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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 Nogaret al. [Phys. Rev. Lett84, 2231(2000] for the magneto- and Hall resistance
are explained using a semiclassical theory based on the LandatiixeB@ormula. 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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[. INTRODUCTION In the present work we give a detailed theoretical analysis
of this experiment, using a semiclassical approach in which

Recently, there has been a growing experimental and theve consider the electrical and magnetic confinement quan-
oretical activity directed towards an increased functionalitytum mechanically, and include scattering processes using
of present day electronic devices. Previously, electrical poclassical arguments. Both, the measured Hall resistance and
tentials were used to modify the current, while more recentlythe magnetoresistance will be explained. We will show that
one became interested in the effects of magnetic field prothe theoretical picture of Nogaret al. only captures part of
files, modulated or not, on the motion of electrons in semithe physics which is involved and is unable to predict the
conductor structures. The latter is usually a heterostructurgorrect position of the peak in the magnetoresistance and the
which contains a two-dimensional electron gaBEG). In-  Hall resistance.
homogeneous magnetic field profiles in the 2DEG are cre- The side and top view of the experimental setup of Noga-
ated by depositing superconducting or ferromagnetic materiet et al*® are shown in Fig. 1. A Hall device consisting of a
als on top of the heterostructure which is then patterned iVV=2 um wide 2DEG channel in a GaAs/AlGaAs-
the desired shape using modern nanolithogrdphy. heterojunction was fabricated, with electron density

These hybrid systems are important from a theoretical anef 1.94x 10 m~2 and mean free path=4.5 um at 4.2 K. A
technological point of view, since they open the door to newnarrow W;=0.5um) 32 um long ferromagneti¢Fe or Nj
physics which might result in, e.g., new magneto-electronictripe (thicknessd; =200 um) was grown a distance= 80
devices?> An example of such a new device is the Hybrid nm above the center of the electron channel.

Hall effect devicé* in which the magnetic material provides ~ The electron transport in the 2DEG is only influenced by
a local magnetic field which influences locally the electronthe perpendicular component of the magnetic stray field. In
transpo%t in the underlying 2DEG. The 2DEG then acts as a

m ring the magneti f the magnetic ma-
:ieergzﬁto easuring the magnetic state of the magnetic ma 5 @) M’L v (b)

The fringe field arising from a magnetic stripe forms a © o
magnetic barrier for the electron motion in the 2DEG! .
Barriers can be created in which the sign of the magnetic e 5
field alters in different regions of space. Due to this magnetic
gradient, electrons can be bound at the boundary line be
tween two regions of opposite magnetic field. The spectrum W
and the corresponding magnetic edge states have been stu (c)
ied recently?12-1¢ 4 O) B,

When an(1D) inhomogeneous magnetic field is applied 3 [ X
across a quasi-1D wire, these magnetic edge states are co ©)
fined electrically due to the wire confinement potential and - —B, + By
they mix with the ordinary edge stat¥sSuch a situation X 1= ..
was recently realized by Nogaret al.'® where the inhomo- W B;
geneous magnetic profile was arising from a perpendicularly
magnetized ferromagnetic stripe grown on top of the 2DEG. F|G. 1. The top(a) and side view(b) of the sample configura-
They measured the magneto- and Hall resistance as functiqmn used by Nogaregt al. (Ref. 18. In (c) the resultingimodeled
of a background magnetic field, and observed a sharp resismagnetic field profile in the wire is shown with; the magnetic
tance resonance effect, which they attributed to the formatiofield profile due to the fringe fields ar, the uniform externally
and subsequent killing of magnetic edge states. applied field.
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whereT;;(n,n’) is the probability for an electron in channel
n of leadi to be scattered/transmitted n6 of leadj. Current
/‘ T conservation requiredl;=R;; +X;,;T;; for all i, with T;;
{ w2l :En’n/Tij(n,n,) and Riizl_Tii and Ni iS the number Of
e channels in leadl.

T T 2 Each channeln contributes a probability T;;(n)
32 52 , . S ;
) =2y Tij(n,n") to the conductivity whlch is transm|t'Fed

31 51 from probe 1 to probe 2. The total transmission from probe
3 5 toj then equald;; ==,<\T;j(n), and Eq(1) is simplified to

—
“A

L=

FIG. 2. Four-terminal configuration in a Halloltage probes: 3 e
and 4 and a magnetoresistanceoltage probes: 3 and) Sneasure- li:ﬁ E [1-R;i(n)Jui— 2 TN (2)
ment. In a magnetic field the electron current flows along the edge. " J71

The different transmission probabilities are shown. In this type of measurement, only two probes are current

L carrying, i.e.,i=1,2, which results in the conditiot;
absence of any background magnetic field the ferromagnetic _|_ | \ihile the other probes are voltage probes and do
stripe is magnetized along the easy axis, i.e. yt@ection, not cgrry any net currentz=1,=15=0

and the fringe field is situated outside the quasi-1D wire, i.e., In order to calculate the four-terminal magneto- and Hall

in reservoir 1 "’.md. 2. Application of a pgrpgndlcular bac'_('resistance, we will make another simplifying assumption that
ground magnetic field rotates the magnetization to align W'ﬂ}he voltage probes are weakly couple®| &T,,, T for i
] 1L 1 ’

the z axis, and this will result in a stray field in the wire, . _ L
which imposes a step magnetic field p?/ofile along xhai- ] =3, 4,9, their influence on the net currehts very ;mall
[1=(um1—m2)/eRy5 17 and the chemical potentials in each

rection[see Fig. 1b)]. The actual magnetic field profile is .
. of the voltage probes can be calculated in the absence of the
slightly roundedsee Ref.18but we checked that our results other voltage probeBu; = (Tiyes+ Tiapts)/(Ti1+ Tip) With

are not mfluenced by this S'mp"f'c?‘“o.”- This magnetic stepl =3,4]. The general formula for this kind of resistance mea-
adds an inhomogeneous magnetic field component to the

uniform applied magnetic field, which induces the ob- surement is then readily obtained and given by
served resistance effects. In the present analysis, we restrict pa—pm h 1 ToiTio—TaoT;
ourselves to a Fe-strip@aturation magnetization: 1.74),T Rppg=——— = — — Lz i
since this was studied most thoroughly in Ref. 18 and pro- ' el e? T2 (Tar+ T3 (Tia+ Ti)
duced the most pronounced resonance effect.

This paper is organized as follows. In Sec. Il we present
our theoretical approach. In Sec. Ill we calculate the two
terminal resistance as function of the applied background = ) _ o )
magnetic field. The Hall resistance is studied in Sec. IV angVhich is the two-terminal resistanéd,,,, multiplied with a
in Sec. V the magnetoresistance is calculated. We will dis9&ometrical form factoF, which is less than one. _
cuss differences between our theoretical results and the ex- N the following we will first calculate the two-terminal
perimental(and theoreticalresults of Nogareet all8 Our ~ resistanceRy,,, and then concentrate on the geometrical
theoretical explanation for the observed resonance effect ifP™m factor F in the case of a Hall or magnetoresistance
the magnetoresistance deviates from the one proposed fRéasurement.

Ref. 18. In Sec. VI we summarize our conclusions.

= — —F = R s
2 To 1218

lll. THE ENERGY SPECTRUM
AND THE TWO-TERMINAL RESISTANCE
Il. THEORETICAL APPROACH
The magneto- and Hall resistance are measured experi- The two-terminal resistance is given bR, 1= (u2
mentally by use of dour-terminalconfiguration. In contrast — w;)/el. We know that in the absence of any collisions, the
to the theoretical study of Nogaret al.,*® we will retain this  current which flows from reservoir 1 to 2 is determined by
feature in the present discussion. The four-terminal configuthe number of subbands which are occupied at the Fermi
ration is schematically shown in Fig. 2 f¢a) a Hall mea- level. Since the mean free path in the experiment of Nogaret
surement andb) a magnetoresistance measurement. Thet al® is |=4.5 um, which is larger than the wire width
leads are in thermodynamical equilibrium and can be charfw=2 um), we can, to a good approximation, neglect the
acterized by a chemical potentja] . Each reservoir injects a influence of scatterers on the spectrum and calculate the
currentl; of electrons into the 1D wire. If several bands arenumber of channels quantum mechanically following the
occupied, we have to consider a many-channel situation, andork of Muller'? for a pure quasi-1D quantum wire.
according to Bttiker,'® the current in each of the leads is  We consider a system of noninteracting electrons moving
given by in the xy plane subjected to a hard wall confinement
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[ ] (@]
@ ‘ EM H ‘ E' Dq ’ H ‘ ‘ @‘ ‘ U‘:" Ui FIG. 3. The energy spectrum
in case(A) as function ofk for (a)
7 W/ N B./By=0, (b) 0.1, and(c) 0.5.
\\// ' R w The classical trajectories foeg

< >

>
S

=4E, are schematically shown
on top of the figures for the&k
range indicated by the solid bars.
The darker area in these insets
(C) correspond to the position of the
magnetic stripe.

0 2 e 6 0 5 10 15 20 25
k(1,) k(1)

—W/2<x<WI/2, whereW s the width of the wire. The elec- Py commute due to the particular choice of the gauge, and

trons are subjected to a magnetic field profiﬁ consequently the wave function becomes

=[0,0B,(x)]. This profile equal8,=B;(B,)+B,, where
B, is the uniform applied background field afj is the P(X,y)= e g (X)), (5)
induced magnetic field profile due to the magnetized stripe. V(27) ’

In correspondence with Ref. 18 we will model the Shap‘.awhich reduces the problem to the solution of the 1D Sehro

of the induced magnetic field profile by the average magnetic;; -
field on the respective sides of the magnetic stripe edges, i.éa!nger equation

at saturation the magnetic field profile is given By,= B, 1 g2
+(B,—B1) 0(]x| —W;/2), where 0 is the heavyside step ~3 — +Vi(X) [ hnk(X) = Ep kb k(X), (6)
function andB;=0.28 T andB,=—0.06 T are the modeled dx

magnetic f_ield_strengths underneath and away from_the strip&nere it is thek-dependent effective potential
as shown in Fig. (c). We also performed the calculations for
the exact magnetic field profile, but this resulted in negligible 1
small quantitative differences. Vi(X) = E[Ay(X)Jr K]?+V(x), (7)

We model the magnetization of the stripe by considering
two limiting cases(A) when the stripe is already magnetized Which contains the two dimensionality of the probléiwe
at B,=0 T (as was considered by Nogaret al), i.e. B; solve Eq.(6) numerically by use of a discretization proce-
=B,89nB,) Which is the hard magnet case, af®) when  dure.
the applied magnetic field magnetizes the stripe as for soft For given applied background magnetic field we calcu-
magnets. In caséB) we assumeB; to be linearly varying lated the energy spectrum for cage) with W=2 um. The
with applied background magnetic fiel8,, up to B, results are shown in Fig. 3 fdB,/B,=0;0.1;0.5. These
=0.05 T, where saturation is attained according to Ref. 18energy spectra are symmetrickrand for smalB, consist of
The induced magnetic field is then given Bj=Bg{1 the superposit.ion of two parz_ibolic spectra. For stkathlues
—[1-6(|B,|—0.05)](1—|B,|/0.05)}. The actual experi- and for energies below the intersection of the two parabolas

mental behavior is expected to be situated closer to situatiok@ndau levels are present due to electrons which are bound
(B) than to(A). underneath the stripe. These levels shift away from each

The one-particle states are described by the HamiltoniarPther as the background magnetic field increases, due to the
increase of the magnetic field underneath the strigg.(For
increasing magnetic field the two parabolas shift further
away from each other, towards higHé&f values. Due to the
confinement of the wire, each parabola is infinitely dupli-
where V(—W/2<x<W/2)=0 and V(x<-WI/2)=V(X  cated, where its maximum is shifted to higher energy and to
>W/2)=cc. Taking the vector potential in the Landau gauge|ower k values. For higher magnetic fieldB{>0.58,) Lan-
A=(0Ay(x),0), such thabA(x)/dx=B,(x), for which we  dau levels arise, due to the magnetic field away from the
took Ay(x)=[5B,(x")dx’, we arrive at the following 2D  stripe (8,<B;) which is now strong enough to localize elec-
Schralinger equation: trons into cyclotron orbits.
The classical trajectorie§or E=4E,) corresponding to

the different regions ik space are shown on top of Fig. 3.
@+Ay(x) +2[E=VOO] 1 9(x,y)=0, (4 e restricted ourselves to trajectories of states at engrgy
=4E,, since the experiment was performed gt=6.9
where the magnetic field is expressedBig, magnetic units meV~4E, and at zero temperature only channels with this
are used for a homogeneous fieldBy=1 T, i.e., all lengths  energy contribute to the conductivity. We obtained these
are measured ihy= JAac/eBy=0.0257 um and energy is classical trajectories by inspection of the electron density
measured in units oEy=7%eBy/m,c=1.7279 meV.H and  distribution|¢,(x)|? and the effective potential,(x), and

2
+V(x), ©)

1

H= 2, 1 °A
_Zmepx 2me Py™ ¢ ()

(92 2

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

k(11,) k(11,) k(11,)

by comparison of the sign of the quantum mechanical veloctional to its velocityv, = — JEL(K)/9k| e and the scattering
ity in the y direction @,= —aEklak|6F) with the one from time 7, and inversely proportional to the length, of the

our classical orbit. wire, i.e.,

For (B) the spectrum aB,/By=0; 0.03; 0.06 and the cor-
responding classical orbits at the Fermi energy are shown in T(n)~ vV(n)T_ (9)
Fig. 4. ForB,=0 the magnetic stripe is not magnetized and Ly

the spectrum consists only of the potential confined levelsg, finally

: ) ) . we arrive at the two terminal resistance
One single paraboléand its duplicates due to confinement

centered aroun#=0 is found which splits into two and its 1 h 1
center shifts towards highek| values. Below the intersec- Ripim——S——, (10
tion of the two shifted parabolas Landau states are formed. ae > vy(N)

Notice 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. FBg
=0.03, the spectra are identical to the ones(Aj.

The current is given by

eren runs over all theN electron states with positive
velocity (or negative velocityat the Fermi energyg, anda
is a function ofL, and .

First we will discuss the change of the two-terminal resis-
tanceR, ;, with respect to the situation in absence of the
e ferromagnetic stripeR‘fm, which we will call theinduced

I= 5 T i mj) (8)  resistanceR, /R, 1, This property was also calculated
and discussed by Nogaret al,'® and is plotted in Fig. 5 as
function of the applied magnetic fieBl, for the approach of

with T;,==,-8T12(n). In the absence of any collisions Ref. 18 (dashed curjeand ours(dotted and solid curves
T1n)=1, and consequentl¥,,=N, whereN is the num-  The zero temperature result is shown in the inset.

ber of conducting channels, i.e. The energy levels intersect-
ing the Fermi energy.

Nevertheless, the mean free path measured by Nogare 1.4
et al. is smaller than the length of the witg,=16 um and
also smaller than the distance between the probes. Thus
scattering will play an important role in electron transport
and consequentlyl5(n) will be less than 1. In order to
account for this, we will estimate the transmission coefficient
for every channel using classical arguments. Since we con
sider the voltage probes as weakly coupled, they result in acc
very weak perturbation of the electron-current path, and scat- 98
tering due to the voltage probes will be neglected. The only ,
scattering we consider is due to collisions with impurities 0.6
and other imperfections in the 1D channel.

The rate at which these collisions occur depends classi- 0.0
cally on the velocity in the direction, the length of the wire
and the scattering time. The lower the velocity in thei-
rection, the longer it takes to overcome the distance between F|G. 5. The induced two-terminal resistarRe, /R, 1, at 4.2
probe 1 and probe 2, and the more probable it will be toK as function ofB, for case(A) (dotted curvé and caseB) (solid
experience a scattering event. Because of this we consideurve, and according to the approach of Nogaettal. (dashed
the transmission probability of every channel to be proporcurve. The inset shows the zero temperature induced resistance.

1.2

12,12

o

1.0

12,12/R
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We notice that at zero temperature, many discontinuouguantum mechanical effect and involves many different
jumps are present. As we will see further on, their position istypes of states with different velocities. Therefore an expla-
very sensitive to the Fermi-energy and they disappear at 4.2ation based on the appearance or disappearance of only
K. The energy distribution functionf(E,T)={exd(E snake orbits as done by Nogaettal. is not possible, at least
—€7)/kgT]+1} "1 is not a stepfunction for nonzero tempera- for small B,. The discontinuous behavior for smal}, (see
ture and consequently also electrons with energy differenghe inset in Fig. 5is due to edge states at the Fermi-level
from e¢ will contribute to the conductivity. This smoothes \hose energy moves through the Fermi level and then no
out these oscillations at 4.2 K, as is shown in Fig. 5. Also th§gnger contribute to the conduction. They have nonzero ve-
broadening of the energy levels due to e.g. potential fluctugp ity and hence this is also reflected in the resistance. For

tions will have such a smoothing effect on the resistancqeargerBa>0_0EBO the curve coincides with the one of case
curves at nonzero temperature. Hence, we will only show th?B)

(smootf) curves at 4.2 K in the next figures. In case(B), the initial magnetoresistance can be under-

The curves(A) and (B) differ only for B,<0.0%8,. In stood more easily. FoB,=0, the stripe is not yet magne-

case(A) the resistance foB,=0 is larger than in the ab- . . . . .
senC((e czf the magnetic stripeet Increasin% the background ma zed and thus there is no effect of the magnetic stripe. Figure

netic field results in a slight overall increase of the induce (@) shows subbands formed due to the quasi-1D confine-

resistance. AB,=0.028B, the induced resistance reaches sment N=70 subbands_ contribute _to _the conduc)_ioAI-
maximum, then it decreases rapidly. ready for a small applied magnetic field, a relative large

The induced resistance in caé® starts at 1 foi8,=0, magnetic field is induc_ed in the wire due to the magnetiza-
increases more rapidly and attains its maximum at a slightljion of the ferromagnetic stripe. Whereas, By=0 the only
higher B, value, i.e.,B,=0.0378,. Then it decreases rap- confinement was due to the edges of the sample, the mag-
idly up to B,=0.2B,. We again notice oscillations at zero netic field B, +B,) tends to localize electrons into cyclotron
temperature(see inset but fewer than for cas¢A). For  orbits and thus forces them in Landau levels, which separate
larger B, values the oscillations disappear and the scaledurther in energy with increasing magnetic field. As a conse-
resistance increases ultimately to one. quence less channels will intersect the Fermi level and con-

Nogaretet al!® obtained theoretically a somewhat similar sequently less channels contribute to electron transport and
behavior, as is indicated by the dashed curve, except for thine resistance increases.
peak which was situated at a slightly higher valBg But there is a competing effect due to the presence of the
=0.088,. They made the assumption that the stripe was almagnetic stripe which tends to lower the induced resistance:
ready fully magnetized @,=0 like in our casgA). More-  from Figs. 3b) and 3c) one notices that for highds, some
over, they considered the magnetoresistance for a homoggubbands hit the Fermi energy twice instead of once. New
neous magnetic field profile with magnetic field strenBth edge states arigsee the states indicated byd” and “ >
and considered the effect of the magnetic stripe profile by Figs. 3 and #which travel in the opposite direction of the
adding classical trajectories of states which arise due to thggrmal edge states. The birth of these new backwards propa-
presence of the stripe. In order to simplify the problem, theyyating states enhances the conductivity and overcomes the
only considered states which do not redclassically the previous decreasing effect Bt = 0.0373,, and the induced
edge of the sample. They attributed the initial positive magyesistance decreases. This effect contributes everBor
netoresistance tenake orbits[see situation ©" in Fig. >0 0a8,, when the magnetic field has the same sign in the
3(a)] which are killed with increasing magnetic field and \yhole wire, and the previously mentioned cycloidlike orbits
t_herefore no longer contribute to .the conduct.lwty for 'afg?rappear. For increasing magnetic field their influence de-
fields. AtB,=0.088, all snake orbits have vanished and itis creases, although their number with respect to normal edge
due to this, they inferred, that the resistance reaches its maxdtates increases. This is due to their velocity, which de-
mum. However if the magnetic field is larger than Bg6  creases for increasir®y, for reasons given by Nogaret al.
the magnetic field has the same sign over the whole sample | the following sections, we will try to reproduce the
but has different strength under the stripe and away from itexperimental results obtained by Nogaeegl. First we will

and a new type of magnetic edge states, so cajetbidlike  concentrate on the Hall resistance, before we focus on the
stateg see the states indicated byd" in Fig. 3(b)], arises, magnetoresistance.

which again enhances conductivity and thus lowers the resis-
tance. The fact that the influence of the latter orbits vanishes
for largerB, values is due to the decrease of the velocity of
these states with decreasing relative difference between the
two neighboring magnetic fields. In order to calculate the magneto- and Hall resistance we
In case(A), when the saturation magnetization is alreadywill further simplify the problem, by making the assumption
attained atB,=0, we cannot attribute the existence of the of symmetrical probes. In case of the Hall resistance, the two
(smal) peak to the creation or annihilation of a certain clas-voltage probes, i.e. probe 3 and 4, are in front of each other
sical state. Figure 3 shows the energy spectrum and the coas is clear from Fig. 2, and due to this symmetry the trans-
responding classical states at the Fermi enesgy4E, for ~ mission probabilities can be written a&;;=T,,=T and
(@ B;=0, (b) B,=0.1B;, and (c) B,=0.5B,. From this Tg,=T,=t. The Hall resistance then attains a very simple
figure we see that the enhancement of the resistance is a pui@m

IV. THE HALL RESISTANCE
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2.0 T S T IR guantitatively with the theoretical one only foB,
>0.04B,. Our Hall resistance in this magnetic field range is
smaller than measured experimentally. From this comparison
it seems that the cycloidlike electron trajectories do not con-
tribute much for large applied magnetic fiddd . 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 in-
crease of the resistance, but would especially hamper/kill the
cycloidlike states propagating underneath it.

Due to the fact that the Hall resistance for laBeequals
the two-terminal resistance, it is possible to estimatéy
comparison of the theoretical curve with the experimental

o]
12,34

R12,34/ R

0.0 u T = YS! o Lo one. In order to obtain reasonable agreement with the experi-
0.0 0.1 0.2 0.3 mental curve, we have to assume 1.59. This value is now
Ba(B,) fixed and will be used to compare our theoretical results on

) _ o _ the magnetoresistance with the experimental results of Ref.
FIG. 6. The induced Hall resistan&d, 34/ Ry, 34 as function of 8

the applied magnetic fielB, as measured experimentally by Noga-
retet al. (dashed curveand our theoretical result for caék) (dot-

ted curve and casdB) (solid curve. V. THE MAGNETORESISTANCE
In order to measure the magnetoresistance, the voltage
1h 1 (T/t—-1) probes are on the same side of the wire and separated a
Riza=— &2 Ty (TIH+1) (1D distance from each other along the 1D wire as shown sche-

matically in Fig. 2. If the probes are situated on the same
as was already derived in Ref. 20. Note that there is addiside (which is the case for the curves under stydye can
tionally one parameterr and one functiort/T which de- approximate the transmission probabilities By;=T, Ts,
scribe the behavior of the Hall resistance. In the absence of (1—B8)t, Ts;=(1—B)T, Tsp=t, wheref<1 is defined as
any magnetic field/ T=1, and consequently the Hall resis- the fraction of the current;, which is reflected due to col-
tance reduces to zero. As the cyclotron radius decreasesions between probe 3 and 4, The magnetoresistance is
electrons will be localized closer to the ed@e edge states  then given by
and consequently the probability for an electtmuncingon

one edge to be transmitted in a probe on the other side of the 1h 1 (2-PB)B
wire decreases drastically, i.e. exponentially, with increasing 123570 2Tt T (12)
magnetic field, as can be inferred from Ref. 20. Conse- T + 1 (1-B)+pB?—2B+2

quentlyt/T will decrease rapidly and ultimately for already a
small applied magnetic field the geometrical form fadtor Note that in this case there are two paramete@nd 8 and
=(T/t—1)/(T/t+1) will be 1 in which case the Hall resis- one functiont/T which determine the magnetoresistance.
tance equals the two-terminal resistaftg ;,. In absence of any magnetic field,T=1 and we obtain

In order to obtain qualitative agreement with experiment,for the form factorF~ 8/(2— ). For increasing magnetic
we follow Ref. 21 and take the following functional form for field B,, t/T will decrease rapidly and foB,>0, t/T<1,
t/T=exf —25B,— (35B,)?] with B, expressed in T. If we which results inF~ (t/T)(28)/(1- ).
take R82134Ba):(3669.4*Ba)Q as the functional form of Theoreticallya andt/T are identical to those of the pre-
the Hall resistance in absence of the magnetic stripe, whickiious section and we have only to determine the parameter
we obtained from a linear fit of the experimental result by 3. It is clear that also this parameter depends on the distance
Nogaret et al, we obtain the induced Hall resistance between the two voltage probes, the scattering time and the
R12,34/R22’34as shown in Fig. 6 for cas@) and(B) (dotted  velocity of the electron states at the Fermi level. For simplic-
and solid curves, respectivélyhich is compared with the ity we will considerB(B,) ~ 3 to be independent of the mag-
experimental resulfdashed curve netic field, which is justified since the functioiT(B,)

We notice that the induced Hall resistance By=0 ap- changes more drastically th@{B,). We will show that this
proaches 0.5 in both casés) and(B), and increases rapidly approximation already results in good qualitative agreement
until B,=0.03238,, in case(A) andB,=0.0378B, for (B).  with the experimental curves.

The experimental peak position of the Hall resistam;e If we insert «=1.59 andt/T identical to the ones ob-
=0.048, is very close to these values. For larggy the tained from the Hall resistance, we arrive at the magnetore-
curve almost coincides with the one in Fig. 5, which is due tosistance shown in Fig. 7. In this figure we toBk=0.95 and

the exponential form of/T. plotted R, 35 for case(A) (dotted curvg and caséB) (solid

Notice that for casegB) the peak is very close to the curve together with the experimental result of Nogagesl.
experimental position and the qualitative behavior of the(dashed curve which is plotted with respect to the right
Hall resistance is reproduced, the experimental curve differband axis. We find a peak in the resistanc8at 0.0 in
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magnetoresistance. Moreover, the experiment also suffers
700 from other effects, like backscattering, etc., which also influ-

ence the resistance but which we did not take into account in

this paper. Nevertheless, we were able to reproduce the po-
600 __ sition and the magnitude~<{150()) of the peak.

) E)
& e & VI. CONCLUSIONS
o o

In this paper we studied electron transport in a quantum
wire subjected to an abrupt magnetic field gradient arising
from a ferromagnetic stripe fabricated at its surface, as was
investigated experimentally by Nogaettal ¥ We were able
to reproduce the main qualitative features of the magnetic
field dependence of the Hall and magnetoresistance. In par-
ticular, the position of the peak in both resistances was cor-
rectly explained. This peak is due to two competing effects,

L . ; i.e., the increase of the separation between subbands for in-
magnetic fieldB, in case(A) (dotted curvg and (B) (solid curve. . o iy magnetic field, which decreases the number of con-
The latter is plotted with and without remaindgr The experimen- ducti h | d the Kkilli f % bit d th
tal result of Nogareet al. (dashed curveis plotted with respect to u.c Ing channels, a.n e« m.g of snake or. s a}n . e cre-
the axis on the right-hand side. ation of states Whlch travel in the opposite direction of

ordinary snake orbits, the so called cycloidlike stafeBwo
case(A), andB,=0.02738, for (B). The experimental peak models for the magnetization of the ferromagnetic stripe
position’ 8 —OaOEBI ) (do(t)ted cur.v¢ is verpy close topour were considered corresponding to the extreme cases of a
a— Y- 0 i
theoretical result for cas@B). Notice that the peak position hard(A) and a soft(B) _magnet. Mode[B) gives the closest
occurs for smalleB, then for the induced Hall resistance a}greement with experiment which agrees W'th the observa-

SR a : : ' tion by Nogareet al.that almost no hysteresis was observed.
which is in correspondence with the experimental results. In comparison with the theoretical approach of Nogatet

In contrast to the experimental results, we notice that for, 1.18 ours differs essentially in two way$1) the magnetic

. . O a
large B, values the magnetoresistance is zero. This is due tﬂeld profile is the one created by a soft magnet while Noga-
retet al.assumed a magnetic barrier which is already present

the fact that we have assumed that for laByevalues,t/T
Yor zero applied magnetic field, an@) we calculated the

=0. But due to scattering there is always a possibility for a
electron to be scattered from an edge state localized on ON& il and magnetoresistance for a four-probe measurement
with particular geometry, by use of a semiclassical theory

side of the sample to an edge state on the other &dd
traveling in the other directignIf we assume that this effect based on the Landauer:@ier formula, while Nogaret
et al*® made use of a semiclassical drift diffusion model.

400

FIG. 7. The magnetoresistanBg, 35 as function of the applied

results in a constant remaindgr=0.005 and corresponding
t/T=(1—to)exd —25B,—(35B,)%]+t,, we obtain the
positive magnetoresistance as measured experimentally. This
background does not change the Hall resistance qualitatively:
the slope decreases, but this can easily be compensated with This work was partially supported by the Inter-university
a largera in order to have good agreement with the experi-Micro-Electronics Cente(iIMEC, Leuver), the Flemish Sci-
ment. ence FoundatiofFWO-VI), the “Onderzoeksraad van de

It is very hard to reproduce the experimental results quanUniversiteit Antwerpen,” and the IUAP-IV. J.R. was sup-
titatively, as is obvious from the need for a different left andported by “het Vlaams Instituut voor de bevordering van het
right axis. The magnitude of the experimental result is largerWetenschappelijk & Technologisch Onderzoek in de Indus-
and an additional background is present. Due to the approxtrie” (IWT). We acknowledge fruitful correspondence with
mations made in our simple approach, we underestimated th%&. Nogaret.
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