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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.

Electrical transport of electrons in two dimensions in thethe classically opaque regime. We propose a transport model
presence of inhomogeneous magnetic fields raises fundéer the longitudinal resistance in the presence of a magnetic
mental questions and promises the realization of novel dedarrier for the ballistic regime and compare it with the ex-
vices. Experiments focusing on fundamental issues used rafperimental findings. It is found that the model predicts a
dom inhomogeneous magnetic fields created either by-shaped resistance correction in qualitative agreement with
vortices in superconductdrsor by ferromagnetic layefs the experiments. The size of the resistance correction agrees
placed on top of a two-dimensional electron 2®EG). within a factor of 2 with the experiment. We find experimen-
Electron transport involving periodic magnetic field modula-tally that in addition to the magnetic barrier, fringe fields are
tion was also studied experimentaft§.While the first of ~Present in the electron gas during magnetization reversal of
these experiments were devoted to the observation of contbe film, which may diminish the resistance correction ob-
mensurability effects,a novel giant classical magnetoresis- S€rved in our experiment.
tance due to the presence of the periodic arrangement of The samples investigated in this study are based on a
magnetic barriers was discoveréd. conventional GaAs/Al:Ga 7As heterostructure grown by

In recent experiments the number of magnetic barriers hadolecular beam epitaxy with the heterointerface 37 nm be-
been decreased down to the least involved case of a singlew the sample surface. Hall bar structures were fabricated
barrier®® In Ref. 5 a 3um thick magnetic barrier could be With photolithographic techniques as depicted schematically
realized in a nonplanar 2DEG. In other stufiids different  in Fig. 1(a). The width of the Hall bar iSNV=20 um, the
approach was used: if a thin magnetic film is placed on top
of a heterostructure its in-plane magnetization can be satua)
rated in an external in-plane magnetic field. In this case the
out-of-plane component of the fringe field under the edge of 11 1 Wcofim Hall-Bar
the film creates a magnetic barrier for electron transport with
a width of the order of 100 nm determined by the separation
of the 2DEG from the magnetic film. Magnetic field 10
strengths of more than 0.5 T have been realfzédRef. 7 3
the utilization of such an arrangement as a “hybrid Hall
effect device” was suggested. The theory and modeling rel- *—9 3
evant for these experiments is due to Peeters anc Vi C
co-workers’ * They concentrated on the Hall resistance in &
the ballisti¢? and in the diffusive regimé!*and presented 1 =
results for the longitudinal resistance in the diffusive
regime®®

In this paper we present low-temperature measurement
of the longitudinal and Hall resistances in ferromagnetic/ 6
semiconductor hybrid devices of the same type used by Ku-

brak et al. in Ref. 8. Our results for the longitudinal resis- FIG. 1. (8 Schematic sample overviewb) Schematic cross
tance in the presence of magnetic barriers in the classicallyection through the sample with the cobalt film placed above the
transmissive regime are qualitatively similar to those re-2DEG.(c) Magnetic field profile of the magnetic barrier created in
ported by these authors for magnetic barriers saturating ithe electron gas under the edge of the film.
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I I I I I ment is consistent with the idea that the magnetic fringe field
of the cobalt film creates a magnetic barrier in the electron
gas right under the edge of the filsee Fig. 1b,0)]. This
inhomogeneous field distribution in the Hall cross causes the
measured Hall signal.

Figure 2b) showsR,, measured between voltage probes
2 and 10, i.e., under the center of the square cobalt film. Note
that the resistance scale differs by a factor of 20 compared to
Fig. 2(a). Again a hysteresis with a similar symmetry is ob-
served, but it differs in magnitude and in the characteristic
field scale from that in Fig.(@). The main hysteretic feature
appears below a field ¢B|<1 T. But even up to fields of
|B|=2.5 T down and up sweeps give differe®y, and, un-
like in the case of Fig. @), R} P R(SweeP i op.-
1 1 1 served. This hysteresis sits on top of a step of the Hall signal

1
of 26 ) il of magnitude AR,,=0.35(). This step is most likely due

s 9 T ] to an asymmetric placement of the square cobalt film with

g I respect to the voltage probes in the direction of the current.

20 | -, | | This measurement shows that even below the cobalt film

-2 -1 0 1 2 there exist fringe fields that mainly come into play during the

B (T) process of magnetization reversal. These fringe field¢adre
mosh absent at large external magnetic fields and also
FIG. 2. (a)—(d) Measurements oR,, andRy, vs parallel mag- around zero external field
netic field using different contact pairs as indicated by the sche- . o .
o , N . . . In Fig. 2(c) the longitudinal resistanck,, measured be-
matic insets. Left inset irfic): typical classical electron trajectories .
: tween voltage probes 9 and 10 is shown. A V-shaped hys-
(one transmitted, the other reflected o : ; . !
teretic dip with a magnitude of about@ is observed in the
) , ) , region whereR,, in Fig. 2@ is hysteretic as well. These
separation of neighboring volta%e probed is 34 um, and ¢ ryes are qualitatively similar to those reported in Ref. 8. In
the width of each voltage probe is=8 um. Two rectangu- our measurement the cusps occur at the coercitive Beld
lar films of cobalt with a thickness of 100 nm and covered=+60 mT and the curves have the dominant symmetry
with 30 nm of gold were deposited at a pressure of aboupgg(weep UP{B) = R(S"eer dowry _B) - Choosing different pairs

10" ® mbar on top qf th_e HaII_bar structure as shown in Figs.qf voltage probes for measurementsRy(B) allows us to
1(a) and 1b). Their dimensions are 22mx22 um and  measure pieces of the Hall bar with up to four magnetic
27 pmX 14 pm, respectively. barriers in series. We find that the magnitude of the dips
All measurements shown below were carried out ftHe AR =R (B=1.5 T)—R,,(B,) is a linear function of the
cryostat at temperatures down to 1.7 K. They were recordedymber of magnetic barriers with a slope of Z)5per bar-
using the standard lock-in technique with a 73 Hz ac currenier. \We find a relative deviation of not more than3.5%
between 100 nA and nA applied between contacts 6 and from this value for any individual barrier.
12 (see Fig. 1. A magnetic field was applied in the plane of | Fig. 2(d) we show the longitudinal resistance measured
the 2DEG(with an accuracy of=0.01°) and parallel to the petween the voltage probes 8 and 9. The hysteresis curve
direction of current flow. In order to avoid a hysteresis due toghows neither the symmetry B, nor that ofR, but rather
lock-in time constants, the magnet was not swept continUseems to contain both contributions. This behavior is ex-
ously but rather the field was set to a fixed value and after dected in the diffusive as well as in the ballistic regime. In
time considerably longer than the lock-in time constant, thehe former, the presence of the magnetic barrier leads to a
data point was taken. This corresponded to a sweep rafgijte Hall angle in the Hall cross between contacts 8 and 4.
lower than 50 mT/min. . _ A part of the corresponding Hall voltage will appear on the
The electron sheet density was determined from classicgdotential of contact 8 and therefore appears in the longitudi-
Hall measurements and from the Shubnikov—de Haas effe¢fg| resistance measured between 8 and 9. In the ballistic case
to be n=55x10m 2 The Hall mobility is wu  the magnetic barrier affects the symmetry of the transmission
=70 n?/V's at 1.7 K, giving an elastic mean free path of coefficients between the contacts under consideration, lead-
le;=8.6 um. ing to an antisymmetric contribution to the longitudinal re-
In Fig. 2@ we show the Hall resistanc®,, measured sjstance as well. From these arguments it is plausible that
between voltage probes 4 and 8. It shows the hysteresis @fhis is also the case for the intermediate range between the
the cobalt film that is reflected in the normal component ofhallistic and the diffusive transport regime.
the fringe field penetrating the active area of the Hall cross. |n accordance with Ref. 14 we calculate the magnetic
From this measurement we determine the saturation valugeld profile in the 2DEG resulting at the edge of the cobalt
ARy,=6.25(Q) and a coercitive field oB.=60 mT. The  film due to its magnetization. Under the assumption that the
curve apparently shows the symmetR("**®“®B)=  width of the cobalt film exceeds the width of the Hall tar
—R{Sweepdowry _ By expected from the corresponding sym- our case by several hundred nanométeve arrive at the
metry of the magnetization of the cobalt film. The measureexpression
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oM X2+ d2 since excellent agreement with the literature value for the
B,(x)= 2 *In 5 5 (1)  saturation was achieved, e.g., in Ref. 17, we will pursue
T x°+(d+D) these two extreme variantat =0.5,1) in the following and

work out their consequences.
For the discussion of the longitudinal resistariRg, in

Fig. 2(c), i.e., the electron transport across the magnetic bar-
rier, we introduce the critical angléollowing Ref. 8 ¢,
=arcsinl—(ecM)/(fkg)]. The anglep is measured between
the axis along the Hall bax(axis) and the direction of the

elocity vector of an electron incident on the barrjeee
set of Fig. 2c)]. The angle dependent transmissib¢y)

r an electron isT(¢)=0 if ¢.<Pp<w/2 andT(¢)=1

for the field component normal to the electron gas, wilkge

is the saturation magnetization of cobalis measured along
the Hall bar withx=0 under the edge of the filnD) is the
film thickness, andl is the distance from the 2DEG to the
cobalt film. Using this formula with the saturation magneti-
zation for bulk cobalt ofugM¢=1.8 T and the geometric
dimensions of our samples, we arrive at the magnetic fiel
profile depicted in Fig. (c). It should be emphasized at this fo
point that the process of magnetization reversal in thin ﬁlmsotherwise. Following the semiclassical approach in Ref. 18

is complicated and hard to predict theoretically. Equatbn : i
should be valid at high magnetic fields where the magnetiyve calculate the average classical transmission through the

zation of the cobalt film can be assumed to be saturated iRarrler
the direction of the external field. Lowering the magnetic 1 [ +a2 ecM,
field will in general not only lead to a steady decrease of the (Ty= EJ B cosop T(¢p), dp=1—

magnitude of the magnetizatidvi from its saturation value 2hke
Ms, but at the same time domain walls will be formed. It is with the literature value for the cobalt magnetization we
evident from Fig. 2b) that additional fringe fields are present compute for our arrangemeif) = 64%. If the effective bar-

in the 2DEG at external fle'dB|<O5 T.In Ref. 7itwas rjer height is only half its expected value we ha(/'§>
shown that in a square film in the absence of any externak 820, A full quantum-mechanical description of the trans-
magnetic field four domains appear whose magnetizatiopnission can be found in Ref. 9.

vectors form a closed loop. Such a configuration would not  The contribution of the magnetic barrier acting as an ad-

lead to fringe fields in the electron gas. ditional scatterer to the longitudinal resistance can be esti-
The results of model calculatiotfs**>*®suggest that the  mated following the Landauer formula

Hall resistance in the presence of inhomogeneous magnetic

)

fields takes the general form ~ho1(T) “
a*(B,) 2e?N  (T)
" e @ HereN=2W/\¢ is the number of modes across the Hall bar

and A is the Fermi wavelength of the electrons. With the
where(B,) is the normal component of the magnetic field ahove valuegT)=64% and(T)=82% the corrections are
averaged over the area of the Hall cross afids a constant expected to bAR=6.1 Q) andAR=2.4 ), respectively. As
which depends on the geometry of the structure and on thgentioned above we determindR= 3.5 Q for a single bar-
elastic mean free path. In the case of a ballistic Hall crossier in the experiment, which is well within the prediction of
a*=1 has been showi. In the diffusive case the active the model. The model assumes that the transport across the
area can be larger since the diffusing electron can probe th@agnetic barrier is phase coherent and ballistic. In view of a
magnetic field a certain distance away from the Hall crosgarrier width of about 100 nm compared to a mean free path
and still diffuse back into one of the Hall conta&fsl.s'w of more than &Lm the latter assumption seems to be a good
This leads to valuesr* <1.*° This approach involving the first approximation. In measurements of the temperature de-
average magnetic field is assumed to suffice here, though jfendence of the resistance only little changes are observed in
may not properly account for drifting states due to the vamAR up to 77 K, indicating that neither quantum effects nor
Alphen drift. phase coherence play a significant role here. Nevertheless we

The average magnetic field in the Hall cross(B;)  state that according to the thedtyve expect a phase coher-

=cM/L. The constant has the dimension of a length and ence length of more than 3@m at 1.7 K in our structures.
can be obtained from Ed1) by integrating the logarithmic It is tempting to use a magnetic-field-dependent magneti-
term over the extent of the barrier. It dependsdandD and  zation M(B) in Eq. (3) instead ofMg, which leads to a
is in our case given bg=49 nm (calculated withD=100  magnetic-field-dependent average transmis§i(B)). This
nm, d=42 nm, i.e., 37 nm cap plus 5 nm average wave-allows to predict a magnetic-field-dependeXiR(B) from
function setback The measured Hall signal at large externalEq. (4). M(B) can be extracted from the measurement of
magnetic fields isR,,=6.25( [see Fig. 23)]. Assuming R (B) in Fig. 2@ using Eq.(2), since(B,)=cM(B)/L.
that the magnetization of the cobalt film is saturated at |tS|'he result Of Such a procedure is depicted in F(g) wotted
literature value ofuoMs=1.8 T we determinex*=0.50. |ines). It is characteristic for this model that around the co-
This value seems to be rather low for a system in whigis  ercitive field AR(B) increases linearly with the external
comparable td.. An alternative interpretation would assume magnetic field, which is due to the fact that the Hall resis-
a*=1 as expected for ballistic systems and conclude thatance can be approximated by a linear function aroBpd
the magnetic barrier height corresponds to an effective magAt large fieldsAR(B) saturates due to the saturation of the
netization of the cobalt film, which is about half the literature magnetizatiorM (B). We emphasize that this model contains
value. Although the latter interpretation seems to be unlikelyno free parameters and makes a prediction for the size of the
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sla ' the voltage in probe 8 contains a significant contribution
from the Hall effect. The difference between the measure-
s ment between contacts 9 and 10 and that between 8 and 9
lies in the fact that the formg®-10 probes a certain region
Sat under the cobalt film while the latté8-9) is sensitive only to
o the region under the edge of the film. However, since probe
EIZ 3 8 averages over the potential on both sides of the magnetic
&, barrier the measuredlR will be smaller than that measured
0 between 9 and 10. The symmetrize&(B) values are there-
g 1 fore multiplied by a factor of 6.2 to the size of @ and
plotted in Fig. 3b) (solid line) together with the modgdot-
O—0"05 1T 15 0 05 1 1s ted ling. The measured curve does indeed produce the ex-
B (T) B(T) pected shape arourB. and even reproduces the expected

sloped[AR(B)]/dB. A similar multiplication with the ex-

the model described in the text corresponding to different values foPe”me.mal curve in Fig. @ does not at all agrge with the
o*. Solid line: AR(B) measured between probes 9 and ). prediction. These results support the hypqthesmﬁh%([B) .
Dotted line: Predicted behavior &fR. Solid line: AR(B) obtained ~Measured between contacts 9 and 10 is influenced by inho-
from the symmetric contribution to the measurement betweerfMogeneous stray fields under the cobalt film occurring dur-

probes 8 and 9scaled by a factor of 6)2 ing magnetization reversal. . .
Our model is based on various assumptions that we wish

to highlight. First, we have assumed thit(B)=R,,(B),
which implies thata* is independent oB and results in
ARx|B—B| in the limit B—B.. Second, we assume ideal
barriers and do not take any fluctuations in the barrier height
or in the barrier position into account that may arise due to
|imperfections of the magnetic film. Third, we neglect elastic
§cattering events that may occur during an electron traverse
of the barrier. Further experimental and theoretical efforts
nfle necessary in order to clarify the detailed shape of the
measured V-shaped resistance.
In conclusion, we have studied the electron transport
ross single magnetic barriers in a 2DEG created by the
position of a thin ferromagnetic cobalt film with the em-
Bhasis on understanding the correction of the longitudinal
resistance. To this end we have presented a model suitable
for the ballistic transport across the barrier, which predicts
he size and the shape of the resistance corredtiB(B)
r@om the knowledge of the barrier height at different external
magnetic fields. The accurate determination of the latter with
electrical transport experiments has not yet been achieved.
Taking this uncertainty into account the measured size of the
resistance correction is well predicted by the model. We sug-
gest that the resistance correction deviates from the predic-
p_on of the model if the area between the voltage pairs covers
a significant region under the magnetic film. Fringe fields
occurring under the film during magnetization reversal may
contribute to this deviation.

FIG. 3. (a) Dotted lines: Predicted behavior AR according to

resistance correction. The shapeAdR(B) may be inferred
from the shape of the hysteresisRy, .

For comparing the measuredR(B) [Fig. 2(c)] with the
predictions of the model for the two caseg*(=0.5,1) we
show measurement and model in Figa)3 Although the
measured size of the effect is well described by the mode

model. Especially arounB, the sharp linear increase AR
in the model is not observed in the measurement. The sa
observation has also been made by Kubetlal. in their
structure$?° In addition, one observes in Fig(88 that the
curvature of the measured curve has the opposite sign of th%lc
of the predicted curves. €

We suggest that the assumption that only the magneti
barrier at the edge of the cobalt film determineR(B) may
not be justified for this measurement. If we measkg
between voltage probes 9 and 10 we are sensitive to a
fringe fields in the whole area between these two contact
[see inset of Fig. @)]. Since during magnetization reversal
in addition to the magnetic barrier at the film edge fringe
fields ariseunder the film [as is evident from Fig. ®)],
AR(B) will be raised by these additional field inhomogene-
ities, especially in the region dB|<1 T. This influence
diminishes the magnitude of the observable resistance co
rection AR and modifies the detailed shape of th&(B)
curves.

In order to support this hypothesis experimentally we
compare the symmetrized resistance measured between volt- We gratefully acknowledge fruitful discussions with F.
age probes 8 and 9 with the predicted curveddr=0.5in M. Peeters, B. L. Gallagher, V. Kubrak, and C. Back and the
Fig. 3(b). It is necessary to symmetrize the data according tdhelp of S. Lindemann during sample preparation. This
R(Sweep upp g = [ R(SWeep U B + R(SWeep dowy _ By1/2  since  project was financially supported through the ETH Zurich.
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