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Hall effect in a spatially fluctuating magnetic field with zero mean
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We study the Hall effect of a nonplanar stripe-shaped two-dimensional electroi2BES) with stripes
oriented perpendicular to the current in the presence of an in-plane external magneti®; fieléince the
2DEG is sensitive only to the normal componentByf;, the electrons move in a sign alternating magnetic
field with zero meanB)=0 and nonzero variance, which is proportionalBg,,. A zero Hall resistance is
observed at lovB,,;, as expected fofB)=0. However, foB.,>5 T, a nonzero Hall voltage is found. In this
regime the electron transport is characterized by the propagation of chiral snakelike trajectories. These states
move in positive and negative directions along stripes and are confined to one-dimensional channels with a
different number of propagating modes, which is determined by the surface topography. Asymmetry in the
number of ballistic modes leads to a nonzero Hall voltage.

Transport properties of a two-dimensional electron gagive y direction, and foWB< 0 these trajectories carry prob-
(2DEG) in a spatially fluctuating magnetic field with zero ability current in the negative direction. In the region where
average have been a subject of much experimental and theagnetic field is large, the electron follows rapid cyclotron
oretical works. The interest is motivated by its relevance trbits that slowly drift along contours of constant figtubt
the localization problem in random fields and the fractionalshown. These trajectories have a mean velocity in the oppo-
quantum Hall effect. Zero average magnetic field leads to élte dlrectlons -tO the snakelike orbits. TherEfore, the net cur-
zero Hall conductivity. Therefore, it was argued that thefent in equilibrium is zero. o _
electron states are localized in a random magnetic field with N randomB with field distribution, which is symmetric
zero meart, because the criterion for the creation of the ex-
tended states is that the classical Hall conductivity must ap-
proach the value of the quantum conductah@éis conclu-
sion is contradicted by calculations that demonstrate that the
local Hall conductance can be nonzero for a specific random
flux configuration because of the breaking of time reversal
symmetry> Experimentally anomalous Hall resistivity in
random magnetic field has been studied in heterostructures
with 2DEG covered by superconducting filths.

The main features of the transport properties of a 2DEG
in a random magnetic field with zero mean has been demon-
strated most distinctly in systems with smooth fluctuations.
Within this approach, the correlation radius of the magnetic-
field fluctuations is larger than the typical magnetic length.
In this limit, the electron motion can be described
semiclassically. As was first noted by Muller in Ref. 6,
where the amplitude of the magnetic field is small, there
exist classical trajectories— so-called snake states that cross
the B=0 line. These states propagate perpendicularly to the
field gradient VB and have a time-reversal asymmetry,
which is illustrated in Fig. 1 for periodical sign alternating  FIG. 1. Schematic view of the periodic magnetic field and clas-
magnetic field. WheiVB>0, shake states travel in the posi- sical picture of the electron trajectories subjected to this field.
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FIG. 2. Profile of the surface of two-dimensional electron gas /\/\/\/\/\
and (a) consistent magnetic field profilg) for the external mag- 000F, L 1
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about the zero mean valy8)=0, the electron motion con- ey
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sists of percolating snakelike trajectories along contBur

=0 closed around hills or valleys of the magnetic-field sur- g1 3. Atomic force microscope image of the sample surface.
face with tunneling near saddle poirithis situation can be () profiles of the sample surface across the stripes from the differ-
represented as links on a square network, carrying a fixeght parts of the sample. Curves are shifted for the clafitySolid
number of the electronic snake states. The drift trajectoriefne-magnetic-field profile calculated for the surface profite

are localized and do not contribute to the conductivity.pottom curvé when magnetic field is oriented parallel to thexis
Within this approach the network consists of the plaquettesind perpendicular to the stripes, dots- gradient of the magnetic field.
of the lattice with clockwise and anticlockwise circulation. Full circles- position of the snake-trajectories channeling in the
As was indicated in Ref. 5 the mean Hall conductance of theositivey direction, open circles- snake states running in the nega-
system is zero, because these plaquettes are statisticatlye y direction.

equivalent. An imbalance of the clockwise and anticlockwise

circulation, which can occur locally because of the randomf(x,y,z)=0. If the height of the stripes h is smaller than
character of the potential, should lead to nonzero local Halperiodicity, df/dx~h/d<1, and we haveBy~(h/d)B;.
conductivity. For the sake of simplicity consider the situa-Figure 2b) shows the magnetic-field modulation for the sur-
tion, when the average cyclotron radiRs is smaller than face profile corresponding to Fig(&). Snake states running
half of the magnetic-field periodicitgl, but the amplitude of in the positive and negative directiopsare marked by open
the magnetic field is sufficiently small so thd#d<<R.<d/2.  and full circles. We see, that these trajectories travel in very
In this regime there are no drifts orbits, and the transport iglifferent field gradient, and, therefore, have a different num-
determined by the snake trajectories as shown in Fig. 1. lber of propagating modésBecause the stripes are oriented
this situation, we demonstrate another possibility to obtainn the direction perpendicular to the current probes, snake
nonzero Hall current fo{B)=0. We create snake states us- trajectories contribute directly to the Hall effect. Thus, the
ing periodical sign-alternating magnetic field. Recentlynet current in such structures is unbalanced, and nonzero
2DEG systems grown on a nonplanar prepatterned GaAlall voltage appears.

substrate have been used to produce essentially inhomoge- Samples were fabricated employing overgrowth of GaAs
neous magnetic fields® Since orbital motion of the 2DEG is and AlLGa;_,As materials by molecular beam epitaxy on the
sensitive to only the normal component Bf electrons in  prepatterned100) GaAs substrate. Details of the sample
such systems experience sign alternating magnetic field witpreparation are reported in Ref. 9. Figure 3 shows the atomic
zero average, when uniform field is applied parallel to theforce image and profile of the surface in thelirection. We
substrate. Consider a 2DEG regrown over a periodical arragee that the surface consists of a periodical array of ridges.
of the stripes with profile across the array direction as  The average periodicity of the ridges is Am, and the cor-
shown in Fig. 2a). We see, that the top of the stripes is flat rugation heighth is 300 A. We note that the array is more
in contrast to the sharp steps between stripes. For magnetiegular, and corrugation height is larger than in the samples
field oriented parallel to the substrate in thelirection, the  studied previously in Ref. 9. After regrowth samples with the
normal component of B can be expressed a8y patterned area were processed into Hall bar, with the nonpla-
=(VBey V)| V|~ (df/dX)Bey: where gradient nar surface situated on one side of the Hall bar, as shown in
Vi(df/dx,df/dy,df/dz) is defined for the surface Fig. 4(a). The distance between voltage probes was 100
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FIG. 4. (a) Schematic view of the sample and experiment ge-
ometry. (b) magnetoresistance as a functionifor the field per- FIG. 5. Hall resistance as a function Bffor different angles

pendicular to the substrate plane, 1- resistance measured betweg&ween the applied magnetic field and substrate plémenag-
voltage probes on the nonplanar regionltage probes 2-3, current netic field is oriented perpendicular to the stripés,magnetic field
probe 1'5‘. 2- resistance measured between voltage probes on tr\g oriented parallel to the stripes. Solid traces- resistance measured
planar region(voltage probes 3-4, current probe J1-5=1.5 K. between voltage probes on the nonplanar rediaitage probes

. . 2-8, current probes 1)}5dashes- resistance measured between volt-
and the width of the bar was 5@m. The mobility of the  54e probes on the planar regi6roltage probes 4-6, current probe
2DEG in the planar part of the sample is 55015, T=15 K. Circles- fitting to the equatiop,,~ (Be,B*)¥?
x10® cm?/Vs, and electron density 85X 10" cm 2. pr—4T.

The measurement temperature was 1.5 K. We study 3

samples with identical parameters, which demonstrate simkesistances between probes Zi®nplanar regionand 4-6

lar results. The magnetoresistance of a typical specimen iglanar regioh in perpendicular external magnetic field are
shown in Fig. 4b) with the magnetic field oriented perpen- found to be essentially identical for both parts of the sample.
dicular to the substrate. We see that the resistanBe=dt of =~ Figure §a) shows the results of the Hall effect measurement,
the patterned part of the Hall bar is 4 times larger than thevhen the applied magnetic field is exactly parallel to the
resistance of the planar 2DEG. Note also the large negativeubstrate, with the in-plane component perpendicular to the
magnetoresistance of the nonplanar structure. However, @idges and with the magnetic field slightly tilted away from
high-magnetic fields the Shubnikov de Ha&lH) oscilla-  the substrate plane. We see that in the presence of the in-
tions are almost identical for both the nonplanar and theplane field the Hall resistance of the planar 2DEG is zero.
planar 2DEG. It is worth noting here that in the samples withSurprisingly, the Hall voltage of the corrugated 2DEG,
the ridges oriented parallel to the current, studied in Ref. 9which is also equal to zero at low field, appearBat5 T

the mobility of the electron gas in the patterned and theand starts to grow almost linearly wi®. The Hall voltage
nonpatterend part of the Hall bar is the same. We attributehanges sign for revers® polarity, which gives us confi-
this mobility anisotropy to scattering by the corrugateddence that the probes are aligned, and that anomalous behav-
GaAs/ALGa, _,As interfaces. When electron travels from ior of the Hall effect is not due to the mixing of the magne-
one facet to another, the vertical component of the electrotoresistance component. However, the small asymmetry
Fermi vector is changed. Thus, the electron experiences scaipon reversing3 can be explained by the influence of the
tering similar to the scattering by the interface roughnesslongitudinal resistance. Hall voltage of the planar 2DEG is
Anisotropic conductivity and large negative magnetoresisexactly zero, which confirms that the magnetic field has only
tance for lower mobility has been observed in a 2DEGcomponent parallel to the substrate, and, therefore, spatially
grown on a (3118 GaAs substraté® Scattering by the pe- fluctuating magnetic field in the corrugated part of the
riodic arrays of the terraces on the vicinal substrates has beesamples has a zero mean. For small tilt angles the Hall volt-
assumed to explain the effect of the mobility anisotropy. Hallage of the nonplanar 2DEG still deviates from the linear
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B-dependence. We even find that at anglés<®<0.25 the first barrier, nonzero Hall voltage appears. Indeed elec-
the Hall constant can change sign at strong magnetic fieltton charge cannot be accumulated, and the excess of the
and therefore has a sign corresponding to two-dimensionatall current is compensated by the current between barriers
holes rather than for electrons. Figurébbshows the mea- at the same side as an injection point of the current into the
sured Hall resistance, when magnetic field is oriented paralfirst barrier. Wherd/4<R.<d/2 coupling between electron

lel to the stripes. We see that the Hall voltage is zer@®at States via tunneling through the magnetic barriers in series
=0°, and varies linearly wit/B at ® +0°. It is also identical should be taken into acount. However, we believe that due to
to the Hall voltage of the planar 2DEG in the tilted field the fluctuations of the barrier heights and periodicity, mag-

when we expect homogeneous magnetic field. We therefor@etic superlattice effects are unlikely to be observed in our
conclude that the nonzero Hall resistance is due to the stron stem.t.The _Ilfihrge positive magn_((ajtoresllst?nce su;;)_port.s this
spatially fluctuating magnetic field with zero mean. We at- ssumption. us we can consider electron motion in a

tribute such anomalous Hall effect to the asymmetry of thefs.Ingle magneuc_ barrier. In .th's. case, In a congtant gradient
. . ield the effective magnetic field can be written &g
chiral snake states propagation.

For th I lied tic field th lot =-aBgyy/d, where a~h/d. For the Landau gaugé
~or the smail applied magnetic e € average cyclotron, -dA/dy, the Schrodinger equation for the transverse mo-
radiusR. is larger than the periodicity. In this situation, elec-

tion is

trons experience chaotic motion similar to the motion in the

periodic antidot lattice at low magnetic fieldIn high mag- 12(-2A2d2/dy?+ [KA-y2/2A 2122 =[E(K)/E 1

netic fields, wherR,<d/2 (see Fig. 1 snakelike trajectories _ _ _ "

are formed. Considering a realistic profile of the surface, agvhere wave function Is fagtorlzed ag=e¢(y), A
shown in Fig. 8b), we find that the amplitude of the mag- =(h/€VB)~* andE,=%°/mA~°. For large negativéA the
netic field fluctuations approaches 8% of the external fielg=onfining potent;al s a single well with effective potential
[Fig. 3(c)]. For Bey~5-6 T it correspond8)**~0.4-0.5 T, Verr=EA(KA—y"/2A%) /2. .

and cyclotron radius approaches 0.25-g.61. Taking into The eigenstates for this potential corresponds to the snake
account that the average magnetic field is smaller than anfraJéctories. The snake states form a bundle of the width

4
plitude of the effective magnetic fiel@®y~By 72, we have given by
R.~0.5-0.6 um~d/2 in agreement with the value of the _ 112
magnetic field, for which the anomalous Hall voltage appears W=A2ke AT @
[Fig. 5@]. It is worth noting here, that we also measurewherek is the Fermi wave vector. In accordance with the
diagonal resistance in the presence of the in-plane externalndau-Buttiker formalism the conductance of the ballisti-
magnetic field. When the in-plane component is perpendicucally propagating modes is given by
lar to the stripes, the resistance across the ridges increases
from 160 Ohm aB=0 T to 24000 Ohm aB=11 T, a ratio o=(2e?/h)(keW/ ). (2
of 150. Such large positive magnetoresistance has been stud-
ied in Ref. 7 and explained by the formation of the magnetic Substituting Eq(1) in Eqg. (2), we find
barrier across the current flol#.At Bo,<5 T we find that
magnetoresistance varies quadratically with the magnetic o= (2%%?/ 7h) (kg A)¥?~VB~ 12, ©)
field, however, for larger magnetic fields a linear dependence
R~ (Bexi—B%,) of magnetoresistance is observed, where If VB, for states running in positive direction is larger
BX,~4-5 T. We assume that this behavior demonstrates fhanVB_ for trajectories running in negative y directions
crossover from the weak magnetic-field fluctuations, when
transport is chaotic, to the strong fluctuations regime, where
regular snakelike trajectories exist. Magnetoresistance in this i i ) .
regime has been measured and analyzed in Ref. 13 for peri- For all investigated samples we find a positive Hall volt-

odical magnetic field with a nonzero average. We thus con@d€ atB>0. The sign of the Hall effect determines the di-
clude that forB,,>5 T the amplitude of the magnetic field rection of the excess charge flow. We find that states chan-

fluctuations is large enough to bind electrons betweerf€ling along the top of the stripes have a larger number of
maxima and minima of the field and create snakelike trajecP@llistic modes and, consequently, a larger conductance.
tories propagating alongy=0 line. We have to note also From the realistic profile of the surface, shown in Fig. 3, we
that the potential distribution in the sample in our case is thdind the magnetic field gradieltB~4G/A at Bey=10 T.

same as considered for the classical transport of electrofd©m this we obtain the value of the band widil
through magnetic barriers in serfésThe current is effec- —0-6 #m, and number of the snake stalgsV/7=30. The

tively injected into the corner of the first magnetic barrier, Patterned area of the sample was £4@10 wm?, therefore
carried by the snake trajectories and after removed from th@€ haveN= 140 channels for the positive and the same num-
narrow region of the diagonally opposite corner. For the secPer for the negativey direction. The total number of the
ond magnetic barrier the injection point of the current is atSh@ke modes channeling in one direction is therefSre
the same side as a removal point from the first barrier. The=140X30=4200. To obtain the value of the Hall conduc-
current in the second magnetic barrier is carried out by théance we have to convert the conductivity tensor to a resis-
snake trajectories propagating in the opposite directions. Thidvity tensor. If the Hall conductance is small, we have
process can be continued for the multiple barriers in series. If ) ) 5

the current in the second barrier is not equal to the current in Pxy= Oxyl (Ty+ 05,0 =~ Txypix - 4

o.-o_~VB;Y2VB_12x0.
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From the experiment we findr,,=2X 10 3%e?/h at B on the maxima and minima and smoothing of the steps in
=10 T. Now, we can obtain the coefficient of the asymmetrymaxima can lead to profile, which produce different field
between snake states channeling in the positive and the neggradient on the top of the ridges and in the region between
tive y directions. From the comparison of the H®) and  stripes. In this case we can obtairy,~2e?/h. Assuming
experimental value, we find that only 8 channels or 6% fromthat ballistic transport is suppressed by the damping factor
the total number N can carry one additional snake modeexp(L”), wherelL is the width of the sampld,is the mean
From the Fig. 3 we can see that the array of the stripes haee path of the snake trajectories, we find from the compari-
both an irregular and periodical component, therefore theon of the experimental and expected, values that =7
number of propagating modes fluctuates from one stripes to.g ;,m. This value is comparable with mean free path due
another. Taking the difference in the gradients-BD %, we  to the scattering by impurities in zero-magnetic field. Nu-
obtain the deviation of the snake states number from thenerical simulation of the transport in irregular stripe-shaped
average value-2-3. Therefore, the nonzero Hall conduc- 2DEG is necessary to clarify this question.
tance in our case can arise from the incomplete statistical Thys, the asymmetry of the snake states propagation
averaging of the number of states channeling in positive angrises from the topography of the 2DEG, as shown in Fig. 2.
negativey directions. We have to emphasize here, that therhe strong suppression of the Hall effect in comparison with
average magnetic field is exactly zero in our case, and nonexpected value can be due to the scattering of the snake
zero Hall effect arises from the difference in the magnetiCStates or, in the ballistic case, due to the averaging of the
field gradient due to the topography of the periodical mag-ifference in the gradient for the positive and negatjve
netic field, as shown in Fig. 2. Indeed in realistic samples weyjrections. We belive that the ballistic transport is unlikely to
have no such periodical magnetic f|e|d, and reSUlting Halbe observed in our macroscopic Samp(ég pum W|dth),
conductance is small because of the averaging of the corrynerefore the nonzero Hall effect is mainly due to the pref-
gations height fluctuations. It is also worth to note here, thagrential crystal growth leading to the asymmetry in the
we consider ballistic case, however the scattering of thepgg topography.
shake trajectories should be taken into account. Two scatter- Finally we examine theB dependence of the observed

ing mechanisms can be considered—impurity scattering andg)| effect. As mentioned above, we fig,~ (Boy-BX ).
reflection of the snake states by magnetic-field irregularitiesg, g, EQ. (2) oyy~V(BgyB* t)—1/2 because the esxnake
. Xy ex ex '

Note that the probability of the impurity scattering is de- * - ;
. T ; > . -
creased in our situation d&.,,~10 T. As pointed out by states are found only wheB>Bg,,. Substituting this ex

. . : ~ _R* 32 [
Buttiker in the quantum Hall effect regirtfeedge states scat- g(re)s&hon 'ntﬁ_ Eg(4) Wde Obta'”lzjxy (Bexttﬁei(t{h - Figure .
tered by the impurity continue to follow the edge. For the @ shows this dependence and we see that the agreement 1S

snake states wheR,<d/4 the electron can change between o?r?.conclusion we have observed a nonzero Hall resis-
B=0 contour lines, only if the impurity is located in the !

middle between the =0 lines. Another mechanism can be atance of a two-dimensional electron gas in a sign alternating

scattering by the magnetic field irregularities. As we findmagnet|c field with zero mean. Naively, this observation dis-

X ) : : agrees with the conclusion that the random magnetic field
from the atomic force microscope image, array of ridges

. S should lead to a zero Hall conductance. However, we dem-
have both an irregular and a periodical component. For ex:

ample, the height of the ridges strongly fluctuates (30%) i c_)nstratgd thé.‘t the asymmetry in the propagation of the sna}(e
L L . . ; ike trajectories could lead to a nonzero Hall voltage. This
the y direction. This irregularity leads to fluctuations in the . ) ) ) i
o . . . asymmetry arises from the difference in the field gradient for
magnetic field gradient along the zero field lines. If the . : : N,
. L . different chiral snake trajectories. Therefore, it will allow us
height of the corrugation is smaller than the average heigh

the cvclotron diameter becomes laraer tidd. and the elec- 0 construct specific class of the random magnetic field with
y . 9 e . zero mean with hidden asymmetry between chiral states. As
tron can change zero line contours. If the ballistic transport i

. ot he nonzero Hall conductance is responsible for the delocal-
partially suppressed, we can assume that the coefficient Q

the asymmetry between snake states channeling in the po%_ed properties of the electron wave functions, electron states

. . N . . ill be extended in these random magnetic fields.

tive and negative directions is smaller thar-8%. This

value can be estimated from the precision of the atomic force The authors thank A.A. Quivy for the AFM image. This
microscope measurements. Such asymmetry can arrise frowork was supported by FAPESP and CNBgazilian agen-
the growth process. The difference in the crystal growth rateies and USP-COFECUB.
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