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Magnetoresistance of semiconductor-metal hybrid structures: The effects of material parameter
and contact resistance
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We have used the finite element method to study the extraordinary magnetoresistance~EMR! effect of
semiconductor-metal hybrid structures in rectangular device geometries. These have recently been found to
exhibit intriguing properties interesting for magnetic-field sensors. Current and potential distributions in the
devices are calculated in an applied magnetic field. By these means, we investigate the EMR effect, in
particular, as a function of material parameters and of the contact resistancerc between the semiconductor and
the metal. In our calculations we find thatrc should be within a specific operation regime in order to obtain a
pronounced magnetoresistance effect. We show that by means of the electron mobility in the semiconductor the
voltage and the current sensitivity of a hybrid device can be optimized with respect to an operation field in the
10-mT range.
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I. INTRODUCTION

Recently, the extraordinary magnetoresistance~EMR! ef-
fect has been observed in semiconductor-metal hy
structures.1,2 Values for the magnetoresistanceMR5@R(B)
2R(0)#/R(0) as high as 750 000% have been reported fo
magnetic fieldB54 T at room temperature,1 whereR(B) is
the device resistance at magnetic fieldB. In their pioneering
work, Solin et al. dealt with EMR devices in a modified
van-der-Pauw~vdP! geometry with a circular metallic inclu
sion in a bulk semiconductor disk.1,3 It was found by the
same group that also in a rectangular geometry the hy
device showed the EMR effect.2 Here, a bulk semiconducto
was shunted on one side by a metal. This geometry offe
even more intriguing technological properties, e.g., if in
grated in magnetic-field sensors or read heads.4,5 Such EMR
sensors might be feasible in a very broad temperature
gime, ranging from cryogenic6 up to room temperature.5,7

Very recently, modulation-doped semiconductor heterostr
tures have been introduced to the field of the EMR effect
such hybrid structures, a two-dimensional electron sys
~2DES! was shunted by a metal film.4,6 In Ref. 6, it was
observed experimentally that in the modulation-doped se
conductor heterostructure a variation of the mobilitym and
of the 2DES carrier densityNs significantly changed the
EMR effect. So far, InAs-based6 and InSb-based4 hetero-
structures have been involved in EMR studies of hybrid
vices. An important difference between these materials
that the latter forms a Schottky barrier if it is in contact wi
a metal while the former does not. As a result, different s
cific contact resistancesrc might occur. A recent experimen
tal study8 indicated the decisive role ofrc with respect to the
magnetoresistance behavior of a hybrid structure. The
perimental results on the EMR effect suggest also that th
0163-1829/2003/67~19!/195312~10!/$20.00 67 1953
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is a complex interplay between material parameters, the c
tact resistance, and the device geometry. In this paper,
present a theoretical investigation on these subjects. Ou
sults are interesting for, both, basic and applied research
materials and magnetotransport characteristics of hybrid
vices.

We have applied the finite element method~FEM! to
EMR devices and studied their behavior as a function
material parameters. It has been demonstrated by Mo
et al.9 that the FEM is a powerful tool in studying the ma
netotransport in hybrid structures. They modeled the mo
fied vdP geometry1 and showed a very good agreement b
tween numerical results and, both, experimental data
analytical results. FEM has advantages in so far as it d
not require highly symmetric geometries in contrast to a
lytical calculations.9 In our study, we address the perfo
mance of both types of rectangular devices discussed so
in the literature, i.e., hybrid structures involving a bu
semiconductor2 ~type A) and a 2DES~Ref. 6! ~type B). We
focus on these two configurations taken from the literature
order to make a comparison between theory and experim
tal data possible. A summary of the material data and dev
dimensions for these configurations can be found in Tabl
The effect of the mobility, the carrier density, and the cont
resistance is evaluated for low magnetic fields up to 100 m
since it has been argued5 that this would be the relevant fiel
range for applications of EMR devices as read heads
sensors. The EMR behavior of the devices analyzed here
be discussed in terms of the magnetic-field-dependent re
tanceR(B) obtained in four-probe configuration, but also
technologically relevant terms like the current sensitiv
dR/dB and the voltage sensitivity 1/R dR/dB.

In Sec. II we give a short introduction into the FEM
model which we used for our calculations. In Sec. III, w
show results of the FEM analysis on the magnetoresista
©2003 The American Physical Society12-1
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TABLE I. Material data and device dimensions of EMR devices from the literature. TypeA corresponds
to the data of Zhouet al. ~Ref. 2!, which were obtained at room temperature, typeB to the data of Mo¨ller
et al. ~Ref. 6!, which were obtained at 4.2 K.

Type Carrier density Mobilitym in the Metal resistivityrm Device dimensions of
in the semiconductor semiconductor (T21) (1028 V m) semiconductor (mm3mm)

A n52.1131022 m23 4.02 2.2 21403300
B Ns55.731015 m22 14.3 2.2 200320
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of bulk hybrid structures. The model for FEM analysis
2DES-metal systems is introduced in Sec. IV. The effect o
contact resistance is investigated in Sec. V. In Sec. VI,
dependence of the EMR on the metal conductivity is d
cussed. The influence of the carrier concentration
mobility in the semiconductor on the EMR effect is report
in Sec. VII. In Sec. VIII, we summarize and discuss t
results.

II. FINITE ELEMENT ANALYSIS

The current flow in the semiconductor-metal hybrid stru
ture is given by Ohm’s law

j5s E, ~1!

where j ~current density!, s ~conductivity matrix!, and E
~electric field! are local quantities. We restrict our analysis
two dimensions described by the Cartesian coordinatesx, y
and magnetic fields that are perpendicular to thex-y plane.
This procedure requires the existence of a symmetry of
device parallel to the magnetic field direction so that Eq.~1!
can be separated into anx-y and az contribution. This sym-
metry is present in a bulk semiconductor-metal hybrid str
ture. The conductivitys depends both on material param
eters and magnetic field by

s~b!5
s0

11b2 S 1 2b

b 1 D ~2!

FIG. 1. A mesh generated for a rectangular hybrid structure
type A ~top view!, including current leads and voltage probes.
contains over 10 000 nodes and more than 20 000 triangular
ments. The semiconductor~sc! is in the lower, the metal~m! in the
upper part of the figure. The mesh was refined in the proximity
the current leads and voltage probes as well as the edges o
semiconductor-metal interface, in order to account for the forma
of hot spots as described in the text.
19531
a
e
-
d

-

e

-

with dimensionless field

b5mB. ~3!

The Drude conductivity atB50 T is given by

s05nem, ~4!

wheren is the carrier density andm is the mobility of the
carriers. By means of the continuity equation, for the stea
state, we obtain

“• @s“V~x,y!#50 ~5!

for the electrical potentialV. In order to apply the FEM, Eq
~5! is rewritten in the form of a variational principle, as d
scribed, e.g., in the publication by Moussaet al.9

Solutions of Eq.~5! are uniquely fixed only if a prope
system of boundary conditions is imposed. At the curr
leads, the current densities perpendicular to the dev
boundary are fixed, which give rise to the Neumann bou
ary conditions. This is, however, not sufficient to unique
determine a solution of Eq.~5!. In order to do so, we addi
tionally impose a Dirichlet condition at a certain point
the system, thereby fixing a common electrical grou
For the mesh, we used triangular elements with linear in
polation functions. In order to obtain suitable meshes
the FEM, we used the software EasyMesh10 and modified
it for larger structures. For illustration, a typical mes
generated for a rectangular hybrid structure, is displa
in Fig. 1. Probes are schematically shown at the bott
of the drawing and are labeled by 1 to 5. The prob
labeled by 2, 3, and 4 are used as voltage probes, w
the labels 1 and 5 denote the current leads. The mes
very fine in the proximity of the probes and current lea
and at the edges of the semiconductor-metal interface
order to account for the rapidly changing potential in the
regions.

For evaluating the potentials, we used pointlike probes
our FEM analysis. To a good approximation, the obtain
value could be regarded as the averaged potential if a w
probe was used.

III. MAGNETORESISTANCE OF A BULK
SEMICONDUCTOR-METAL HYBRID STRUCTURE

Applying the finite element method to a hybrid structur
we are foremost interested in the magnetic-field-depend
potential distributionV(r ). The resistanceR can then be de-
fined by
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FIG. 2. Current distribution for the device depicted in Fig. 1~type A) for different magnetic fields. The metal is denoted by m, t
semiconductor is by sc. The gray-scaled plot shows the local current density~bright colors correspond to high densities, dark colors to l
densities!. The bright lines illustrate the current flow starting from equidistant points in the left current lead. The three fi
correspond toB50 T, B5250 mT, andB5500 mT, respectively. Atb52, current lines get very close on the left-hand side of
semiconductor-metal interface.
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R~r1 ,r2!5UU~r1 ,r2!

I U5UV~r1!2V~r2!

I U, ~6!

where I is the applied current andU(r1 ,r2) is the voltage
between the pointsr1 andr2. For EMR devices such as tha
depicted in Fig. 1, we will consider voltage probes along o
side of the semiconductor, as this is the probe configura
reported in the experiments.2,6 In addition to the potentials
by means of the FEM we also obtain the magnetic-fie
dependent current distribution. For the device displayed
Fig. 1, the current distribution is shown in Fig. 2. Here, w
have used the parameters of the device typeA as displayed in
Table I. Since the contact resistancerc between metal and
semiconductor has not been specified, we tookrc50. One
observes that for vanishing magnetic field, the current flo
straight from the current lead into the metal film, i.e., t
length of the current path in the semiconductor is minimiz
This is due to the fact that the resistivity of the metal is low
than that of the semiconductor. For increasing magnetic fi
the current paths become more and more bent to the
hand side of the setup in Fig. 2. This deflection is due to
Lorentz force. However, the shape of the current paths is
determined by the device geometry and the boundary co
tions at the interface. The current density thus peaks nea
left edge of the semiconductor-metal interface for high
magnetic fields. Such ‘‘hot spots’’ necessitated a refin
mesh in the proximity of the interface edges as shown in F
1. In the region around the right-hand edge of the interf
the current density is diminished. For a higher magnetic fi
of a few teslas, our model predicts that the current pe
vanish, since in that case nearly all current flows within
semiconductor and barely enters the metal.

The resistanceR, as defined in Eq.~6! and evaluated for
different probe pairs, is shown in Fig. 3. For a symmet
probe configuration, theR(B) curve is symmetric, while for
an asymmetric probe configuration, the curve shows
asymmetry. This is in agreement with the behavior repor
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by Zhouet al.2 In the following, we will focus on a symmet
ric probe configuration. In the inset of Fig. 3, we show t
very good quantitative agreement between measurement
our FEM results. The FEM analysis is found to be a power
technique to interpret the magnetoresistance data of E
devices.

IV. MAGNETORESISTANCE OF A 2DES-METAL HYBRID
STRUCTURE

The application of the two-dimensional model describ
in Sec. III to a real structure usually requires the existence
a translation symmetry of the three-dimensional device al
the z direction, since only then can Eq.~5! be separated into
an x-y, and az contribution. This is, e.g., the case for bu

FIG. 3. R(B) curves for different pairs of voltage probes label
by i and j. The geometry and the placement of the current leads
those of Fig. 1. The device dimensions and material parame
are those of typeA in Table I. The inset shows the magnetores
tance ~MR! in a symmetric probe configuration~2,4! obtained
by the FEM compared with the experimental data of Zh
et al.2
2-3
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MATTHIAS HOLZ, OLIVER KRONENWERTH, AND DIRK GRUNDLER PHYSICAL REVIEW B67, 195312 ~2003!
semiconductor-metal hybrid structures analyzed in Sec.
EMR devices consisting of a 2DES-metal hybrid structure
investigated by Mo¨ller et al.6 and by Solinet al.4 and as
drafted in Fig. 4~a! lack this symmetry. Creating a three
dimensional mesh suitable for a detailed FEM analysis
these structures would require more than 109 nodes, which
imposes an enormous challenge on the simulation softw
For this reason, we will develop a two-dimensional model
the 2DES-metal hybrid structures. Our approach is outlin
in Fig. 4. Here, we make use of the fact that the curr
distribution is homogeneous in the thicknesstm of the metal
film, which for the device studied in Ref. 6 was 500 nm.
varies mainly in the direction parallel to theB field in Fig.
4~a!. The width of the metal film in this direction wa
500 mm in Ref. 6.

First, we rotate the metal film by 900 along the 2DES-
metal interface axis, such that both components lie in
samex-y plane as depicted in Fig. 4~b!. This rotation, in
general, means that also the magnetic field which acts on
metal is rotated along the same axis. The mobility of el
trons in a metal is typically very low such that the dime
sionless parameterb @Eq. ~3!# in the metal is effectively zero
in the magnetic-field regime discussed in this work. In
second step, we compress the metal to a two-dimensi
film as shown in Fig. 4~c!. The two-dimensional conductivity
of such a metal filmsm

2D is recalculated from the three
dimensional conductivitysm

3D by

sm
2D5sm

3D3tm , ~7!

FIG. 4. Two-dimensional model for a hybrid structure, where
2DES is in contact with a 3D metal~a!. The modeling procedure
consists first of a virtual rotation of the metal film along the 2DE
metal interface axis, so that it lies in the same plane as the 2D
~b!. The three-dimensional film is compressed to a two-dimensio
metal film of conductivitysm

2D ~c!. The contacts are schematical
drawn on the left-hand side of the device.
19531
I.
s

f

re.
f
d
t

e

he
-

al

wheretm is the original thickness of the metal. Equation~7!
is assumed to be valid as long astm is small and the curren
flows through the entire thickness of the metal film. T
relevant data for the two-dimensional analysis are given
the electron densityNs(1/m2) in the 2DES, the mobility
m (1/T), and the metal conductivitysm

2D (1/V ). The zero-
field conductivity of the 2DES is then

s05Nsem ~8!

and its physical dimension is also (1/V ). This model for
2DES-metal hybrid structures allows an application of t
FEM as described in Sec. II.

In this paper, we do not discuss the quantum phenom
occurring in a 2DES-metal hybrid structure at low tempe
tures and high magnetic fields. These are, e.g., Shubnik
de-Haas oscillations as observed in Refs. 6, 7. In the
magnetic-field regime, where the EMR effect is observ
the magnetoresistance can be modeled by Eqs.~2! and ~4!.

V. EFFECT OF CONTACT RESISTANCE

Modeling of EMR devices2,9 has so far not considered th
contact resistance at the semiconductor-metal interfa
However, it has been observed very recently in experime
on microstructured hybrid devices that the contact resista
plays a decisive role.8 In a mesoscopic device limit, a lowe
limit for the contact resistance can be recalculated from
Sharvin conductance11 at zero magnetic field

GM5
2e2

h
M , ~9!

where M denotes the number of electron modes fitti
through the contact area. Here, ballistic transmission thro
the contact area is assumed with a transmission coefficien
one. Considering a 2DES-metal hybrid structure as show
Fig. 4, the Sharvin resistance is given by

RSh
2D5

h

2e2

p

kFac
, ~10!

wherekF5A2pNs is the Fermi wave number andac is the
width of the 2DES-metal interface. We note that a real 2D
exhibits a finite thickness. We assume in the following th
the relevant parameter for this extension in thez direction is
the thicknesstc of the InAs quantum well, which is in con
tact with the metal. The specific contact resistancerc can
hence be obtained from Eq.~10! by

rc
Sh5RSh

2D3ac3tc . ~11!

For the valuesac5200 mm and tc54 nm from Ref. 6, we
find rc

Sh58.531029 V cm2. We assume that this value rep
resents the lower limit for such a 2DES-metal hybrid stru
ture. Please note thatrc

Sh is a specific value for the given
structure and is no longer dependent on, e.g., the geomet
parameterac .

In our model, we implement a magnetic-field-independ
contact resistance between the semiconductor and the m
by inserting a contact layer of widthbsc as shown in Fig. 5.

-
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This contact layer is characterized by a conductivity tens
which does not depend onB and inx,y coordinates takes th
form

sc5S 0 0

0 sc
D , ~12!

ensuring that the current flows iny direction through the
contact region and has nox component within this region
The dimension ofsc is (1/V).

In order to simulate a specific contact resistancerc , we
therefore choose a combination of the parametersbc andsc ,
such that

rc5
bctc

sc
. ~13!

For reasons of numerical efficiency, we keepbc fixed and, in
order to simulate different values ofrc , vary sc . The value
of bc is chosen for purposes of the mesh generation.
simulating the device described by Mo¨ller et al.,6 we, e.g.,
chosebc510 mm. Figure 6 shows the effect of differen
contact resistances onR(B) curves for the type-B configu-
ration in Table I. In the same figure, we compare o
calculations to the experimental data obtained by Mo¨ller
et al.6

We find by our calculations that a large value of the co
tact resistance keeps the current from entering the meta
low magnetic field, the minimum value ofR(B) at B50 T
increases for higherrc . In high magnetic field, the effect o
the interface resistance onR(B) becomes negligible, sinc
the current flow is bent in the semiconductor and does
cross the interface, so that the asymptotic behavior ofR(B)
is independent ofrc .

We find the best fit between FEM results and experim
tal data for a simulated contact resistance ofrc

FEM53.3
31028 V cm2. This value is only a factor of 2 larger thanrc
extracted from experimental data.8,12The small deviation can
be understood, since the contact resistance is the only ad
able parameter in our model, and hence captures all de

FIG. 5. Schematic drawing of the simulation setup, including
additional contact layer between semiconductor and metal, w
will be used to model the interface resistance between both ma
als. The width of the semiconductor, of the contact region and of
metal are labeled bybsc , bc , andbm , respectively.
19531
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tions between the FEM model and the real device, i.e., a
those which do not originate from the contact resistance.
have also not included that the contact resistance might s
a field dependence. The fact that, both, the experiment
determined value ofrc at B50 and the simulated contac
resistance are so close, shows the good agreemen
FEM results and experimental data. A more detailed anal
of the experimental curves will be given elsewhere.12 We
concentrate here on general conclusions that can be dr
from our model and on theoretical predictions about
EMR effect.

As shown in Fig. 7, varying the value of the contact r
sistance leads to different values fordR/dB and 1/R dR/dB.
We find the existence of a critical value ofrc , which is
aboutrc

crit51026 V cm2 for the device modeled in Fig. 7
For values ofrc below rc

crit , the magnetoresistance depen
drastically on the exact value ofrc . At rc'rc

crit , the current
sensitivity rapidly decreases to zero in Fig. 7~b!. In Fig. 7~c!,
the voltage sensitivity is already zero forrc

crit . For values
rc@rc

crit , the magnetoresistance in Fig. 7~a! is independent
of rc . In this situation, the largerc blocks the current from
flowing across the interface, i.e., the charge transport is
stricted to the 2DES. As a result, the resistance rema
nearly unchanged when a magnetic field is applied. The v
age and current sensitivities are zero and the EMR effec
destroyed. For technological applications of the EMR effe
the control ofrc is hence a prerequisite.

From our FEM analysis, we find thatrc
crit depends on the

width bsc of the semiconductor. This is shown in Fig.
where the dependence of the current sensitivity onrc at B
525 mT is depicted for a modified type-B device configu-

n
h
ri-
e

FIG. 6. R(B) curves for the type-B device configuration from
Table I. The experimental result~solid line! is compared to the
results of the FEM analysis including a contact resistance ofrc

5rc
Sh58.531029 V cm2, rc53.331028 V cm2 ~best fit to the

experimental curve at B50 T), rc5131027 V cm2 and
rc5131026 V cm2. We also show the results forrc50,
which was assumed in earlier model calculations on the E
effect.2,9
2-5
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FIG. 7. The effect of contact resistance on~a! R(B), ~b! dR/dB, and~c! 1/R dR/dB at various values of the magnetic field. We refer he
to the type-B device configuration of Table I for the 2DES-metal hybrid structure. The arrows in~b! point to the maximum values ofdR/dB
for a given magnetic field. The insets show the magnetic-field dependence ofR, dR/dB, and 1/R dR/dB, respectively, forrc5rc
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ration withbsc57 mm. For comparison, the curve from Fig
7~b! with bsc520 mm is included in the figure. We find tha
rc

crit increases ifbsc decreases. In the regime where the d
vice sensitivity depends onrc , i.e., for rc<rc

crit , interest-
ingly, we observe local maxima ofdR/dB @cf. arrows in Fig.
7~b!#. These are not very distinct forbsc520 mm. For bsc

57 mm, however, the maxima are very prominent~cf. Fig.
8!. Additionally, the maxima are shifted to higher values
rc . From Fig. 8, we also extract that a large contact re
tance can be compensated for by a smaller semicondu
width, i.e., dR/dB of the device withbsc57 mm becomes
larger thandR/dB of the device withbsc520 mm for rc

>231027 V cm2. Such a tendency was also found expe
mentally by Möller et al.8 It can be explained by the fact tha
a smallerbsc increases the absolute resistance of the se
conductor which is shunted by the metal film. At the sa
time, the path resistance perpendicular to the interface
comes smaller. That means that the metal acts as a shun
even higher values ofrc .

The insets in Fig. 7 show the magnetic-field depende
of the calculated device performance forrc5rc

Sh, i.e., for
the lower limit of the contact resistance. Here, we find t
the current sensitivitydR/dB reaches large values at a high
magnetic field than the voltage sensitivity 1/RdR/dB.
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VI. EFFECT OF METAL CONDUCTIVITY

The EMR is not only affected by the quality of th
semiconductor-metal interface alone, but also by the resis
ity of the metalrm . Most devices studied so far used gold

FIG. 8. The effect of contact resistance ondR/dB at B
525 mT for a type-B device configuration withbsc520 mm and
with a smaller width ofbsc57 mm. The maximum ofdR/dB oc-
curs at a higher value ofrc , if we decrease the semiconducto
width. Additionally, rc

crit is larger for smallerbsc .
2-6
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MAGNETORESISTANCE OF SEMICONDUCTOR-METAL . . . PHYSICAL REVIEW B 67, 195312 ~2003!
an alloy with gold as a material for the shunt.1,5,6 In our
model calculation, we have varied the resistivity of the me
rm and evaluated its effect onR(B), dR/dB, and
1/RdR/dB. This is shown in Fig. 9 for magnetic fields o
25 mT and 50 mT on the basis of the type-A device configu-
ration of Table I. In Fig. 9 the EMR properties remain nea
unchanged up torm51026 V m. For rm,1026 V m, the
resistivity of the metal is much lower than that of the sem

FIG. 9. The impact of the metal conductivity on~a! R(B), ~b!
dR/dB, and~c! 1/R dR/dB at 25 mT and 50 mT for a type-A de-
vice configuration. Here, we have assumedrc50 in order to show
the effect ofrm alone.rm in Ref. 2 was 2.231028 V m.
19531
l
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conductor, so that an increasedrm does not significantly alter
the overall resistance of the device. For resistivities hig
than about 231026 V m, the resistanceR rapidly increases.
Simultaneously, the current and voltage sensitivities
crease. Atrm5731025 V m, the conductivity of the meta
equals that of the semiconductor. A variation ofrm around
this particular value has a significant impact on the ove
resistance and on the device sensitivity. For values of
metal resistivity of more than 0.01V m, the metal does no
longer play the role of a shunt, since the conductivity of t
semiconductor is then much higher than that of the me
The current or voltage sensitivity of the hybrid structure

FIG. 10. The effect of variations of the carrier concentration
~a! R, ~b! dR/dB, ~c! 1/R dR/dB based on the type-A device con-
figuration of Table I. At 731025 m23, the conductivity of the semi-
conductor equals that of the metal. For much higher values,
metal does not act as a shunt anymore.
2-7
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that case is zero. As in the case of a largerc , the current
flows mainly inside the semiconductor region and its dis
bution is not significantly changed by applying a magne
field.

Our results are important as they show that using a
conductive or less pure~and thereby perhaps less expensiv!
metal does not significantly deteriorate the EMR behavio
the hybrid structure which was presented in Ref. 2. Here,
authors used a gold shunt withrc52.231028 V m. In their
case,rm might even be a factor of 100 larger without degra
ing the device sensitivity.

It is important to notice here that by virtue of the tw
dimensional FEM model for 2DES-metal hybrid structur
described in Fig. 4, these considerations also apply to va
tions of the thickness of the metal filmtm , since here the
product of film thickness and conductivity enters the mo
calculations viasm

2D @Eq. ~7!#.

VII. EFFECT OF CARRIER CONCENTRATION AND
MOBILITY

The carrier concentrationn of the three-dimensional bulk
semiconductor, orNs of the 2DES, enters the FEM analys
via the conductivity in zero magnetic fields0 as expressed in
Eq. ~4!. The mobility m enters in, both,s0 @Eq. ~4!# andb
5mB @Eq. ~2!#. In our model, we can vary the carrier co
centration and the mobility separately. In practice, this mi
be difficult for bulk samples, however, for modulation-dop
heterostructures, both,Ns and m can be varied nearly inde
pendently over large regimes.

The dependence ofR, dR/dB, and 1/R dR/dB on carrier
concentration for a type-A device is shown in Fig. 10. In
creasing the carrier concentration leads to a larger con
tivity of the semiconductor and thereby to a lower value
the device resistance. For a concentration ofncrit57
31025 m23, the conductivity of the semiconductor equa
that of the metal. At concentrations higher than that,
metal is no longer effective as a shunt and the EMR eff
degrades. For values ofn which are much smaller than 7
31025 m23, both the resistance and the current sensitivity
on a straight line when displayed in the double-logarithm
plot of Fig. 10. From the slope of these curves, a 1/n behav-
ior of, both,R(n) anddR/dB(n) is obtained for a fixed field
B. This behavior is also expected from Eq.~4!. Accordingly,
the voltage sensitivity 1/R dR/dB remains constant over
broad regime of the carrier density. For a technical appli
tion, the carrier density should therefore be kept well bel
ncrit . However, the concrete value ofn does not play a sig-
nificant role for 1/R dR/dB. By setting the parametern, it is
thus possible to adjust the resistance of the hybrid struc
to some desired value for a certain magnetic field with
affecting the voltage sensitivity. Only the current sensitiv
will change accordingly. The valuencrit depends on the mo
bilitym in the semiconductor. The effect of the latter para
eter will be discussed in the following.

The impact of the carrier mobilitym in the semiconductor
on the EMR effect is more complex. In the following, w
keep the carrier concentration constant for the analysis.
shape of theR(B) curves for different mobilities is depicte
19531
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in Fig. 11 for a type-A device configuration. The impact o
an increased mobility on these curves can be described
two effects.

First, the zero-field resistance decreases, as it is ma
determined bys0, as long as the metal resistivity can b
neglected. According to Eq.~4! the dependence ofR(B
50 T) onm should then be almost reciprocal. The resistan
at very high magnetic fields should also show a 1/m behav-
ior, since then effectively no current enters the metal and
resistance is solely determined by the properties of the se
conductor. If this was the only effect,R(B) would scale with
m for all magnetic fields in the same manner as with t
carrier concentrationn.

However, second, a variation ofm changes the device
performance considerably also for intermediate magn
fields. The field, whereR(B) levels off moves to a highe
value B, i.e., the operation region of the device is enlarg
for smaller values ofm. The effect ofm is in this respect
similar to a scaling factor along theB axis.

In the following, we analyze the effect ofm in more de-
tail. One finds a distinct maximum of the current sensitiv
dR/dB and the voltage sensitivity 1/R dR/dB for each of the
three magnetic fields displayed in Fig. 12. This means t
for an optimization of an EMR device as a magnetic-fie
sensor at a specific value of the magnetic fieldB, one should
utilize a semiconductor exhibiting a certain value of the m
bility. The value of 1/m for which dR/dB(m,B) has a maxi-
mum for a fixed magnetic fieldB depends linearly onB, as
shown in Fig. 13. This can be explained by the depende
of R on the dimensionless fieldb. Once a valueb is found,
for which the current sensitivity becomes maximal, it r
mains maximal for different values ofB as long as the prod
uct b5mB is unchanged. For the type-A configuration the
maximum is determined bymB50.8, which can be derived
from the slope of the curve displayed in Fig. 13. Optimizi
the current sensitivity for a higher magnetic field thus
quires a lower mobility. The maxima ofdR/dB(m) for the
type-A configuration take the same value of 90V/T for all

FIG. 11. The variation of the carrier mobility in the semico
ductor leads to differentR(B) curves. The calculations are based
a configuration of type A in Table I. One observes that t
magnetic-field interval with finite values of the current sensitiv
increases for lower mobilities.
2-8
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FIG. 12. The effect of varying the carrier mobility in the semiconductor on~a! R(B), ~b! dR/dB, and~c! 1/RdR/dB at 25 mT, 50 mT,
and 100 mT for a type-A device configuration~Table I!. On the right-hand side, labeled from~d! to ~f!, data for the type-B device
configuration are plotted. In~c! and~f! the maxima of the curves are connected with a straight line. On thex axis, we depict the regime o
mobilities which have been achieved in InAs-based quantum-well structures in low-temperature experiments.
tr

ne
.

of
t
rie

af-

rid
nd

me-
We

tool
es.
three magnetic fields displayed in Fig. 12~b!. This value de-
pends on the device geometry. Varying the carrier concen
tion leads to different maximum values ofdR/dB, but, both,
the valuesm, for which these maxima occur, and 1/R dR/dB
remain unchanged. The maxima of 1/R dR/dB(m) for the
type-A device configuration are found to lie on a straight li
with the same slope of 0.8 and passing through the origin
Figs. 12~d!–12~f!, the corresponding results for the type-B
configuration are shown. In Fig. 12~e! we find a maximum of
dR/dB of about 600V /T. One observes that the maxima
1/R dR/dB(m) now lie on a straight line with a differen
slope of 1.1. Again, this slope is independent of the car
19531
a-

In

r

concentration over a broad regime, but is found to be
fected by the device geometry.

VIII. SUMMARY AND DISCUSSION

We have applied the FEM to, both, macroscopic hyb
structures with lateral dimensions on the millimeter scale a
mesoscopic samples with lateral dimensions on the micro
ter scale and studied their magnetoresistance behavior.
have shown that the finite element method is a versatile
in analyzing and predicting the properties of EMR devic
2-9
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By means of FEM, it is possible to study systematically t
influence of the material parameters on the magnetore
tance before physically fabricating the devices. It thus allo
design studies and optimization of devices for specializ
sensor applications. In particular, we found that an increa
contact resistance can deteriorate the device performanc
some extent this can be compensated for by miniaturising
hybrid structure.
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