decreasing relative difference between
two neighboring magnetic fields.

In case~A!, when the saturation magnetization is alrea
attained atBa50, we cannot attribute the existence of t
~small! peak to the creation or annihilation of a certain cla
sical state. Figure 3 shows the energy spectrum and the
responding classical states at the Fermi energyeF54E0 for
~a! Ba50, ~b! Ba50.1B0, and ~c! Ba50.5B0. From this
figure we see that the enhancement of the resistance is a
16531
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quantum mechanical effect and involves many differe
types of states with different velocities. Therefore an exp
nation based on the appearance or disappearance of
snake orbits as done by Nogaretet al. is not possible, at leas
for small Ba . The discontinuous behavior for smallBa ~see
the inset in Fig. 5! is due to edge states at the Fermi-lev
whose energy moves through the Fermi level and then
longer contribute to the conduction. They have nonzero
locity and hence this is also reflected in the resistance.
largerBa.0.05B0 the curve coincides with the one of cas
~B!.

In case~B!, the initial magnetoresistance can be und
stood more easily. ForBa50, the stripe is not yet magne
tized and thus there is no effect of the magnetic stripe. Fig
4~a! shows subbands formed due to the quasi-1D confi
ment (N570 subbands contribute to the conduction!. Al-
ready for a small applied magnetic field, a relative lar
magnetic field is induced in the wire due to the magneti
tion of the ferromagnetic stripe. Whereas, forBa50 the only
confinement was due to the edges of the sample, the m
netic field (B11Ba) tends to localize electrons into cyclotro
orbits and thus forces them in Landau levels, which sepa
further in energy with increasing magnetic field. As a con
quence less channels will intersect the Fermi level and c
sequently less channels contribute to electron transport
the resistance increases.

But there is a competing effect due to the presence of
magnetic stripe which tends to lower the induced resistan
from Figs. 3~b! and 3~c! one notices that for higherBa some
subbands hit the Fermi energy twice instead of once. N
edge states arise~see the states indicated by ‘‘v ’’ and ‘‘ x ’’
in Figs. 3 and 4! which travel in the opposite direction of th
normal edge states. The birth of these new backwards pr
gating states enhances the conductivity and overcomes
previous decreasing effect atBa50.0375B0, and the induced
resistance decreases. This effect contributes even forBa
.0.06B0, when the magnetic field has the same sign in
whole wire, and the previously mentioned cycloidlike orb
appear. For increasing magnetic field their influence
creases, although their number with respect to normal e
states increases. This is due to their velocity, which
creases for increasingBa for reasons given by Nogaretet al.

In the following sections, we will try to reproduce th
experimental results obtained by Nogaretet al. First we will
concentrate on the Hall resistance, before we focus on
magnetoresistance.

IV. THE HALL RESISTANCE

In order to calculate the magneto- and Hall resistance
will further simplify the problem, by making the assumptio
of symmetrical probes. In case of the Hall resistance, the
voltage probes, i.e. probe 3 and 4, are in front of each o
as is clear from Fig. 2, and due to this symmetry the tra
mission probabilities can be written asT315T425T and
T325T415t. The Hall resistance then attains a very simp
form
7-5
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R12,345
1

a

h

e2

1

T12

~T/t21!

~T/t11!
, ~11!

as was already derived in Ref. 20. Note that there is a
tionally one parametera and one functiont/T which de-
scribe the behavior of the Hall resistance. In the absenc
any magnetic fieldt/T51, and consequently the Hall resi
tance reduces to zero. As the cyclotron radius decrea
electrons will be localized closer to the edge~in edge states!
and consequently the probability for an electronbouncingon
one edge to be transmitted in a probe on the other side o
wire decreases drastically, i.e. exponentially, with increas
magnetic field, as can be inferred from Ref. 20. Con
quentlyt/T will decrease rapidly and ultimately for already
small applied magnetic field the geometrical form factorF
5(T/t21)/(T/t11) will be 1 in which case the Hall resis
tance equals the two-terminal resistanceR12,12.

In order to obtain qualitative agreement with experime
we follow Ref. 21 and take the following functional form fo
t/T5exp@225Ba2(35Ba)2# with Ba expressed in T. If we
take R12,34

0 (Ba)5(3669.4*Ba)V as the functional form of
the Hall resistance in absence of the magnetic stripe, wh
we obtained from a linear fit of the experimental result
Nogaret et al., we obtain the induced Hall resistanc
R12,34/R12,34

0 as shown in Fig. 6 for case~A! and~B! ~dotted
and solid curves, respectively! which is compared with the
experimental result~dashed curve!.

We notice that the induced Hall resistance forBa50 ap-
proaches 0.5 in both cases~A! and~B!, and increases rapidly
until Ba50.0325B0 in case~A! and Ba50.0375B0 for ~B!.
The experimental peak position of the Hall resistanceBa
50.04B0 is very close to these values. For largerBa the
curve almost coincides with the one in Fig. 5, which is due
the exponential form oft/T.

Notice that for case~B! the peak is very close to th
experimental position and the qualitative behavior of
Hall resistance is reproduced, the experimental curve dif

FIG. 6. The induced Hall resistanceR12,34/R12,34
0 as function of

the applied magnetic fieldBa as measured experimentally by Nog
ret et al. ~dashed curve! and our theoretical result for case~A! ~dot-
ted curve! and case~B! ~solid curve!.
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quantitatively with the theoretical one only forBa
.0.04B0. Our Hall resistance in this magnetic field range
smaller than measured experimentally. From this compari
it seems that the cycloidlike electron trajectories do not c
tribute much for large applied magnetic fieldBa . This might
be due to a large concentration of scatterers underneath
magnetic stripe edge, which might arise from the fabricat
process of the sample. This would not only result in an
crease of the resistance, but would especially hamper/kill
cycloidlike states propagating underneath it.

Due to the fact that the Hall resistance for largeBa equals
the two-terminal resistance, it is possible to estimatea by
comparison of the theoretical curve with the experimen
one. In order to obtain reasonable agreement with the exp
mental curve, we have to assumea51.59. This value is now
fixed and will be used to compare our theoretical results
the magnetoresistance with the experimental results of R
18.

V. THE MAGNETORESISTANCE

In order to measure the magnetoresistance, the vol
probes are on the same side of the wire and separat
distance from each other along the 1D wire as shown sc
matically in Fig. 2. If the probes are situated on the sa
side ~which is the case for the curves under study!, we can
approximate the transmission probabilities by:T315T, T32
5(12b)t, T515(12b)T, T525t, whereb,1 is defined as
the fraction of the currentI 12 which is reflected due to col
lisions between probe 3 and 4, The magnetoresistanc
then given by

R12,355
1

a

h

e2

1

T12

~22b!b

F t

T
1

T

t G~12b!1b222b12

. ~12!

Note that in this case there are two parametersa andb and
one functiont/T which determine the magnetoresistance.

In absence of any magnetic field,t/T51 and we obtain
for the form factorF'b/(22b). For increasing magnetic
field Ba , t/T will decrease rapidly and forBa@0, t/T,1,
which results inF;(t/T)(2b)/(12b).

Theoreticallya and t/T are identical to those of the pre
vious section and we have only to determine the param
b. It is clear that also this parameter depends on the dista
between the two voltage probes, the scattering time and
velocity of the electron states at the Fermi level. For simp
ity we will considerb(Ba)'b to be independent of the mag
netic field, which is justified since the functiont/T(Ba)
changes more drastically thanb(Ba). We will show that this
approximation already results in good qualitative agreem
with the experimental curves.

If we insert a51.59 andt/T identical to the ones ob
tained from the Hall resistance, we arrive at the magneto
sistance shown in Fig. 7. In this figure we tookb50.95 and
plottedR12,35 for case~A! ~dotted curve! and case~B! ~solid
curve! together with the experimental result of Nogaretet al.
~dashed curve!, which is plotted with respect to the righ
hand axis. We find a peak in the resistance atBa50.02B0 in
7-6
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RESISTANCE EFFECTS DUE TO MAGNETIC GUIDING ORBITS PHYSICAL REVIEW B63 165317
case~A!, andBa50.0275B0 for ~B!. The experimental peak
position (Ba50.03B0) ~dotted curve! is very close to our
theoretical result for case~B!. Notice that the peak position
occurs for smallerBa then for the induced Hall resistanc
which is in correspondence with the experimental results

In contrast to the experimental results, we notice that
largeBa values the magnetoresistance is zero. This is du
the fact that we have assumed that for largeBa values,t/T
50. But due to scattering there is always a possibility for
electron to be scattered from an edge state localized on
side of the sample to an edge state on the other side~and
traveling in the other direction!. If we assume that this effec
results in a constant remaindert050.005 and correspondin
t/T5(12t0)exp@225Ba2(35Ba)2#1t0, we obtain the
positive magnetoresistance as measured experimentally.
background does not change the Hall resistance qualitativ
the slope decreases, but this can easily be compensated
a largera in order to have good agreement with the expe
ment.

It is very hard to reproduce the experimental results qu
titatively, as is obvious from the need for a different left a
right axis. The magnitude of the experimental result is larg
and an additional background is present. Due to the appr
mations made in our simple approach, we underestimated

FIG. 7. The magnetoresistanceR12,35 as function of the applied
magnetic fieldBa in case~A! ~dotted curve! and ~B! ~solid curve!.
The latter is plotted with and without remaindert0. The experimen-
tal result of Nogaretet al. ~dashed curve! is plotted with respect to
the axis on the right-hand side.
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magnetoresistance. Moreover, the experiment also su
from other effects, like backscattering, etc., which also infl
ence the resistance but which we did not take into accoun
this paper. Nevertheless, we were able to reproduce the
sition and the magnitude ('150 V) of the peak.

VI. CONCLUSIONS

In this paper we studied electron transport in a quant
wire subjected to an abrupt magnetic field gradient aris
from a ferromagnetic stripe fabricated at its surface, as w
investigated experimentally by Nogaretet al.18 We were able
to reproduce the main qualitative features of the magn
field dependence of the Hall and magnetoresistance. In
ticular, the position of the peak in both resistances was c
rectly explained. This peak is due to two competing effec
i.e., the increase of the separation between subbands fo
creasing magnetic field, which decreases the number of c
ducting channels, and the killing of snake orbits and the c
ation of states which travel in the opposite direction
ordinary snake orbits, the so called cycloidlike states.16 Two
models for the magnetization of the ferromagnetic str
were considered corresponding to the extreme cases
hard~A! and a soft~B! magnet. Model~B! gives the closest
agreement with experiment which agrees with the obse
tion by Nogaretet al. that almost no hysteresis was observe

In comparison with the theoretical approach of Nogareet
al.,18 ours differs essentially in two ways:~1! the magnetic
field profile is the one created by a soft magnet while No
ret et al.assumed a magnetic barrier which is already pres
for zero applied magnetic field, and~2! we calculated the
Hall and magnetoresistance for a four-probe measurem
with particular geometry, by use of a semiclassical the
based on the Landauer-Bu¨ttiker formula, while Nogaret
et al.18 made use of a semiclassical drift diffusion model.
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