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Observation of Chiral Surface States in the Integer Quantum Hall Effect
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We have made experimental studies of low-temperature, high-magnetic field electronic transp
layered, three-dimensional semiconductor structures. In fields that produce the integer quantum
effect for transport parallel to the layers, we find deep minima in the vertical conductanceGzz . Between
these quantum Hall states, the size dependence ofGzz indicates that vertical transport is through th
bulk. Within quantum Hall states, we find that vertical transport is along the surface of the sam
via a “sheath” of extended surface states. This surface sheath is a novel two-dimensional syste
exhibits a metallic conductivityøe2yh. [S0031-9007(97)04945-4]

PACS numbers: 73.40.Hm, 73.20.Dx
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The combined effects of dimensionality and disord
produce a rich variety of behavior in electronic transpo
[1]. In two dimensions (2D), it is now well accepted
that quantum interference generally eliminates diffusi
transport in the limit of low temperatures, so that in th
absence of a magnetic field, all electronic states are loc
ized atT  0 [2]. For 2D metals in quantizing magnetic
fields, the extended states that lie at isolated energies n
the centers of the Landau levels produce diffusive tran
port, and a temperature-independent dissipative conduc
ity sxx , e2yh, when the Fermi energyEF lies at these
special energies [3]. However, away from these tran
tions between quantum Hall plateaus,sxx vanishes at low
temperatures,T . Generally, when the conductivity of a
2D system is well belowe2yh, transport is expected to be
stronglyT dependent, and insulating atT  0.

Recent theoretical studies [4,5] discussed the possibi
of creating a novel 2D system in which diffusive transpo
can coexist with conductivitiesøe2yh. This unusual
2D system forms from the edge states at the sidewa
of three-dimensional (3D), anisotropic conductors in th
regime of the integer quantum Hall effect (IQHE). Her
we use multilayer semiconductor structures to look for e
dence for this low-conductivity, metallic surface state.

Experimental work on semiconductor multilayers i
the 1980s [6] established that the IQHE can occur
anisotropic, 3D conductors. In semiconductor multila
ers, the growth parameters determine the coupling
tween a stack of 2D sheets of electrons. For no coupli
in quantizing magnetic fields perpendicular to the laye
the bulk density of states for each layer is that of a 2
quantum Hall system, with extended states at the cente
each Landau level, and localized states in between. In
layer coupling merges these isolated extended states
bands with widths that depend on the strength of the int
layer coupling, and on the disorder strength [7] [Fig. 1(a
If the extended states bandwidtht is smaller than the 2D
quantum Hall gapD, regions of localized states should li
between the extended states bands. TuningEF through
the different types of states, by varying the magnetic fie
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yields a series of phases. ForEF in an extended states
band, a 3D metallic state is expected [4]. ForEF be-
tween extended states bands, theory predicts a quan
Hall (QH) state, with vanishing bulk diagonal conductivi
ties, andsxy  ije2yh, wherei is the Landau level index,
andj is the number of layers [4].

Quantization of in-plane transport in QH states ha
been well documented by Stormeret al. [6], using a
semiconductor multilayer with relatively strong couplin
between the layers. Studies of vertical transport in the
multilayers [8], at relatively highT (to ,300 mK), led
this early work to conclude that, within the QH state
vertical transport freezes out at lowT , consistent with the
expectation that the bulk, vertical conductivityszz ! 0 as
T ! 0.

A vanishing vertical conductivity in thebulk does not
necessarily imply absence of vertical transport across
multilayer. Although all bulk states atEF should be
localized in QH states, the sidewalls of multilayer sampl
introduce surface states that must be extended aro
the perimeter, in order for the in-plane transport to b
quantized. For a stack of decoupled 2D electron gas
these surface states are the well-known gapless edge st
and lie at the perimeter of each layer.

FIG. 1. (a) Density of states for anisotropic, three-dimension
conductors in quantizing fields. Extended states bands e
near the centers of Landau levels, with localized states
between. (b) Multilayer structure used in this experiment. T
bandwidtht is ,0.12 meV. (c) Schematic of samples used t
probe vertical transport.
© 1998 The American Physical Society 365
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Coupling the edge states by interlayer tunneling form
a 2D, chiral sheath of extended states at the sidew
of the sample. In the IQHE regime studied here, t
edge states on decoupled 2D electron gas layers ef
tively act as 1D Fermi gases, so weakly coupling the la
ers should yield a 2D Fermi liquid surface phase. In th
case, even if the sheath conductivity is much less th
e2yh, the surface sheath may remain conducting toT  0,
unlike the case of an “ordinary” 2D system. This qualita
tively different behavior of the chiral surface sheath can o
cur because the ballistic, single-direction transport arou
the perimeter suppresses localization, allowing diffusi
transport perpendicular to the layers [4,5].

To investigate the chiral surface sheath, we use a pai
GaAsyAl 0.1Ga0.9As multilayer structures that were grown
by molecular-beam epitaxy in the same growth cyc
one immediately after the other. Each structure conta
50 periods of 150 Å GaAs quantum wells that alterna
with 150 Å Al0.1Ga0.9As barriers (Si delta doped at thei
centers), so that the period of the multilayer structu
is d  300 Å [Fig. 1(b)], and the heightH  1.5 mm.
A simple Kronig-Penney analysis of the structure yield
a width t  0.12 meV for the lowest band. From the
measured sheet density, we estimateEF , 10 meV, well
below the second band.

The structure used for studies of in-plane transpo
wafer A, was grown on a semi-insulating GaAs substra
We patterned pieces from near the center of wafer A in
Hall bars with diffused In contacts. The structure used f
studies of vertical transport, wafer B, has degene
ately dopedn 1 s2 3 1018 cm23d GaAs layers above
(3000-Å thick) and below (4000-Å thick) the multilayer
Wafer B has 50 Å,n 1 s2.5 3 1017 cm23d matching lay-
ers directly above and below the outermost, delta-dop
150 Å barriers, to reduce overfilling of the top and botto
layers. As shown in Fig. 1(c), we wet etched a pie
from near the center of wafer B into 6 mesas, stoppi
the etch within the lower2 3 1018 cm23 n1 GaAs layer.
A briefly alloyed AuNiGe contact covers the top of eac
mesa. The bottom, alloyed AuNiGe contact pads rest
the etch-exposed surface of the lower2 3 1018 cm23 n1

GaAs layer.
The six vertical transport mesas have different sizes a

shapes, which we use to determine the nature of verti
transport (surface or bulk) through the multilayer. Fo
mesas are squares, with sides of length 100, 150, 200,
500 mm. One mesa was a rectangle with dimensio
850 mm 3 150 mm. The sixth mesa had a serpen
tine shape, with perimeterC  7200 mm and area
A  422 000 mm2. We made all measurements of ve
tical transport with the samples in good thermal conta
with the mixing chamber of a dilution refrigerator fitted
with filters at 300 K and at 1.2 K. The measurements us
the same configuration we recently employed to rea
electronic temperatures below 50 mK in surface-gat
point contact samples in the fractional quantum Ha
effect [9]. For all vertical transport measurements o
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multilayer samples, the excitation was kept below10 mV
(or ,3 3 10216 W in the 100 mm square sample at
50 mK). The 50 mK IV characteristics were linear t
more than 10 times this excitation.

Figure 2(a) shows that in-plane transport (wafer A
with the magnetic field perpendicular to the layers, is we
quantized at low temperatures. The low-field mobilit
of the sample ism , 15 000 cm2yV s, and the slope of
the low-field Hall resistance gives a sheet densityNs 
1.15 3 1013 cm22, assuming a Hall factor of 1, for an
average sheet density of2.3 3 1011 cm22 per layer over
the 50 layers. As shown, plateaus in the Hall resistan
RH accompany minima in the longitudinal resistanceRL.
For fields above 3 T, small peaks inRL flank much larger
peaks. These large (small) peaks inRL accompany large
(small) changes inRH; for example, from 6 to 7.5 T,RH

nearly doubles, while from 8 to 9 T,RH changes by,2%.
We believe that the small peaks inRL appear whereEF
sweeps past isolated, bulk extended states associated
the outermost layers of the multilayer. These end laye
can have very different density from the inner layers, a
their extended states are not expected to be assimila
into the band of extended states formed from the inter
of the multilayer [10]. The change inRH across the
strong peak inRL near 7 T indicates that for wafer A each
extended states band contains 47 states. The arrangem
of features in the,628 T range in Fig. 2(a) suggests tha
an end-state layer lies near each edge of an extended s
band. The numbers above the Hall plateaus in Fig. 2
give the number of extended states belowEF , as deduced
from the Hall resistance. The prominent QH states, whi
become well quantized at higher temperatures than

FIG. 2. (a) In-plane transport at 50 mK. Plateaus in the Ha
resistanceRH accompany minima in the longitudinal resistanc
RL. Numbers above Hall plateaus give the number of extend
states belowEF . (b) Vertical conductanceGzz of the 150 mm
square mesa at different temperatures versus magnetic field.
QH states,Gzz saturates to a finite low-temperature value whe
the surface states dominate transport.
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secondary plateaus, appear to be those for which all sta
of a given Landau index lie belowEF .

Figure 2(b) shows the dependence of the vertical co
ductanceGzz (wafer B) on the magnetic field, which is
perpendicular to the layers, at several temperatures, for
150 mm square mesa (other mesas showed the same
dependence).Gzz exhibits pronounced peaks between th
prominent QH states that appear in wafer A’s in-plan
transport, and deep minima within these QH states. Unl
the in-plane transport data,Gzz shows no features flanking
its strong maxima. Apparently, eitherGzz is insensitive to
the states associated with the end layers, which should
penetrate significantly into the multilayer, or the differen
boundary conditions in wafer B incorporate the end lay
states into the extended states bands (or both). In w
follows, we refer to the QH states between peaks inGzz

by their Landau indexi only.
Figure 3 shows that between QH states the conducta

behaves qualitatively as expected for the predicted
metallic phase [4]. In Fig. 3(a), we plot the temperatu
dependence ofGzz at 6.7 T, between thei  1 andi  2
QH states, and at 3.2 T, between thei  2 andi  4 QH
states. Gzz first decreases gradually as the temperatu
falls, and then is very weaklyT dependent, approaching
saturation at the lowest temperatures for the 6.7 T da
As shown in Fig. 3(b), measurements at 50 mK ofGzz

for the six mesas giveGzz ~ A, where A is the mesa
area, indicating transport through the bulk, and a 3
conducting state.

Within QH states, the behavior ofGzz is qualitatively
different from that in the intervening 3D phases. As th

FIG. 3. Behavior ofGzz in the transitional phases betwee
QH states. (a) Arrhenius plot ofGzz (100 mm square mesa),
betweeni  1 andi  2 QH states (6.7 T) and betweeni  2
and i  4 QH states (3.2 T). (b) Dependence ofGzz on mesa
area A at 6.7 and 3.2 T. The linear dependence ofGzz on
A indicates that the current is flowing through the bulk o
the mesa.
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temperature falls,Gzz in the QH states initially drops
rapidly, as expected if conduction through the bulk of t
multilayer is freezing out [Fig. 2(b)]. As the temperatu
falls below ,200 mK, however, the conductance at th
centers of the QH states appears to be approachin
constant value. The Arrhenius plot ofGzz for the100 mm
square mesa in thei  1 (10 T) andi  2 (5.0 T) QH
states in Fig. 4(a) shows a roughly activated form forGzz

at high temperature that settles to a nearly constant, fi
value at low T. Larger mesas had similar temperatu
dependence, as did data taken at different magnetic fie
in the QH states.

To investigate the nature of vertical conduction in th
QH states, we measuredGzz for the six different mesas a
4.75 T (i  2 QH state) and at 10 T (i  1 QH state). For
temperatures within the activated region in Fig. 4(a), w
find Gzz ~ A, indicating that transport is primarily through
the bulk at high temperature.

Figure 4(b) shows that, in the low temperature nea
constant conductance regime of the QH states, transpo
along a sheath of states at thesurfaceof the mesas. We
plot Gzz versus mesaperimeterC and findGzz ~ C, as
indicated by the straight line of slope one on the log-l
plot. In contrast, graphing logsGzzd versus logsAd yields a
plot with large scatter, in which the mesas with the sam
shape (square) have conductances that fall on a stra
line with a slope of1

2 . This dependence of conductanc
on mesa perimeterC indicates that transport is over th
surface, rather than through the bulk, of the multilayer.

The magnitude of the low-T Gzz and its lack of strong
temperature dependence in the QH states show that

FIG. 4. Behavior ofGzz within QH states. (a) Arrhenius plot
of Gzz . Above ,200 mK, Gzz is roughly activated, but at
lower temperature it flattens out as the surface sheath domin
transport. (b) Log-log plot ofGzz versus mesa perimeterC
in the i  1 and i  2 QH states. Good fits to lines with
slope 1 show thatGzz is proportional toC, indicating that
the current flows on the surface of the mesas.
367
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surface sheath is an unusual 2D system that exhib
metallic conductivityøe2yh. SinceGzz ~ C, the surface
sheaths on our mesas all have the same sheet conduct
szz, h  sHyCdGzz , whereH  1.5 mm is the height of
the multilayer. We findszz, h , 4 3 1024e2yh for the
i  1 QH state, andszz, h , 1.2 3 1023e2yh for thei 
2 QH state. One might expect the conductivity fori  2 to
be twice that ati  1, because two sheaths of edge stat
contribute to vertical transport ati  2. However, Balents
and Fisher [5] have shown that each layer of the sheath
szz, h  se2yhd ft2,dysh̄2y

2
edgedg, where, is a mean-free

path andyedge is the edge velocity. Becauseyedge and,
may be different for different layers of the surface shea
and for different fields, it is unclear what to expect for th
relative magnitudes of the vertical sheet conductivities
the i  1 andi  2 QH states.

Qualitatively, the suppression of localization on the
low-conductivity surface sheaths is due to the handedn
of the transport around the sheath. In order to localiz
an electron must be able to return to its starting po
without losing phase coherence. Because transport aro
the sheath is in one direction only, localization requires
least one full turn around the perimeter—a macrosco
distance in our samples. Nonetheless, one might exp
the onset of localization, and steepT dependence inGzz,
for large enoughH [4], at low enoughT that the phase
coherence length around the sheath approachesC [4,11].

Recent theoretical studies show that the sheath’s m
conductancekGzzl atT  0 should cross over from metal-
lic behavior, with kGzzl  sCyHd kszz, hl, to 1D local-
ized behavior, withkGzzl ~ exps2Hyjd, for H greater
than a localization lengthj [4,12–14]. The localiza-
tion length is proportional to the perimeterC and to the
sheath’s sheet conductivity:j  4Cszz, hyse2yhd [11–
13]. In order of increasing perimeter, the six vertical tran
port mesas havejyd  22, 33, 44, 110, 110, and 380
relative to the heightHyd  50 of the multilayer. The
largest three samples havejyd . 50, and should display
a metallic size dependenceGzz ~ C with Gzz tending to
a finite, constant value at lowT , as observed. For the
small samples withjyd , 50, at sufficiently low tempera-
tures one would expect a crossover to localized s
dependence,Gzz ~ exps2constyCd, with sheet conduc-
tivities below that of thejyd . 50 samples. These ex-
pectations disagree with our observation ofGzz ~ C and
a constantszz, h for all samples. This absence of observ
able localization effects suggests that the phase cohere
length around the sheathLf is much less thanC to the low-
est temperatures studied [13], which is unsurprising, giv
thatC  400 mm in the smallest sample.

We also observe reproducible fluctuations inGzz as the
magnetic field is varied within the QH states, as shown
the inset in Fig. 2(b) (100 mm square mesa at 50 mK). We
believe that a field component perpendicular to the she
causes the interference that produces these fluctuati
The wet etch used to define the mesas yields sidewalls
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are not vertical, so that the field applied perpendicular
the layers has a component normal to the sheath. The ro
mean-square amplitude of the fluctuations is very sm
(e.g., dGzz , 5 3 1023e2yh at 50 mK for the100 mm
square mesa), consistent withLf ø C.

In conclusion, we have explored the transport prope
ties of an anisotropic 3D conductor in the regime of th
IQHE. Scaling with sample size and temperature indica
3D metallic phases between QH states. Within QH stat
we find that transport is along a 2D surface sheath with co
ductivity øe2yh at low temperatures. The surface shea
exhibits small, reproducible conductance fluctuations
the magnetic field is varied within the QH states.
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