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Scattering of ballistic electrons at a mesoscopic spot of strong magnetic field
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We report quenching of the Hall effect with increasing magnetic field confined in a micron-sized spot. Such
fields were created by placing tall ferromagnetic pillars on top of a two-dimensional electron gas, which
allowed us to achieve the field strength up to 0.4 T under the pillars in the absence of external field. The
guenching is accompanied by an anomalous increase in resistance and occurs when the cyclotron diameter
matches the size of the magnetic spot. The results are explained by a rapid increase in the number of electrons
that are scattered or quasilocalized by the magnetic region.
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During the last decade, transport phenomena in microinagboutw=2 um etched in a GaAs/AGa _,As heterostruc-
homogeneous magnetic fields have been a subject of intenggre with a 2DEG embedded 70 nm below the surface. The
interest and significant experimental effoft$® Using mi- 2DEG has the electron density of~3.45< 10" m~2 (in-
crofabricated ferromagnetic and superconducting structuregreasing to 4.8510*> m~2 after illumination and mobility
deposited on top of a two-dimensional electron (2BEG),  ~100 nf/(Vs). Dysprosium structures of different diam-
various configurations of mesoscopic magnetic fields hav&ters 2~1, 1.5, and 3um and of thicknesh~1.5 um

been created and studied, including 1D and 2D periodivere placed in the center of the Hall crosses by electron-
1-4,14,15 &-1016-18  beam lithography using a special double-layer technique,

modulation, individual magnetic barrie - ,

and a random distribution of magnetic fidfd1319-21sey- which allowed lift-off procedures even for such an excep-

eral new phenomena have been found, with most attentioﬂonaIIy thick Dy layer. DY IS a material with the highest

being attracted by commensurability oscillatibis and tlj]r(z)a\/svrzlvﬁ?gﬁrztllgr?gTv?t%nﬁtéz?;gﬁgig; fﬁlrtn!sogvretekrgg\?v?-to

329e11$ﬁg:6’9’}$%g5p0rt along  speciale.g., snakelike produce negligibly small electrostatic and strain effects in a
J : 2DEG, makes it most suitable for our studies. The inset in

In this paper, we report a different experimental geometrygijy 5 shows the field profile in the plane of the 2DEG cal-
where ballistic electrons at zero magnetic field are injecte{ulated for a uniformly magnetized pillah&1.5 xm) and

into a micron-sized region with a strong field inside. Their 5 qigk (h~0.15 um) of the same diameterZ=1 um. Itis
scattering_as a function of the. strength of the local field hageen clearly that, for the pillar geometry, the stray field out-
been studied. Such a scheme is conceptually most simple arghe the central area is at least one order of magnitude less
has often been considered in a theory of effects induced bjhan the magnetic field below the pillar. In contrast, for the
magnetic barriers. In experiment, however, it has so fagase of a typical disk, the situation is quite opposite: the field
proved impossible to avoid additionédlso interestingef-  profile exhibits a large sian-reversing spi ) edge and
fects caused by the presence of either external field or sub-
micron spikes of strong magnetic field near the edges of
magnetic microstructurés® We have implemented the ide-
alized geometry by microfabricating dysprosium pillars with
both height and diameter of the order of Am on top of a
2DEG and magnetizing these pillars by an external field,
which was subsequently removed, leaving a micron-sized
spot of magnetic field in the 2DEG. The 2DEG’s conductiv-
ity in zero external field was measured for different values of
the magnetization of pillars’ and, thus, for different fields
underneath. The most unexpected finding of this work is that
the Hall effect very rapidly becomes strongly suppressed
while the resistivity increases significanilgy 10099, if the
cyclotron diameter becomes smaller than the diameter of the
magnetic spot. Monte Carlo simulations of ballistic transport
through such field inhomogeneities show that the observed
phenomena are associated with back scattering and trapping
of electron orbits by the field region. -
Our experimental devices are shown in Fig. 1 and consist FIG. 1. Scanning electron micrograph of one of the studied de-
of a set of Hall crosses having the lithographic width of vices with Dy pillars placed in the centers of three Hall crosses.
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20 . profile induced by a magnetized pillar. The bend resistance is
defined as the ratio between the voltage measured between
two adjacent contact&.g., leads 7 and 5 in Fig,) And the
current put through the opposite pair of contdt¢ads 1 and
3). For diffusive electronsRye,q Wwould be simply propor-
tional to the resistivity of a 2DEG. Ballistic electrons, how-
ever, can overshoot the central region and enter the opposite
(voltage contact. This leads to negative valuesRyf.,q as
indeed seen in Fig. 2 in low fields. Stronger fields turn bal-
listic electrons away from entering the opposite lead, so that
the bend resistance increases, becomes positive, and eventu-
ally saturates to a finite value, which is determined by scat-
tering of curved electron orbits at boundaries and back-
ground impurities in the Hall cross. This saturation value of
Rpeng COrresponds to the effective resistance of the cross as
would be measured for diffusive electrons and the saturation
is reached when the cyclotron diameter becomes less than
FIG. 2. Bend resistancR,.,q measured for a Hall cross with the Hall cross dimensions.
1.5-um Dy pillar. Symbols: strongly inhomogeneous magnetic field In weak magnetic fields, we have observed no notable
is created by the magnetized pillar in the absence of any externalifference in the behavior dRy,.,q for the cases of uniform
field; solid line, Ryeng in uniform magnetic fieldthe Dy pillar is  and strongly inhomogeneous magnetic fieldse Fig. 2
demagnetized The arrow marks the field where the two curves This shows that the ballistic transport in this regime is deter-
break apart. Inset: profiles of the magnetic field in the 2DEG belowmined entirely by the average field, as expe&&jHOW-
a uniformly magnetized pillath/(2r)=1.5; lefff and a disk ever, in higher fields, where the bend resistance becomes
[h/(2r)=0.15; righ{. positive, the two curves in Fig. 2 break apart, indicating that
a rather low field in the centethe spike has a width-h). the approximation of the_average field is no longer valid. The
The behavior reported in this work is essentially related tg®urve for the uniform field saturates at a value of¢B
the presence of a finite-size spot of magnetic field with theVhich is of the order of the 2DEG’s longitudinal resistivity
steplike profile rather than a narrow spike in a 2DEG. pxx- The major effect induced by the field inhomogeneity is
In order to vary the strength of the local field underneaththat Ryeng €xhibits saturation to a twice-higher value. This
the pillars, we used the following procedure. By coolingclearly shows that the local field created by the strongly
down our devices in zero field from temperatures above 12Magnetized Dy pillar introduces a significant amount of extra
K (above the ferromagnetic transition in Dip 0.3 K (where  scattering in the cross.
most experiments were performedve ensured that the Dy The behavior of the Hall effect with the increase of the
pillars were in a demagnetized stdeeg., no magnetic field field strength in the magnetic spot is shown in Fig. 3, where
was detected in any 2DEG propertifter that, we applied we plot measurements on the same cross for two different
an external field along the axis, of pillars’, sweeping it to aelectron concentration@n the dark and after illuminatidfy.
valueB,, and back to zero again. This procedure leaves remm weak fields, the Hall resistand®, depends linearly on
nant magnetization in Dy, which can be varied by sweepings_ and, as expected, practically coincided with the depen-
each time to a different value &.,. By gradually increas- gencies found in uniform fielfor clarity of presentation, we
ing Be, (from O up to 4 T in increments of 0.05)Twe have  4y0id plotting the additional curves, which are almost
managed to increase magnetization of Dy in a gradual andi aight lines over the whole range of Fig. Bbove a certain
highly reproducible manner, creating magnetic fields rangm%agnetic field, however, the Hall effect in the inhomoge-

from 0 to 0.4 T underneath the pillars. . neous field no longer depends Bg, linearly. In this regime,

As seen in Fig. 1, our devices contain a Hall cross that IS "is stronalv suppressed and. moreover. its sloBa /dB
totally covered by a large Dy tablet that generates a practi- 1 gly supp ' ' &l

cally uniform field in the sensitive area of the cragietails becomes nearly.zer_dngh-concentratlon curve in Fig.)3
to be published elsewhereThis cross was used only to mea- | "€ latter behavior indicates most clearly that the average-
sure remnant magnetization of Dy and calibrate remnanfi€!d approxmaﬂoﬁ fails in the case of a strong magnetic
magnetic fields created by the other, smaller pilfart.has  Inhomogeneity and the Hall response becomes dependent on
previously been shown that ballistic transport through a Haldetails of a field distribution, in agreement with our conclu-
cross does not depend on a distribution of weak magnetigion for the case oRyeg.
field inside and is determined just by its average over the To corroborate our experimental results, we have calcu-
central part of the crossquarew x w).>®Accordingly, itis  lated the resistivity tensor using a billiard-ball model of bal-
convenient to present our experimental data in terms of théstic transport® As the magnetic-field distribution we used
average magnetic fielB,, , which—in the case of an inho- calculated magnetic-field profile for 1mm Dy pillar pre-
mogeneous field—can be found from the measured magneented on inset in Fig. 2. No fitting parameter was used in the
tization of Dy and the calculated field profiles under differentmodel. The results of the numerical analysis are shown in
pillars as shown in the inset to Fig. 2. Fig. 3 by dashed lines. In low fields, the theoretical and
Figure 2 plots the behavior of bend resistaRgg,qfound  experimental curves follow each other almost exactly. Fur-
in uniform magnetic field and in the field with the steplike thermore, if the strength of magnetic inhomogeneity in-
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FIG. 3. Hall resistance measurements on the cross within5- B ik
Dy pillar. Symbols are experimental data; curves, theoretical calcu- 1 5T 020T
lations. Solid symbols, and the dashed curve correspond to the low
electron concentration, open symbols, and the dash-dotted line-
high electron concentration. The arrows mark the critical fiélfjs.
Inset: dependence of the critical magnetic fiBft on electron con-
centration and radius of the pillars. Squares and circles are for the

creases above a critical value, the theory also yields a very Wi |l

1.5- and 1xm Dy pillars, respectively.
rapid suppression of the Hall effect. This occurs above the -
same fields as those found experimentally. The only differ- 0.25T 0.30T

ence is that the theory predicts a stronger suppression than FIG. 4. Spatial distribution of the probability of finding injected
that observed in the experiment. This difference can be atelectrons at different positions inside a Hall cross in the presence of
tributed to the fact that our devices have slightly roundeda local spot of magnetic field with strengi . The magnetic spot
corners rather than the straight corners assumed in the nused in our numerical simulations is shown by a circle in the top
merical analysig®26-28 figure.
One can notice in Fig. 3 that the high-concentration curve
bends at a slightly higher20%) field than the one for the and~0.29 T, respectively.
low electron concentration. Our measurements on the The above values are plotted in the inset of Fig. 3 as a
smaller (1 wm) Dy pillars have shown a behavior very function of Vi /r, whereV is the Fermi velocity. This de-
similar to that in Fig. 3, except that the bending occurs inscription conveniently allows us to present the data for dif-
magnetic fields of about 50% higher than those found for thderentr and different concentrationgifferent V) on the
1.5-um Dy pillar. We can quantify this rapid bending on the same_grap_h. The experimentglldata poin_ts in the. inset fall on
Hall curves by defining a critical magnetic fielf , at which @ straight line through the origin, which is described by the
the slope changes noticeably with respect to the linear degquationBg =a(m*/e)X (Ve /r) or, alternatively,r=apc,
pendence found in uniform field. We have chosen, somewha¥here m* is the effective electron mass, the electron
arbitrarily, a value of 25% for the critical slope change, andcharge,p. the cyclotron radius, and is a fitting parameter
the arrows in Fig. 3 mark the critical fields determined in this¢l0Se to 1. The best-fitting parameteris found to be 0.79,
way. These fields roughly coincide with the fields corre-1-€- indeed close to unitjnote that the exact value of is
sponding to splitting of th&, .4 curves as shown in Fig. 2. sensitive to our chosen definition Bff). In other words, the
One may expectand our theoretical analysis shows this breakdown.of the ave.rage-fleld approximation, yvhlch is seen
as wel) that the important parameter describing the breaki—j;s theorfcpd(rjs (x‘heen:ngcfzgtgzd ditgr?westter??(?r kIJr;lCIIri(safifeeller::
i i i i bend» -
?hogvgvgfratgi ﬁ\éledrgge f;j}? tﬁzp}irgﬂrgf;g%gtﬁ Sﬁ;é?ﬁe\;?rl]utehgtrons bgcome; equal to the 'size of the magnetiq spots. Our
S av ) calculations yield the same linear dependence with0.80
pillar in the center of a Hall cros8, . Indeed B,, takes into

. . ! for the same definition oB*) and are shown by the solid
account stray fields and its value depends on the size of the o i the inset.

cross, whileB; is a characteristic of the magnetic spot itself 14 gain a better physical insight, in Fig. 4 we have calcu-
and defines the curvature of resulting electron trajectoriegated the probability of finding ballistic electrons at different
For each particular pillar the relation betweBp, andB. is  positions in a Hall cross, which has a spot of magnetic field
determined only by the geometry, and we have fold in its center. Parameters for this numerical experiment are
=1.738B,, for the 1.5um pillar and B.=3.8M,, for the  chosen to be the same as for our Hall crosses with the
1-um pillar. This yields the critical fieldB? under the 1.5.um Dy pillar. Ballistic electrons are injected from the
1.5-.um pillar to be~0.165 T in the dark and=0.195 T  bottom lead and the images in Fig. 4 show accumulated and
after illumination and, for the Jem pillar, B}~0.26 T  superimposed snapshots of the generated electron trajecto-
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ries. If no magnetic field is presenB{=0) the probabilities nal (in the latter case, electrons leave the magnetic spot in
for an electron to go left or right are equahe same gray- random directions which qualitatively explains the
scale densitigs which means that no Hall effect is induced. diminished Hall response aboB¥ . At the same time, the

At moderate fields inside the magnetic sp8€0.10 and increase in the number of backscattered and trapped
0.15 T) electrons preferably turn left, which results in theelectrons indicates that the magnetic spot becomes virtually
appearance of Hall response. As the strength of the centrabntransparent for injected electrons and scatters them ran-
field increases further and excee$ , the probability for  domly, which explains the observed increase in the bend re-
electrons to turn left diminishes and, at the same time, thgistance.

probability of back-scattering increases dramaticédlye im- In conclusion, we have created a strong magnetic inhomo-
ages for 0.2, 0.25, and 0.3 T). Moreover, one can clearly segeneity in a 2DEG and observed a very rapid suppression of
a sharp increase in the probability density, which appears ahe Hall effect and a 100% increase in the bend resistance
the center of the cross f@&>B} . A closer inspection shows when the cyclotron radius becomes smaller than the size of
that this effect is due to trajectories, which stay inside thethe magnetic region. The results are in quantitative agree-
magnetic spot for an extended period of time, i.e., the trajecment with the billiard model of ballistic transport through a
tories correspond to electrons that become virtually localizednagnetic spot and can be interpreted as a decreased transpar-
within the region. These electrons eventually have to leavency of the magnetic-field region which starts to trap and
the magnetic spot but they stay inside long enough to expescatter electrons. Our results demonstrate that, using tall fer-
rience one or another sort of scattering and, for all practicatomagnetic microstructures, it is possible to create efficient
purposes, can be considered as trapped. Neither the backscaiagnetic barriers in a 2DEG and, probably, even barriers
tered nor quasitrapped trajectories contribute to the Hall sigwith quantizing magnetic fields.
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