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Anisotropic magnetic response of a chiral conducting film
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We use tilted magnetic fields to study the magnetoresistance of the chiral sheath of edge states that transports
charge through GaAs/AlGaAs multilayers in the integer quantum Hall regime. The magnetic field component
perpendicular to the layer planBg establishes the quantum Hall state, while the in-plane Bglg,.is either
perpendicular or parallel to the edge-state sheath on a given mesa wall. We find orientation-dependent response
of the sheath’s vertical conductivity #Bp,qe, With lower conductivity for fields that link flux through the
sheath.

DOI: 10.1103/PhysRevB.68.075305 PACS nuniber78.66—w, 73.61.Ey, 75.47.De

Electronic trajectories in conductors largely determine thestrength of interlayer tunnelidg® t?. Studies of a similar
response of the conductivity to applied magnetic fields. InGaAs/AlGaAs multilayet showed that the reduction & by
conventional conducting films electrons move in randomB,,c Was consistent with theoretical calculations for bulk
two-dimensional walks. Perpendicular fields link magnetictunneling between weakly coupled quantum wlishich
flux through closed time-reversed paths and destroy theipredictedG~t? and
constructive quantum interference, typically increasing the s 2 5
conductivity. Here we investigate experimentally the conduc- t*=tg exp( —2[Bpjane/ B* 1°) )
tivity in applied magnetic fields of a conducting film in ¢ the =1 quantum Hall state. In Eq1), t, is the tunnel-
which electrons execute random.walks in on]y one .dlrectlo.n-ﬂg matrix element at zero fieldB*=2B,/,/d, I,
and fIOV\{ one way in the perpendlcular direction. This special_ (h/27reB,) 12 is the magnetic length correspondingBo,
conducting film is the chiral sheath of edge states that formandd is the layer spacing.
at the walls of semiconductor multilayers in the integer quan- .65 studies by others of GaAs/AlGaAs multilaffers
tum Hall (QH) regime.~" We find that the response of the

sheath’s conductivity to applied fields differs qualitativel did not investigate effects of changing the orientation of
from that of convent)i/onal c%?'lducting films q y Bpiane With respect to the chiral sheath. Here we use an ex-

. . . erimental geometry that allows us to reveal anisotropic re-
Figure Xa) sketches the system. The one—dlmensmnag g y P

; ponse of the conductivity tBane.
2?32Astateslt_tlhat enC|rcI|e f)acth q“ﬁ?““”; v¥ell of[hthe hG_a?s/ Theory predicts different vertical conductivities for re-

S muiliiayer couple by tunneling 1o form the chiral i5ng of the edge-state sheath that are perpendicular or par-
sheath. We use the field component perpe.ndlcular to the la llel to the in-plane field. The physical origin for this pre-
ers B, to create_ the edge-state sheath. This surface Conducéicted anisotropy is the Lorentz force thBf,e exerts on
ing phase dominates charge iransport anly over rang8s of edge trajectories. Because the chiral drift velocity in an edge

that produce the quantum HaII_effect for transport parallel Wstate is parallel to the edge, regions of the edge sheath that
the layer planes, while the entire volume of the sample con

. - . o -~ are perpendicular to the in-plane fieB),,,. experience an
tributes to transport over fields in the transitional reglonsedge Lorentz force, while regions of the edge sheath that are
between quantum Hall(QH) states, as demonstrated

previous Tiing th sample e 0 the T i cre- e o fafoce, o r redts il s eads o8
ates an additional f|¢|3p|ane|n t_he layer plan_es. The experi- allel conductivities on the magnitud®,,,.. of the in-plane
mental geometry orient8 ., €ither perpendicular or paral- P
lel to the edge-state sheath on the sidewalls of the rectangular
sample mesas-ig. 1(b)]. By comparing the conductances of o loy=[1+ (Bp|ane/Bo)2]7l. 2)
different mesas we determine the conductivity of the chi- ) o o
ral sheath perpendicular B4, and the conductivityr, of whereByg is a charactensuc field. The7conduct|V|ty” de-
the chiral sheath parallel Byane. pends on the chiral sheath parametefs’ as
In vertical transport experiments, QH states appear as 272 2
deep minima in the conductan@perpendicular to the lay- = (&N Cled/(7vedgd”, )
ers. Figure {d) shows a semilog plot oG versusB, for  Here,d is the layer spacing andlyq.is the chiral drift ve-
several tilt angle®. We focus on the QH state indicated by locity in an edge state.
the hatched area labeled=1. Earlier in-plane transport ex- The edge-sheath conductivities in E¢®). and(3) depend
periments indicated that this state, which runs fr@p on an edge elastic scattering length This length scale is
~8T toB,~13T, corresponds to occupation of the lowestthe distance electrons in adjacent edge states must travel to
spin-split Landau band of the multilaykr. accumulate a phase difference of unit magnitt@@e char-
Previous studi€s* showed that arbitrarily oriente, ..  acteristic fieldB, for the decay ofo, /o in Eq. (2) is the
can alter the conductivity of the chiral sheath through themagnitude of theB . that links a flux quantum through an
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sketched in Fig. (b). The mesa walls were closely aligned
with the GaAs cleavage planes, which we refer to as faces
and b, for simplicity. To achieve smooth walls, we defined
the top AuNiGe contact metallization using electron-beam
lithography. After lift off, this metallization served as an etch
mask for a SiCJ reactive ion etch, which leaves nearly ver-
tical mesa walls. Subsequent deposition of bottom contacts
and annealing yielded Ohmic contacts. Scanning electron

coax sample lines to the low-temperature filter stages. To
vary the angle the magnetic field makes with the planes of
the multilayer, we mounted the sample oniarsitu rotator
0o 2 4 6 platform with 1° angle reproducibility. Care was taken to
By(Tesla) exclude noise via proper grounding and filtering, and to keep
excitation small ¥ <10 V) to avoid electron heating. The
FIG. 1. Sample geometry and measured conductdac&che-  field was swept to 18 T with the superlattice planes at various
matic of a vertical transport mesa. Current flows perpendicular tganglesé to the field direction. The low-temperature appara-
the layers of a GaAs/AlGaAs multiple-quantum-well structure. Thetys, the tilter rig, and the measurement technique are de-
field perpendicular to the laye®, establishes the quantized Hall g¢ribed in detail in a preliminary repogrt.
states. In the_se states, the bulk is localized _and tht_e chiral edge-state We first examine the no tiltd=0) behavior of the con-
network carries the transport current. The lines with arrows repreductanceﬁl andG, of mesa 1 and mesa 2. Figur&lLplots

sent the edge states that encircle the GaAs quantum We"S.' The?ﬁe ratioG, /G, of conductances measured in the same ther-
edge states couple to form the chiral surface sheath, which has

charge flowing in one direction around the perimefier.Schematic maldcyctle. Fér C(;mparls](?n, lthe;?O_“g tlracel_lln rltgmjs tr?eh
top view of the sample mesas, which have identical dimensions=O" #C glnc 10l mesa 1, aiso d_ h anIk S af‘ es, whic
The conductanc& perpendicular to the layers was measured in two?'® the deep minima iG in Fig. 1(d), the bulk is frozen out,

configurations: in(ll), the in-plane field,,,. was parallel to crys- SO transport is along the chiral sheath. For fi_eld ranges out-
tal facea(b). (c) RatioG, /G, of the conductances of mesas 1 and Side the QH states, where bulk transport dominates, key. 1
2, for no tilt (Byane=0). Hatched regions mark the rangedBgtthat ~ SNOWs G1~G, indicating that the bulk properties of the

correspond to the=1 andv=2 per layer QH stategd) Conduc- ~Mesas are the same. However, within QH staB3G,
tance of mesa 1, measured in configuration |, versus the verticat1.2 atd=0. These results were consistent between thermal

component of the magnetic fiell, for a number of tilt angles. As  cycles. Across quantum Hall states, thermal cycling between
the tilt angle, and henc®,,., increases, the conductance de- 100 mK and 300 K typically produced changes in mean con-
creases. ductance of~2% in these samples.
If the conductivities of the portions of the chiral sheath on

areadl on the edge sheat®,=h/(edl). Thus, although typea andb crystal faces were identicah, would equalG,
l¢ is undefined in single-layer quantum Hall systems, Eqgsfor the untilted mesas, since their dimensions are identical.
(2) and (3) show that it is an important parameter of the The difference inG,; and G, corresponds to a conductivity
chiral sheath that determines the anisotropy in its response tatio o,/0,~1.8 on typea and typeb crystal faces, some-
Bp|ane.7 what larger than typical in-plane transport anisotropies found

The model that yields Eq.(2) assumes that transport on in Hall bars oriented at right angles on GaAs/AlGaAs quan-
the sheath is at least partially coherent. For incoherent transam wells. Differences invegqe, lej, Or t on the different
port, the edge-sheath conductivity should be unaffected bygrystal faces, or differences in microscopic roughness, could
flux through the chiral sheathyielding a constant ratio perhaps account for this behavior.
o loy. To analyze the conductance data in tilted fields, we as-

We study a GaAs/Al,Ga, /As multilaye! grown by mo-  sume that opposite mesa walls, etched along the same crystal
lecular beam epitaxy with 50 periods of 150 A GaAs quan-face, have the same behavior. Then there are four chiral
tum wells that alternate with 150 A barriers. Thus the periodsheath conductivities in the QH states;, on typea faces,
d of the multilayer is 300 A and the total height of the for parallel Bpianes a1 ON typea faces, for perpendicular
multilayer isH= 1.5 um. The multilayer is S doped atthe B @and o, and o, ; on typeb faces. To extract these
barrier centers to a per-layer sheet density of 2.Four conductivities, we measured the two mesas’ conduc-
X 10 cm™2. We pattern this material int&=150um by  tances in two configurations, as indicated in Figb)1In
L=300um mesas, oriented at 90° to one another, asonfiguration I,Bya,e Was parallel to face. The samples

134" . — -
. 121 (© ] §\ micrograph(SEM) image$ show that rResa wall roughness
G 1.0 s, E - in these samples is on scales-01000 A and smaller.

0916=0° \ I All data shown here were taken at a temperature of 100

, ' ' \ mK, where in QH states, in-plane transport is well quantized

10 \\\ and vertical transport through the bulk is negligibl€hus
_10°f : § the conductances measured in QH states sample the proper-
é & \ ties of the chiral sheath. We made the measurements in a
% 10% - (d) ) dilution refrigerator with room-temperature filtering and
O kY uf
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FIG. 2. Chiral sheath conductivitie&®) Conductivity on the two ) ] )
crystal faces as a function of in-plane magnetic fiBlghy., at a FIG. 3. Field dependence of /o, Whlch_shows the trajegtory
fixed B,=10 T, for the two measurement configurations. Wheneffect f, produced by flux through the chiral sheatl) Ratios
Bpiane IS OFiented perpendicular to a given mesa wall, the conduc¥b: /0 (Open symbols; configuration &nd oy, /oy, (solid sym-
tivity decrease is larger than wh@.,.is parallel to the wall(b) _bols; conflgl_Jratlon MatB,=10 and 12 T. The ratlos_are norm_al-
Dependence ofr; on Byaneat B,=10 T. Solid lines: Gaussian fits, 126d by their values aBya,e=0 to factor out the difference in
which give the field scal@* for the decay of interlayer tunneling. conductivity on typea and typeb crystal faces. The solid lines show

Inset; fittedB* versusB, . Solid lines are the prediction of Eql).  fits to Eq.(2). (b) Edge elastic scattering length extracted from
the fitted field scaleBy. The plot symbols-(x) are results from

were thermally cycled and remounted, rotated by 90°, foiconfiguration I(Il). The solid line shows i, for comparison. The
measurements in configuration By,ne parallel to faceb). difference in the fitted, fgr the twg configuratiqns gives a rough
Figure 1d) plots the Conductandé'l of mesa 1, measured measure of the systematic errors in the analysis.
in configuration I, versu8, for a number of tilt angles. The
subscript orG indexes the mesa and the superscript the meaeduction oft and independently through the effect of the
surement configuration. As shown, increasing the in-plang orentz force on edge trajectories. Then for a fixed value of
fie_ld_ by tilting the mesa reduces inte_rlayer_ transport bothg, g”oth(Bplane) andgloth(Bplane)fl(Bpmg, respectively,
within and between QH states. In configuration | the mesaS}vherefl(Bp.anE) describes the effect of flux through the chi-
conductances in QH states a@=2(Lo,;+Waoy )/H  ral sheath. If the theory of Eq2) applies, | (Bpjand <[ 1
and G,=2(Wo,+Lay,)/H, while in configuration II, + (Bpiane/Bo)?] % In principle, theB,. dependence
Gi=2(Woy +Lo, )/H and Gy=2(Lay+Wo, )/H.  and off, could differ on typea andb faces, but we find no
We invert these expressions to obtaif, o5, , o, @d  evidence for this in the data: the ratias, /oy, and

Ob,L - o i 04, /oy, are independent 0By, Within experimental
Figure Za) plots the conductivities of the chiral sheath on g ;.

type a crystal faces(triangles and on typeb crystal faces
(circles, as a function 0B,neat B,=10 T. Results at other
B, across thes=1 QH state are similar. Open symbols show
oy and solid symbols show, . The error bars indicate the
reproducibility of different data sets taken at a given tilt
;neglrig;c;rgr:r::rﬁ;oa?ef;vzcvge:rﬁsaléeért. Statistical errors It.reating ?* as a fit parameter. As shown in the insei, the
Figure Za) shows that for both crystal faces, <o, for ~ fted B* is ~70-80% of tqg expected valud
all fields. ApparentlyB,zneis more effective at reducing the =2B,l,/d, where |,=(h/2meB,)™". The agreement be-
conductivity when it is perpendicular to the chiral sheath.tween experiment and theory for bulk tunnelifigg. (1)] is
Flux linked through the edge-state film then suppressesurprisingly good, since varyin@, may also changer
rather than enhances, its conductivity, in contrast to converthroughveqgeandle.
tional 2D systems. To determine the trajectory effett of fields perpendicu-
We now use a simple model to attempt to separate théar to the chiral sheath, we examine the ratio/ o . Figure
effects of the edge Lorentz force, which should affect only3(a) displayso, /oy, normalized by its value a#=0, for
o, , from the decay in interlayer tunneling, which affects B,=10 T (circles and forB,=12 T (squares Open(solid)
botho, andoy. We assume thaB,,. changeso; through  plot symbols are for configuratiorill). As shown, both con-
the reduction ot?, and thatBpane Changesr, both through  figurations give similar results for the field dependence of

Figure 2b) shows the dependence @f on Byjane, Which
we take to represent thB,,,. dependence of?>. The plot
showso,  (triangles anday, | (circles, normalized by their
0=0 values, aB,=10 T. Results at other fields across the

=1 QH state were similar. The solid line is a fit to Ed),
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o, loy. Forincreasin®pjane, theo, /o ratios decay, with a small average displacemen_tGQO A be’gween adjacent ed_ge
larger field scale iByaneat higherB, . states would produce a unit phase shift over distances in the

; hiral direction on the order of the fittdd,. However, the
In Fig. 3@, o, /o, does not appear to approach zero at® . el '
large Bp?anev in diisagHreement withppEc(Z). SEFI)\EI) images of model that leads to Eq2) considers impurity scattering at
the mesas show etched walls that appear flat and smooth e edge to be the source of the dependence afo; on

. o Bpiane: rather than flux linked by sgrfa_ce roughness, and it_ is
the vertical direction, .bUt that are somewhgt corrugated Iatnot obvious to us that the latter will yield the same behavior
erally. Such corrugation would reduce orientation depen

o . ) F icted in Eq(2). R I f th tails of th
dence by mixing the true-, ando in the estimated conduc- as predicted in Eq(2). Regardiess of the details of the

. . ; model, our observation of field dependencedin/oy pro-
tivities. This would have the effect of adding an offset t0 the iges information on the interlayer transport regime. Disor-

nominal o, /o ratio, so we taker, /o) to be the sum of @ ger and surface roughness will cause some degree of relative
component insensitive to flux through the sheath, and @neander of edge states in adjacent layers, with a correspond-
Drude term[Eq. (2)]: ing modulation in interlayer tunneling strength around the
erimenter. If the meander is large enough, strong tunnelin
. 10y=C1+Co/[1+ (Bpiand Bo) - 4) gites where adjacent, meanderi%g edgeg states %verlie wiglJI
Walls with equal perpendicular and parallel areas e, dominate transport. The data show that if such strong tunnel-
or incoherent transport, would yiel,=0; while flat walls N9 points do dominate, these sites must be close enough
and full interlayer coherence imply, = 0. The solid lines in together that the flux the field _Ilnks bet\_/veen ther_n is well
Fig. 3@ show examples of the fits of E¢4) to the data, below a flux qugntum. Otherwise, as discussed in Ref. 7,
which givec, /c,~0.7. The observed decay in, /o, with @1 /o) would be independent @pjane.
increasingB,aneindicates that the samples are away from the In summary, the vertical conductivity data show that the

incoherent limit, as is consistent with the observation of re-£ffécts of magnetic fields on the chiral sheath are qualita-

producible fluctuatiorsin G in QH states. tively d.ifferent than in Qrdiﬂary ZD sys.tems. We obserye Fhat
The fits of oy, /oy andoy, /o to Eq.(4) give the field the ratioo, /o falls vv_lth increasing field strength. W|th|n
scaleB, for suppression of vertical transport by perpendicu—the model of Ref. 7, this effect arises from the suppression of

lar By,e. Figure 3b) plots the corresponding edge elastic 7 by Lorentz forces on the chiral flow along the edge. In
scattgring length, assuming=h/(edB,) as in Eq.(2). As contrast, for typical isotropic conducting films without strong

shown, |, appears to decrease with increasBg We find spin-orbit effectso, /oy rises with increasing field strength
|~4l, [solid line in Fig. 3b)], wherel,=(h/2meB,)™? is due _to _thel enhancement sz_l by suppression of \_Neak
the magnetic length associated with the vertical f@ldhat localizatiort* and to relative field insensitivity of,. High

establishes the QH state. The value$pf 300 A satisfy the in-plane fields applied to h.igh quality two-dimensionallelec—
inequalityl >12/d (~20 A at 10 T, as required for validity tron gas systems can significantly affect their conductitty,
of £, 2 ez ' but the effect that has been observed is a strong suppression

We believe that the small value bf may reflect devia- °f 71> Which would tend to cause, /o, to rise with increas-
tions from flatness of the sheath in the vertical direction,Ing field, rather than decay as we observe.
which would causeB, to link flux between edge states in  We acknowledge support from NSF-DMR 9700767 and
adjacent layers and produce a relative phase shift that coNSF-DMR 0071956 and helpful discussion with J. T.
tributes tolg. With B,~10 T across thee=1 QH state, a Chalker.
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