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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 planesBz establishes the quantum Hall state, while the in-plane fieldBplane 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 toBplane, with lower conductivity for fields that link flux through the
sheath.
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Electronic trajectories in conductors largely determine
response of the conductivity to applied magnetic fields.
conventional conducting films electrons move in rand
two-dimensional walks. Perpendicular fields link magne
flux through closed time-reversed paths and destroy t
constructive quantum interference, typically increasing
conductivity. Here we investigate experimentally the cond
tivity in applied magnetic fields of a conducting film i
which electrons execute random walks in only one directi
and flow one way in the perpendicular direction. This spec
conducting film is the chiral sheath of edge states that fo
at the walls of semiconductor multilayers in the integer qu
tum Hall ~QH! regime.1–7 We find that the response of th
sheath’s conductivity to applied fields differs qualitative
from that of conventional conducting films.

Figure 1~a! sketches the system. The one-dimensio
edge states that encircle each quantum well of the Ga
AlGaAs multilayer couple by tunneling to form the chir
sheath. We use the field component perpendicular to the
ersBz to create the edge-state sheath. This surface cond
ing phase dominates charge transport only over ranges oBz
that produce the quantum Hall effect for transport paralle
the layer planes, while the entire volume of the sample c
tributes to transport over fields in the transitional regio
between quantum Hall~QH! states, as demonstrate
previously.1 Tilting the samples relative to the field axis cr
ates an additional fieldBplane in the layer planes. The exper
mental geometry orientsBplane either perpendicular or para
lel to the edge-state sheath on the sidewalls of the rectang
sample mesas@Fig. 1~b!#. By comparing the conductances
different mesas we determine the conductivitys' of the chi-
ral sheath perpendicular toBplane and the conductivitys i of
the chiral sheath parallel toBplane.

In vertical transport experiments, QH states appear
deep minima in the conductanceG perpendicular to the lay
ers. Figure 1~d! shows a semilog plot ofG versusBz for
several tilt anglesu. We focus on the QH state indicated b
the hatched area labeledn51. Earlier in-plane transport ex
periments indicated that this state, which runs fromBz
;8 T to Bz;13 T, corresponds to occupation of the lowe
spin-split Landau band of the multilayer.1

Previous studies2–4 showed that arbitrarily orientedBplane
can alter the conductivity of the chiral sheath through
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strength of interlayer tunneling2–4 t2. Studies of a similar
GaAs/AlGaAs multilayer4 showed that the reduction ofG by
Bplane was consistent with theoretical calculations for bu
tunneling between weakly coupled quantum wells,8 which
predictedG;t2 and

t25t0
2 exp~22@Bplane/B* #2! ~1!

for the n51 quantum Hall state. In Eq.~1!, t0 is the tunnel-
ing matrix element at zero field,B* 52Bzl z /d, l z
5(h/2peBz)

1/2 is the magnetic length corresponding toBz ,
andd is the layer spacing.

Previous studies by others of GaAs/AlGaAs multilaye4

did not investigate effects of changing the orientation
Bplane with respect to the chiral sheath. Here we use an
perimental geometry that allows us to reveal anisotropic
sponse of the conductivity toBplane.

Theory predicts7 different vertical conductivities for re-
gions of the edge-state sheath that are perpendicular or
allel to the in-plane field. The physical origin for this pre
dicted anisotropy is the Lorentz force thatBplane exerts on
edge trajectories. Because the chiral drift velocity in an ed
state is parallel to the edge, regions of the edge sheath
are perpendicular to the in-plane fieldBplane experience an
edge Lorentz force, while regions of the edge sheath that
parallel toBplane do not. Theory predicts that this leads to
Drude dependence of the ratio of the perpendicular and
allel conductivities on the magnitudeBplane of the in-plane
field

s' /s i5@11~Bplane/B0!2#21, ~2!

where B0 is a characteristic field. The conductivitys i de-
pends on the chiral sheath parameters as6,7

s i5~e2/h!t2l eld/~\vedge!
2. ~3!

Here,d is the layer spacing andvedge is the chiral drift ve-
locity in an edge state.

The edge-sheath conductivities in Eqs.~2! and~3! depend
on an edge elastic scattering lengthl el . This length scale is
the distance electrons in adjacent edge states must trav
accumulate a phase difference of unit magnitude.7 The char-
acteristic fieldB0 for the decay ofs' /s i in Eq. ~2! is the
magnitude of theBplane that links a flux quantum through a
©2003 The American Physical Society05-1
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areadlel on the edge sheath:B05h/(edlel). Thus, although
l el is undefined in single-layer quantum Hall systems, E
~2! and ~3! show that it is an important parameter of th
chiral sheath that determines the anisotropy in its respons
Bplane.

7

The model7 that yields Eq.~2! assumes that transport o
the sheath is at least partially coherent. For incoherent tr
port, the edge-sheath conductivity should be unaffected
flux through the chiral sheath,7 yielding a constant ratio
s' /s i .

We study a GaAs/Al0.1Ga0.9As multilayer1 grown by mo-
lecular beam epitaxy with 50 periods of 150 Å GaAs qua
tum wells that alternate with 150 Å barriers. Thus the per
d of the multilayer is 300 Å and the total height of th
multilayer isH51.5mm. The multilayer is Sid doped at the
barrier centers to a per-layer sheet density of
31011 cm22. We pattern this material intoW5150mm by
L5300mm mesas, oriented at 90° to one another,

FIG. 1. Sample geometry and measured conductance.~a! Sche-
matic of a vertical transport mesa. Current flows perpendicula
the layers of a GaAs/AlGaAs multiple-quantum-well structure. T
field perpendicular to the layersBz establishes the quantized Ha
states. In these states, the bulk is localized and the chiral edge
network carries the transport current. The lines with arrows rep
sent the edge states that encircle the GaAs quantum wells. T
edge states couple to form the chiral surface sheath, which
charge flowing in one direction around the perimeter.~b! Schematic
top view of the sample mesas, which have identical dimensio
The conductanceG perpendicular to the layers was measured in t
configurations: in I~II !, the in-plane fieldBplanewas parallel to crys-
tal facea(b). ~c! RatioG1 /G2 of the conductances of mesas 1 a
2, for no tilt (Bplane50). Hatched regions mark the ranges ofBz that
correspond to then51 andn52 per layer QH states.~d! Conduc-
tance of mesa 1, measured in configuration I, versus the ver
component of the magnetic fieldBz for a number of tilt angles. As
the tilt angle, and henceBplane, increases, the conductance d
creases.
07530
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sketched in Fig. 1~b!. The mesa walls were closely aligne
with the GaAs cleavage planes, which we refer to as facea
and b, for simplicity. To achieve smooth walls, we define
the top AuNiGe contact metallization using electron-be
lithography. After lift off, this metallization served as an etc
mask for a SiCl4 reactive ion etch, which leaves nearly ve
tical mesa walls. Subsequent deposition of bottom conta
and annealing yielded Ohmic contacts. Scanning elec
micrograph~SEM! images9 show that mesa wall roughnes
in these samples is on scales of;1000 Å and smaller.

All data shown here were taken at a temperature of 1
mK, where in QH states, in-plane transport is well quantiz
and vertical transport through the bulk is negligible.1 Thus
the conductances measured in QH states sample the pr
ties of the chiral sheath. We made the measurements
dilution refrigerator with room-temperature filtering an
coax sample lines to the low-temperature filter stages.
vary the angle the magnetic field makes with the planes
the multilayer, we mounted the sample on anin situ rotator
platform with 1° angle reproducibility. Care was taken
exclude noise via proper grounding and filtering, and to ke
excitation small (V,10mV) to avoid electron heating. The
field was swept to 18 T with the superlattice planes at vari
anglesu to the field direction. The low-temperature appar
tus, the tilter rig, and the measurement technique are
scribed in detail in a preliminary report.9

We first examine the no tilt (u50) behavior of the con-
ductancesG1 andG2 of mesa 1 and mesa 2. Figure 1~c! plots
the ratioG1 /G2 of conductances measured in the same th
mal cycle. For comparison, the solid trace in Fig. 1~d! is the
conductanceG1 of mesa 1, also atu50. In QH states, which
are the deep minima inG in Fig. 1~d!, the bulk is frozen out,
so transport is along the chiral sheath. For field ranges
side the QH states, where bulk transport dominates, Fig.~c!
shows G1'G2 , indicating that the bulk properties of th
mesas are the same. However, within QH statesG1 /G2
'1.2 atu50. These results were consistent between ther
cycles. Across quantum Hall states, thermal cycling betw
100 mK and 300 K typically produced changes in mean c
ductance of;2% in these samples.

If the conductivities of the portions of the chiral sheath
typea andb crystal faces were identical,G1 would equalG2
for the untilted mesas, since their dimensions are identi
The difference inG1 and G2 corresponds to a conductivit
ratio sa /sb'1.8 on typea and typeb crystal faces, some
what larger than typical in-plane transport anisotropies fou
in Hall bars oriented at right angles on GaAs/AlGaAs qua
tum wells. Differences invedge, l el , or t on the different
crystal faces, or differences in microscopic roughness, co
perhaps account for this behavior.

To analyze the conductance data in tilted fields, we
sume that opposite mesa walls, etched along the same cr
face, have the same behavior. Then there are four ch
sheath conductivities in the QH states:sa,i on typea faces,
for parallel Bplane; sa,' on typea faces, for perpendicula
Bplane; and sb,i and sb,' on typeb faces. To extract these
four conductivities, we measured the two mesas’ cond
tances in two configurations, as indicated in Fig. 1~b!. In
configuration I,Bplane was parallel to facea. The samples
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were thermally cycled and remounted, rotated by 90°,
measurements in configuration II (Bplane parallel to faceb!.

Figure 1~d! plots the conductanceG1
I of mesa 1, measure

in configuration I, versusBz for a number of tilt angles. The
subscript onG indexes the mesa and the superscript the m
surement configuration. As shown, increasing the in-pl
field by tilting the mesa reduces interlayer transport b
within and between QH states. In configuration I the mes
conductances in QH states areG1

I 52(Lsa,i1Wsb,')/H
and G2

I 52(Wsa,i1Lsb,')/H, while in configuration II,
G1

II52(Wsb,i1Lsa,')/H and G2
II52(Lsb,i1Wsa,')/H.

We invert these expressions to obtainsa,i , sa,' , sb,i , and
sb,' .

Figure 2~a! plots the conductivities of the chiral sheath o
type a crystal faces~triangles! and on typeb crystal faces
~circles!, as a function ofBplaneat Bz510 T. Results at othe
Bz across then51 QH state are similar. Open symbols sho
s i and solid symbols shows' . The error bars indicate th
reproducibility of different data sets taken at a given
angle from a day to a few weeks apart. Statistical errors
the measurements are much smaller.

Figure 2~a! shows that for both crystal faces,s',s i for
all fields. Apparently,Bplane is more effective at reducing th
conductivity when it is perpendicular to the chiral shea
Flux linked through the edge-state film then suppress
rather than enhances, its conductivity, in contrast to conv
tional 2D systems.

We now use a simple model to attempt to separate
effects of the edge Lorentz force, which should affect o
s' , from the decay in interlayer tunneling, which affec
both s' ands i . We assume thatBplane changess i through
the reduction oft2, and thatBplane changess' both through

FIG. 2. Chiral sheath conductivities.~a! Conductivity on the two
crystal faces as a function of in-plane magnetic fieldBplane, at a
fixed Bz510 T, for the two measurement configurations. Wh
Bplane is oriented perpendicular to a given mesa wall, the cond
tivity decrease is larger than whenBplane is parallel to the wall.~b!
Dependence ofs i on Bplane at Bz510 T. Solid lines: Gaussian fits
which give the field scaleB* for the decay of interlayer tunneling
Inset: fittedB* versusBz . Solid lines are the prediction of Eq.~1!.
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reduction of t and independently through the effect of th
Lorentz force on edge trajectories. Then for a fixed value
Bz , s i}t2(Bplane) ands'}t2(Bplane) f'(Bplane), respectively,
wheref'(Bplane) describes the effect of flux through the ch
ral sheath. If the theory of Eq.~2! applies, f'(Bplane)}@1
1(Bplane/B0)2#21. In principle, theBplane dependence oft2

and of f' could differ on typea andb faces, but we find no
evidence for this in the data: the ratiossa,i /sb,i and
sa,' /sb,' are independent ofBplane, within experimental
error.

Figure 2~b! shows the dependence ofs i on Bplane, which
we take to represent theBplane dependence oft2. The plot
showssa,i ~triangles! andsb,i ~circles!, normalized by their
u50 values, atBz510 T. Results at other fields across th
n51 QH state were similar. The solid line is a fit to Eq.~1!,
treating B* as a fit parameter. As shown in the inset, t
fitted B* is ;70–80% of the expected valueB*
52Bzl z /d, where l z5(h/2peBz)

1/2. The agreement be
tween experiment and theory for bulk tunneling@Eq. ~1!# is
surprisingly good, since varyingBz may also changes i

throughvedgeand l el .
To determine the trajectory effectf' of fields perpendicu-

lar to the chiral sheath, we examine the ratios' /s i . Figure
3~a! displayss' /s i , normalized by its value atu50, for
Bz510 T ~circles! and forBz512 T ~squares!. Open~solid!
plot symbols are for configuration I~II !. As shown, both con-
figurations give similar results for the field dependence

-

FIG. 3. Field dependence ofs' /s i , which shows the trajectory
effect f' produced by flux through the chiral sheath.~a! Ratios
sb' /sai ~open symbols; configuration I! andsa' /sbi ~solid sym-
bols; configuration II! at Bz510 and 12 T. The ratios are norma
ized by their values atBplane50 to factor out the difference in
conductivity on typea and typeb crystal faces. The solid lines show
fits to Eq. ~2!. ~b! Edge elastic scattering lengthl el extracted from
the fitted field scaleB0 . The plot symbols1(x) are results from
configuration I~II !. The solid line shows 4l z , for comparison. The
difference in the fittedl el for the two configurations gives a roug
measure of the systematic errors in the analysis.
5-3
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s' /s i . For increasingBplane, thes' /s i ratios decay, with a
larger field scale inBplane at higherBz .

In Fig. 3~a!, s' /s i does not appear to approach zero
large Bplane, in disagreement with Eq.~2!. SEM images of
the mesas show etched walls that appear flat and smoo
the vertical direction, but that are somewhat corrugated
erally. Such corrugation would reduce orientation dep
dence by mixing the trues' ands i in the estimated conduc
tivities. This would have the effect of adding an offset to t
nominals' /s i ratio, so we takes' /s i to be the sum of a
component insensitive to flux through the sheath, an
Drude term@Eq. ~2!#:

s' /s i5c11c2 /@11~Bplane/B0!2#. ~4!

Walls with equal perpendicular and parallel areas toBplane,
or incoherent transport, would yieldc250; while flat walls
and full interlayer coherence implyc150. The solid lines in
Fig. 3~a! show examples of the fits of Eq.~4! to the data,
which givec1 /c2;0.7. The observed decay ins' /s i with
increasingBplaneindicates that the samples are away from
incoherent limit, as is consistent with the observation of
producible fluctuations1 in G in QH states.

The fits ofsa' /sbi andsb' /sai to Eq. ~4! give the field
scaleB0 for suppression of vertical transport by perpendic
lar Bplane. Figure 3~b! plots the corresponding edge elas
scattering length, assumingl el5h/(edB0) as in Eq.~2!. As
shown, l el appears to decrease with increasingBz . We find
l el;4l z @solid line in Fig. 3~b!#, where l z5(h/2peBz)

1/2 is
the magnetic length associated with the vertical fieldBz that
establishes the QH state. The values ofl el;300 Å satisfy the
inequality l el@ l z

2/d ~;20 Å at 10 T!, as required for validity
of Eq. ~2!.7

We believe that the small value ofl el may reflect devia-
tions from flatness of the sheath in the vertical directio
which would causeBz to link flux between edge states i
adjacent layers and produce a relative phase shift that
tributes tol el . With Bz;10 T across then51 QH state, a
A.

rd

kin
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small average displacement of;20 Å between adjacent edg
states would produce a unit phase shift over distances in
chiral direction on the order of the fittedl el . However, the
model that leads to Eq.~2! considers impurity scattering a
the edge to be the source of the dependence ofs' /s i on
Bplane, rather than flux linked by surface roughness, and i
not obvious to us that the latter will yield the same behav
as predicted in Eq.~2!. Regardless of the details of th
model, our observation of field dependence ins' /s i pro-
vides information on the interlayer transport regime. Dis
der and surface roughness will cause some degree of rel
meander of edge states in adjacent layers, with a corresp
ing modulation in interlayer tunneling strength around t
perimenter. If the meander is large enough, strong tunne
sites where adjacent, meandering edge states overlie
dominate transport. The data show that if such strong tun
ing points do dominate, these sites must be close eno
together that the flux the field links between them is w
below a flux quantum. Otherwise, as discussed in Ref
s' /s i would be independent ofBplane.

In summary, the vertical conductivity data show that t
effects of magnetic fields on the chiral sheath are qual
tively different than in ordinary 2D systems. We observe th
the ratios' /s i falls with increasing field strength. Within
the model of Ref. 7, this effect arises from the suppression
s' by Lorentz forces on the chiral flow along the edge.
contrast, for typical isotropic conducting films without stron
spin-orbit effects,s' /s i rises with increasing field strengt
due to the enhancement ofs' by suppression of weak
localization11 and to relative field insensitivity ofs i . High
in-plane fields applied to high quality two-dimensional ele
tron gas systems can significantly affect their conductivity10

but the effect that has been observed is a strong suppres
of s i , which would tend to causes' /s i to rise with increas-
ing field, rather than decay as we observe.

We acknowledge support from NSF-DMR 9700767 a
NSF-DMR 0071956 and helpful discussion with J.
Chalker.
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