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Electron transport in a two-dimensional electron gas with magnetic barriers
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The low-temperature longitudinal and Hall resistances of a two-dimensional electron gas are studied in the
presence of a magnetic barrier created under the edge of a thin ferromagnetic film. An in-plane external
magnetic field allows us to tune the barrier height within the classically transmissive regime. A theoretical
model is presented that predicts the size and shape of the resistance correction for the ballistic case in the
presence of a single magnetic barrier. The model that contains no adjustable parameters is in qualitative
agreement with the experiment. The size of the predicted resistance correction agrees with the measurement
within a factor of 2.
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Electrical transport of electrons in two dimensions in t
presence of inhomogeneous magnetic fields raises fu
mental questions and promises the realization of novel
vices. Experiments focusing on fundamental issues used
dom inhomogeneous magnetic fields created either
vortices in superconductors1 or by ferromagnetic layers2

placed on top of a two-dimensional electron gas~2DEG!.
Electron transport involving periodic magnetic field modu
tion was also studied experimentally.3,4 While the first of
these experiments were devoted to the observation of c
mensurability effects,3 a novel giant classical magnetores
tance due to the presence of the periodic arrangemen
magnetic barriers was discovered.4

In recent experiments the number of magnetic barriers
been decreased down to the least involved case of a s
barrier.5–8 In Ref. 5 a 3mm thick magnetic barrier could b
realized in a nonplanar 2DEG. In other studies6–8 a different
approach was used: if a thin magnetic film is placed on
of a heterostructure its in-plane magnetization can be s
rated in an external in-plane magnetic field. In this case
out-of-plane component of the fringe field under the edge
the film creates a magnetic barrier for electron transport w
a width of the order of 100 nm determined by the separa
of the 2DEG from the magnetic film. Magnetic fiel
strengths of more than 0.5 T have been realized.8 In Ref. 7
the utilization of such an arrangement as a ‘‘hybrid H
effect device’’ was suggested. The theory and modeling
evant for these experiments is due to Peeters
co-workers.9–14 They concentrated on the Hall resistance
the ballistic12 and in the diffusive regime13,14 and presented
results for the longitudinal resistance in the diffusi
regime.13

In this paper we present low-temperature measurem
of the longitudinal and Hall resistances in ferromagne
semiconductor hybrid devices of the same type used by
brak et al. in Ref. 8. Our results for the longitudinal resi
tance in the presence of magnetic barriers in the classic
transmissive regime are qualitatively similar to those
ported by these authors for magnetic barriers saturatin
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the classically opaque regime. We propose a transport m
for the longitudinal resistance in the presence of a magn
barrier for the ballistic regime and compare it with the e
perimental findings. It is found that the model predicts
V-shaped resistance correction in qualitative agreement w
the experiments. The size of the resistance correction ag
within a factor of 2 with the experiment. We find experime
tally that in addition to the magnetic barrier, fringe fields a
present in the electron gas during magnetization reversa
the film, which may diminish the resistance correction o
served in our experiment.

The samples investigated in this study are based o
conventional GaAs/Al0.3Ga0.7As heterostructure grown by
molecular beam epitaxy with the heterointerface 37 nm
low the sample surface. Hall bar structures were fabrica
with photolithographic techniques as depicted schematic
in Fig. 1~a!. The width of the Hall bar isW520 mm, the

FIG. 1. ~a! Schematic sample overview.~b! Schematic cross
section through the sample with the cobalt film placed above
2DEG. ~c! Magnetic field profile of the magnetic barrier created
the electron gas under the edge of the film.
5074 ©2000 The American Physical Society



ed
ou
gs

de
en
d

of

t
nu
r

th
ra

ic
ffe

of

is
o
s
al

-
re

eld
ron

the

es
ote
d to
b-
tic

nal

ith
nt.

film
he

lso

ys-

In

try

tic
ips

ed
urve

ex-
In
to a

4.
he
di-

case
ion
ad-

e-
that
the

tic
alt
the

he
s

PRB 62 5075ELECTRON TRANSPORT IN A TWO-DIMENSIONAL . . .
separation of neighboring voltage probes isL534 mm, and
the width of each voltage probe isL̃58 mm. Two rectangu-
lar films of cobalt with a thickness of 100 nm and cover
with 30 nm of gold were deposited at a pressure of ab
1026 mbar on top of the Hall bar structure as shown in Fi
1~a! and 1~b!. Their dimensions are 22mm322 mm and
27 mm314 mm, respectively.

All measurements shown below were carried out in a4He
cryostat at temperatures down to 1.7 K. They were recor
using the standard lock-in technique with a 73 Hz ac curr
between 100 nA and 5mA applied between contacts 6 an
12 ~see Fig. 1!. A magnetic field was applied in the plane
the 2DEG~with an accuracy of60.01°) and parallel to the
direction of current flow. In order to avoid a hysteresis due
lock-in time constants, the magnet was not swept conti
ously but rather the field was set to a fixed value and afte
time considerably longer than the lock-in time constant,
data point was taken. This corresponded to a sweep
lower than 50 mT/min.

The electron sheet density was determined from class
Hall measurements and from the Shubnikov–de Haas e
to be n55.531015 m22. The Hall mobility is m
570 m2/V s at 1.7 K, giving an elastic mean free path
l el58.6 mm.

In Fig. 2~a! we show the Hall resistanceRxy measured
between voltage probes 4 and 8. It shows the hysteres
the cobalt film that is reflected in the normal component
the fringe field penetrating the active area of the Hall cro
From this measurement we determine the saturation v
DRxy56.25V and a coercitive field ofBc560 mT. The
curve apparently shows the symmetryRxy

(sweep up)(B)5

2Rxy
(sweep down)(2B) expected from the corresponding sym

metry of the magnetization of the cobalt film. The measu

FIG. 2. ~a!–~d! Measurements ofRxx andRxy vs parallel mag-
netic field using different contact pairs as indicated by the sc
matic insets. Left inset in~c!: typical classical electron trajectorie
~one transmitted, the other reflected!.
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ment is consistent with the idea that the magnetic fringe fi
of the cobalt film creates a magnetic barrier in the elect
gas right under the edge of the film@see Fig. 1~b,c!#. This
inhomogeneous field distribution in the Hall cross causes
measured Hall signal.

Figure 2~b! showsRxy measured between voltage prob
2 and 10, i.e., under the center of the square cobalt film. N
that the resistance scale differs by a factor of 20 compare
Fig. 2~a!. Again a hysteresis with a similar symmetry is o
served, but it differs in magnitude and in the characteris
field scale from that in Fig. 2~a!. The main hysteretic feature
appears below a field ofuBu,1 T. But even up to fields of
uBu52.5 T down and up sweeps give differentRxy and, un-
like in the case of Fig. 2~a!, Rxy

(sweep up).Rxy
(sweep down)is ob-

served. This hysteresis sits on top of a step of the Hall sig
of magnitude 2DRxy50.35V. This step is most likely due
to an asymmetric placement of the square cobalt film w
respect to the voltage probes in the direction of the curre
This measurement shows that even below the cobalt
there exist fringe fields that mainly come into play during t
process of magnetization reversal. These fringe fields are~al-
most! absent at large external magnetic fields and a
around zero external field.

In Fig. 2~c! the longitudinal resistanceRxx measured be-
tween voltage probes 9 and 10 is shown. A V-shaped h
teretic dip with a magnitude of about 3V is observed in the
region whereRxy in Fig. 2~a! is hysteretic as well. These
curves are qualitatively similar to those reported in Ref. 8.
our measurement the cusps occur at the coercitive fieldBc
5660 mT and the curves have the dominant symme
Rxx

(sweep up)(B)5Rxx
(sweep down)(2B). Choosing different pairs

of voltage probes for measurements ofRxx(B) allows us to
measure pieces of the Hall bar with up to four magne
barriers in series. We find that the magnitude of the d
DRxx5Rxx(B51.5 T)2Rxx(Bc) is a linear function of the
number of magnetic barriers with a slope of 3.5V per bar-
rier. We find a relative deviation of not more than63.5%
from this value for any individual barrier.

In Fig. 2~d! we show the longitudinal resistance measur
between the voltage probes 8 and 9. The hysteresis c
shows neither the symmetry ofRxx nor that ofRxy but rather
seems to contain both contributions. This behavior is
pected in the diffusive as well as in the ballistic regime.
the former, the presence of the magnetic barrier leads
finite Hall angle in the Hall cross between contacts 8 and
A part of the corresponding Hall voltage will appear on t
potential of contact 8 and therefore appears in the longitu
nal resistance measured between 8 and 9. In the ballistic
the magnetic barrier affects the symmetry of the transmiss
coefficients between the contacts under consideration, le
ing to an antisymmetric contribution to the longitudinal r
sistance as well. From these arguments it is plausible
this is also the case for the intermediate range between
ballistic and the diffusive transport regime.

In accordance with Ref. 14 we calculate the magne
field profile in the 2DEG resulting at the edge of the cob
film due to its magnetization. Under the assumption that
width of the cobalt film exceeds the width of the Hall bar~in
our case by several hundred nanometers! we arrive at the
expression

-
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Bz~x!5
m0Ms

4p
ln

x21d2

x21~d1D !2
~1!

for the field component normal to the electron gas, whereMs
is the saturation magnetization of cobalt,x is measured along
the Hall bar withx50 under the edge of the film,D is the
film thickness, andd is the distance from the 2DEG to th
cobalt film. Using this formula with the saturation magne
zation for bulk cobalt ofm0Ms51.8 T and the geometric
dimensions of our samples, we arrive at the magnetic fi
profile depicted in Fig. 1~c!. It should be emphasized at th
point that the process of magnetization reversal in thin fil
is complicated and hard to predict theoretically. Equation~1!
should be valid at high magnetic fields where the magn
zation of the cobalt film can be assumed to be saturate
the direction of the external field. Lowering the magne
field will in general not only lead to a steady decrease of
magnitude of the magnetizationM from its saturation value
Ms , but at the same time domain walls will be formed. It
evident from Fig. 2~b! that additional fringe fields are prese
in the 2DEG at external fieldsuBu,0.5 T. In Ref. 7 it was
shown that in a square film in the absence of any exte
magnetic field four domains appear whose magnetiza
vectors form a closed loop. Such a configuration would
lead to fringe fields in the electron gas.

The results of model calculations12,13,15,16suggest that the
Hall resistance in the presence of inhomogeneous magn
fields takes the general form

Rxy5
a* ^Bz&

ne
, ~2!

where ^Bz& is the normal component of the magnetic fie
averaged over the area of the Hall cross anda* is a constant
which depends on the geometry of the structure and on
elastic mean free path. In the case of a ballistic Hall cr
a* 51 has been shown.12 In the diffusive case the activ
area can be larger since the diffusing electron can probe
magnetic field a certain distance away from the Hall cr
and still diffuse back into one of the Hall contacts.13,15,16

This leads to valuesa* ,1.13 This approach involving the
average magnetic field is assumed to suffice here, thoug
may not properly account for drifting states due to the v
Alphen drift.

The average magnetic field in the Hall cross is^Bz&
5cMs /L̃. The constantc has the dimension of a length an
can be obtained from Eq.~1! by integrating the logarithmic
term over the extent of the barrier. It depends ond andD and
is in our case given byc549 nm ~calculated withD5100
nm, d542 nm, i.e., 37 nm cap plus 5 nm average wa
function setback!. The measured Hall signal at large extern
magnetic fields isRxy56.25V @see Fig. 2~a!#. Assuming
that the magnetization of the cobalt film is saturated at
literature value ofm0Ms51.8 T we determinea* 50.50.
This value seems to be rather low for a system in whichl el is
comparable toL̃. An alternative interpretation would assum
a* 51 as expected for ballistic systems and conclude
the magnetic barrier height corresponds to an effective m
netization of the cobalt film, which is about half the literatu
value. Although the latter interpretation seems to be unlike
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since excellent agreement with the literature value for
saturation was achieved, e.g., in Ref. 17, we will purs
these two extreme variants (a* 50.5,1) in the following and
work out their consequences.

For the discussion of the longitudinal resistanceRxx in
Fig. 2~c!, i.e., the electron transport across the magnetic b
rier, we introduce the critical angle~following Ref. 8! fc
5arcsin@12(ecMs)/(\kF)#. The anglef is measured betwee
the axis along the Hall bar (x axis! and the direction of the
velocity vector of an electron incident on the barrier@see
inset of Fig. 2~c!#. The angle dependent transmissionT(f)
for an electron isT(f)50 if fc,f,p/2 and T(f)51
otherwise. Following the semiclassical approach in Ref.
we calculate the average classical transmission through
barrier

^T&5
1

2E2p/2

1p/2

cosf T~f!, df512
ecMs

2\kF
. ~3!

With the literature value for the cobalt magnetization w
compute for our arrangement^T&564%. If the effective bar-
rier height is only half its expected value we have^T&
582%. A full quantum-mechanical description of the tran
mission can be found in Ref. 9.

The contribution of the magnetic barrier acting as an
ditional scatterer to the longitudinal resistance can be e
mated following the Landauer formula

DR5
h

2e2N

12^T&

^T&
. ~4!

HereN52W/lF is the number of modes across the Hall b
and lF is the Fermi wavelength of the electrons. With th
above valueŝT&564% and^T&582% the corrections are
expected to beDR56.1 V andDR52.4 V, respectively. As
mentioned above we determineDR53.5 V for a single bar-
rier in the experiment, which is well within the prediction o
the model. The model assumes that the transport acros
magnetic barrier is phase coherent and ballistic. In view o
barrier width of about 100 nm compared to a mean free p
of more than 8mm the latter assumption seems to be a go
first approximation. In measurements of the temperature
pendence of the resistance only little changes are observe
DR up to 77 K, indicating that neither quantum effects n
phase coherence play a significant role here. Nevertheles
state that according to the theory19 we expect a phase cohe
ence length of more than 30mm at 1.7 K in our structures.

It is tempting to use a magnetic-field-dependent magn
zation M (B) in Eq. ~3! instead ofMs , which leads to a
magnetic-field-dependent average transmission^T(B)&. This
allows to predict a magnetic-field-dependentDR(B) from
Eq. ~4!. M (B) can be extracted from the measurement
Rxy(B) in Fig. 2~a! using Eq.~2!, since ^Bz&5cM(B)/L̃.
The result of such a procedure is depicted in Fig. 3~a! ~dotted
lines!. It is characteristic for this model that around the c
ercitive field DR(B) increases linearly with the externa
magnetic field, which is due to the fact that the Hall res
tance can be approximated by a linear function aroundBc .
At large fieldsDR(B) saturates due to the saturation of t
magnetizationM (B). We emphasize that this model contai
no free parameters and makes a prediction for the size o
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resistance correction. The shape ofDR(B) may be inferred
from the shape of the hysteresis inRxy .

For comparing the measuredDR(B) @Fig. 2~c!# with the
predictions of the model for the two cases (a* 50.5,1) we
show measurement and model in Fig. 3~a!. Although the
measured size of the effect is well described by the mo
the actual shape of the measured curve differs from
model. Especially aroundBc the sharp linear increase ofDR
in the model is not observed in the measurement. The s
observation has also been made by Kubraket al. in their
structures.8,20 In addition, one observes in Fig. 3~a! that the
curvature of the measured curve has the opposite sign of
of the predicted curves.

We suggest that the assumption that only the magn
barrier at the edge of the cobalt film determinesDR(B) may
not be justified for this measurement. If we measureRxx
between voltage probes 9 and 10 we are sensitive to
fringe fields in the whole area between these two conta
@see inset of Fig. 3~a!#. Since during magnetization revers
in addition to the magnetic barrier at the film edge frin
fields ariseunder the film @as is evident from Fig. 2~b!#,
DR(B) will be raised by these additional field inhomogen
ities, especially in the region ofuBu,1 T. This influence
diminishes the magnitude of the observable resistance
rection DR and modifies the detailed shape of theDR(B)
curves.

In order to support this hypothesis experimentally
compare the symmetrized resistance measured between
age probes 8 and 9 with the predicted curve fora* 50.5 in
Fig. 3~b!. It is necessary to symmetrize the data according
R symm

(sweep up)(B)5@Rxx
(sweep up)(B)1Rxx

(sweep down)(2B)#/2 since

FIG. 3. ~a! Dotted lines: Predicted behavior ofDR according to
the model described in the text corresponding to different values
a* . Solid line: DR(B) measured between probes 9 and 10.~b!
Dotted line: Predicted behavior ofDR. Solid line:DR(B) obtained
from the symmetric contribution to the measurement betw
probes 8 and 9~scaled by a factor of 6.2!.
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the voltage in probe 8 contains a significant contributi
from the Hall effect. The difference between the measu
ment between contacts 9 and 10 and that between 8 a
lies in the fact that the former~9-10! probes a certain region
under the cobalt film while the latter~8-9! is sensitive only to
the region under the edge of the film. However, since pro
8 averages over the potential on both sides of the magn
barrier the measuredDR will be smaller than that measure
between 9 and 10. The symmetrizedDR(B) values are there-
fore multiplied by a factor of 6.2 to the size of 6V and
plotted in Fig. 3~b! ~solid line! together with the model~dot-
ted line!. The measured curve does indeed produce the
pected shape aroundBc and even reproduces the expect
sloped@DR(B)#/dB. A similar multiplication with the ex-
perimental curve in Fig. 3~a! does not at all agree with th
prediction. These results support the hypothesis thatDR(B)
measured between contacts 9 and 10 is influenced by in
mogeneous stray fields under the cobalt film occurring d
ing magnetization reversal.

Our model is based on various assumptions that we w
to highlight. First, we have assumed thatM (B)}Rxy(B),
which implies thata* is independent ofB and results in
DR}uB2Bcu in the limit B→Bc . Second, we assume ide
barriers and do not take any fluctuations in the barrier he
or in the barrier position into account that may arise due
imperfections of the magnetic film. Third, we neglect elas
scattering events that may occur during an electron trav
of the barrier. Further experimental and theoretical effo
are necessary in order to clarify the detailed shape of
measured V-shaped resistance.

In conclusion, we have studied the electron transp
across single magnetic barriers in a 2DEG created by
deposition of a thin ferromagnetic cobalt film with the em
phasis on understanding the correction of the longitudi
resistance. To this end we have presented a model suit
for the ballistic transport across the barrier, which predi
the size and the shape of the resistance correctionDR(B)
from the knowledge of the barrier height at different extern
magnetic fields. The accurate determination of the latter w
electrical transport experiments has not yet been achie
Taking this uncertainty into account the measured size of
resistance correction is well predicted by the model. We s
gest that the resistance correction deviates from the pre
tion of the model if the area between the voltage pairs cov
a significant region under the magnetic film. Fringe fiel
occurring under the film during magnetization reversal m
contribute to this deviation.
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