VOLUME 80, NUMBER 2 PHYSICAL REVIEW LETTERS 12 ANUARY 1998

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 transport in
layered, three-dimensional semiconductor structures. In fields that produce the integer quantum Hall
effect for transport parallel to the layers, we find deep minima in the vertical conduatanc&etween
these quantum Hall states, the size dependendg,oindicates that vertical transport is through the
bulk. Within quantum Hall states, we find that vertical transport is along the surface of the sample,
via a “sheath” of extended surface states. This surface sheath is a novel two-dimensional system that
exhibits a metallic conductivity<e?/h. [S0031-9007(97)04945-4]

PACS numbers: 73.40.Hm, 73.20.Dx

The combined effects of dimensionality and disorderyields a series of phases. Ffg in an extended states
produce a rich variety of behavior in electronic transportband, a 3D metallic state is expected [4]. Ho¥ be-
[1]. In two dimensions (2D), it is now well accepted tween extended states bands, theory predicts a quantum
that quantum interference generally eliminates diffusiveHall (QH) state, with vanishing bulk diagonal conductivi-
transport in the limit of low temperatures, so that in theties, ando,, = ije?/h, wherei is the Landau level index,
absence of a magnetic field, all electronic states are locaknd is the number of layers [4].
ized atT = 0 [2]. For 2D metals in quantizing magnetic  Quantization of in-plane transport in QH states has
fields, the extended states that lie at isolated energies nelaeen well documented by Stormet al.[6], using a
the centers of the Landau levels produce diffusive transsemiconductor multilayer with relatively strong coupling
port, and a temperature-independent dissipative conductibetween the layers. Studies of vertical transport in these
ity o ~ e?/h, when the Fermi energgr lies at these multilayers [8], at relatively high' (to ~300 mK), led
special energies [3]. However, away from these transithis early work to conclude that, within the QH states,
tions between quantum Hall plateaus, vanishes at low vertical transport freezes out at Gy consistent with the
temperaturesT. Generally, when the conductivity of a expectation that the bulk, vertical conductivity, — 0 as
2D system is well below? /1, transport is expected to be T — 0.
stronglyT dependent, and insulating At= 0. A vanishing vertical conductivity in théulk does not

Recent theoretical studies [4,5] discussed the possibilitpecessarily imply absence of vertical transport across the
of creating a novel 2D system in which diffusive transportmultilayer. Although all bulk states aEr should be
can coexist with conductivities<e?/h. This unusual localized in QH states, the sidewalls of multilayer samples
2D system forms from the edge states at the sidewallstroduce surface states that must be extended around
of three-dimensional (3D), anisotropic conductors in thethe perimeter, in order for the in-plane transport to be
regime of the integer quantum Hall effect (IQHE). Here,quantized. For a stack of decoupled 2D electron gases,
we use multilayer semiconductor structures to look for evithese surface states are the well-known gapless edge states,
dence for this low-conductivity, metallic surface state.  and lie at the perimeter of each layer.

Experimental work on semiconductor multilayers in
the 1980s [6] established that the IQHE can occur in

anisotropic, 3D conductors. In semiconductor multilay- localized (a) (c) Mesa, area A
ers, the growth parameters determine the coupling be-a extended perimeter C
tween a stack of 2D sheets of electrons. For no coupling, F B

in quantizing magnetic fields perpendicular to the layers,

the bulk density of states for each layer is that of a 2D A
quantum Hall system, with extended states at the center of (b) 130A
each Landau level, and localized states in between. Inter-¢ [l [:] [1] ['1187meV
layer cogpling merges these isolated extended states intc ' 1*5'0 A \delta-doped n+ GaAs

bands with widths that depend on the strength of the inter- _ _ _ _ _
layer coupling, and on the disorder strength [7] [Fig. 1(a)].FIG. 1. (a) Density of states for anisotropic, three-dimensional
If the extended states bandwidths smaller than the 2D conductors in quantizing fields. Extended states bands exist

¢ Hall ; f localized stat hould lie Me&" the centers of Landau levels, with localized states in
quantum Hall gap\, regions of localized states should lie between. (b) Multilayer structure used in this experiment. The

between the extended states bands. Turipgthrough  pandwidths is ~0.12 meV. (c) Schematic of samples used to
the different types of states, by varying the magnetic fieldprobe vertical transport.
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Coupling the edge states by interlayer tunneling formsnultilayer samples, the excitation was kept beltvuV
a 2D, chiral sheath of extended states at the sidewali®r <3 X 1071 W in the 100 um square sample at
of the sample. In the IQHE regime studied here, the50 mK). The 50 mK IV characteristics were linear to
edge states on decoupled 2D electron gas layers effemore than 10 times this excitation.
tively act as 1D Fermi gases, so weakly coupling the lay- Figure 2(a) shows that in-plane transport (wafer A),
ers should yield a 2D Fermi liquid surface phase. In thiswith the magnetic field perpendicular to the layers, is well
case, even if the sheath conductivity is much less thaguantized at low temperatures. The low-field mobility
e?/h, the surface sheath may remain conducting te 0,  of the sample isu ~ 15000 cn?/V s, and the slope of
unlike the case of an “ordinary” 2D system. This qualita-the low-field Hall resistance gives a sheet denaity=
tively different behavior of the chiral surface sheath can ocd.15 X 103 cm2, assuming a Hall factor of 1, for an
cur because the ballistic, single-direction transport aroundverage sheet density 8f3 X 10'! cm~2 per layer over
the perimeter suppresses localization, allowing diffusivehe 50 layers. As shown, plateaus in the Hall resistance
transport perpendicular to the layers [4,5]. Ry accompany minima in the longitudinal resistarte

To investigate the chiral surface sheath, we use a pair dfor fields above 3 T, small peaks R flank much larger
GaAs/Aly 1 GayoAs multilayer structures that were grown peaks. These large (small) peakskip accompany large
by molecular-beam epitaxy in the same growth cycle(small) changes iRy; for example, from 6 to 7.5 TRy
one immediately after the other. Each structure containsearly doubles, while from 8 to 9 Ry changes by-2%.
50 periods of 150 A GaAs quantum wells that alternatéWe believe that the small peaks Ry appear where
with 150 A Al ;GayoAs barriers (Si delta doped at their sweeps past isolated, bulk extended states associated with
centers), so that the period of the multilayer structurehe outermost layers of the multilayer. These end layers
is d = 300 A [Fig. 1(b)], and the height# = 1.5 um.  can have very different density from the inner layers, and
A simple Kronig-Penney analysis of the structure yieldstheir extended states are not expected to be assimilated
a width r = 0.12 meV for the lowest band. From the into the band of extended states formed from the interior
measured sheet density, we estimBte~ 10 meV, well  of the multilayer [10]. The change iRy across the
below the second band. strong peak irkRy, near 7 T indicates that for wafer A each

The structure used for studies of in-plane transportextended states band contains 47 states. The arrangement
wafer A, was grown on a semi-insulating GaAs substrateof features in the-6—8 T range in Fig. 2(a) suggests that
We patterned pieces from near the center of wafer A int@n end-state layer lies near each edge of an extended states
Hall bars with diffused In contacts. The structure used foband. The numbers above the Hall plateaus in Fig. 2(a)
studies of vertical transport, wafer B, has degenergive the number of extended states belbw as deduced
ately dopedn + (2 X 10'® cm™3) GaAs layers above from the Hall resistance. The prominent QH states, which
(3000-A thick) and below (4000-A thick) the multilayer. become well quantized at higher temperatures than the
Wafer B has 50 Ap + (2.5 X 10'7 cm~3) matching lay-
ers directly above and below the outermost, delta-doped

150 A barriers, to reduce overfilling of the top and bottom 0 @ , 50 49 L 600
layers. As shown in Fig. 1(c), we wet etched a piece ;4 - 500
from near the center of wafer B into 6 mesas, stopping . f omk L 400

the etch within the lowe2 X 10'® cm™3 n+ GaAs layer. g 200
A briefly alloyed AuNiGe contact covers the top of each #
mesa. The bottom, alloyed AuNiGe contact pads rest or 100+
the etch-exposed surface of the lov®ex 10'® cm™3 n+
GaAs layer. 0
The six vertical transport mesas have different sizes ani 10" -
shapes, which we use to determine the nature of verticeg ;42 |
transport (surface or bulk) through the multilayer. Four =
mesas are squares, with sides of length 100, 150, 200, are'10°

o=}
L 3005
L 200
L 100

~ 16 !
(b) 2 i
S 72k

500 um. One mesa was a rectangle with dimensions o+ 77 Toioeme \'\\/7f  \» T i
850 um X 150 um. The sixth mesa had a serpen- B :E%SSEE

tine shape, with perimetelC = 7200 um and area 1077 . . . . : T
A = 422000 um’. We made all measurements of ver- 0 10 12

4 6
tical transport with the samples in good thermal contact B (Tesla)

with the mixing chamber of a dilution refrigerator fitted FIG. 2. (a) In-plane transport at 50 mK. Plateaus in the Hall
with filters at 300 K and at 1.2 K. The measurements useéesistanceRy accompany minima in the longitudinal resistance
the same configuration we recently employed to reaciL- Numbers above Hall plateaus give the number of extended

lectronic t t bel 50 MK | f t @tates belowEr. (b) Vertical conductancé, of the 150 um
electronic temperatures below mrIn surface-gate guare mesa at different temperatures versus magnetic field. In

point contact samples_in the fractional quantum HallQH states(,, saturates to a finite low-temperature value when
effect [9]. For all vertical transport measurements onthe surface states dominate transport.
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secondary plateaus, appear to be those for which all statésmperature fallsG., in the QH states initially drops
of a given Landau index lie belowg. rapidly, as expected if conduction through the bulk of the
Figure 2(b) shows the dependence of the vertical conmultilayer is freezing out [Fig. 2(b)]. As the temperature
ductanceG,, (wafer B) on the magnetic field, which is falls below ~200 mK, however, the conductance at the
perpendicular to the layers, at several temperatures, for treenters of the QH states appears to be approaching a
150 um square mesa (other mesas showed the same fietdnstant value. The Arrhenius plot 6f; for the 100 um
dependence) G, exhibits pronounced peaks between thesquare mesa in the=1 (10 T) andi =2 (5.0 T) QH
prominent QH states that appear in wafer A’s in-planestates in Fig. 4(a) shows a roughly activated formaoy
transport, and deep minima within these QH states. Unlikat high temperature that settles to a nearly constant, finite
the in-plane transport dat&,, shows no features flanking value at low T. Larger mesas had similar temperature
its strong maxima. Apparently, eithér,, is insensitive to  dependence, as did data taken at different magnetic fields
the states associated with the end layers, which should nat the QH states.
penetrate significantly into the multilayer, or the different To investigate the nature of vertical conduction in the
boundary conditions in wafer B incorporate the end layeiQH states, we measurégl, for the six different mesas at
states into the extended states bands (or both). In whdt75 T ¢{ = 2 QH state) and at 10 Ti (= 1 QH state). For
follows, we refer to the QH states between peak&in  temperatures within the activated region in Fig. 4(a), we
by their Landau index only. find G, « A, indicating that transport is primarily through
Figure 3 shows that between QH states the conductandbke bulk at high temperature.
behaves qualitatively as expected for the predicted 3D Figure 4(b) shows that, in the low temperature nearly
metallic phase [4]. In Fig. 3(a), we plot the temperatureconstant conductance regime of the QH states, transport is
dependence of,, at 6.7 T, betweenthe= 1andi = 2  along a sheath of states at therfaceof the mesas. We
QH states, and at 3.2 T, between the 2 andi = 4 QH  plot G,, versus mesgerimeterC and findG,, « C, as
states. G, first decreases gradually as the temperaturéndicated by the straight line of slope one on the log-log
falls, and then is very weakl§ dependent, approaching plot. In contrast, graphing Idg..) versus logA) yields a
saturation at the lowest temperatures for the 6.7 T datalot with large scatter, in which the mesas with the same
As shown in Fig. 3(b), measurements at 50 mK@f  shape (square) have conductances that fall on a straight
for the six mesas give5.. = A, where A is the mesa line with a slope ofy. This dependence of conductance
area, indicating transport through the bulk, and a 3Don mesa perimetef indicates that transport is over the
conducting state. surface, rather than through the bulk, of the multilayer.
Within QH states, the behavior @, is qualitatively The magnitude of the low- G.. and its lack of strong
different from that in the intervening 3D phases. As thetemperature dependence in the QH states show that the
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FIG. 3. Behavior ofG,, in the transitional phases between FIG. 4. Behavior ofG,, within QH states. (a) Arrhenius plot
QH states. (@) Arrhenius plot af,, (100 wm square mesa), of G,. Above ~200 mK, G,, is roughly activated, but at
betweeni = 1 andi = 2 QH states (6.7 T) and betweenr= 2 lower temperature it flattens out as the surface sheath dominates
andi = 4 QH states (3.2 T). (b) Dependence @f, on mesa transport. (b) Log-log plot ofG,, versus mesa perimeter
areaA at 6.7 and 3.2 T. The linear dependence ®f on inthei =1 andi =2 QH states. Good fits to lines with

A indicates that the current is flowing through the bulk of slope= 1 show thatG,, is proportional toC, indicating that

the mesa. the current flows on the surface of the mesas.
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surface sheath is an unusual 2D system that exhibitare not vertical, so that the field applied perpendicular to
metallic conductivity<e?/h. SinceG,. « C, the surface the layers has a component normal to the sheath. The root-
sheaths on our mesas all have the same sheet conductivityean-square amplitude of the fluctuations is very small
o..0=(H/C)G,, whereH = 1.5 um is the height of (e.g.,8G.. ~ 5 X 107 3¢%/h at 50 mK for the100 um
the multilayer. We findo,, o ~ 4 X 107 %¢?/h for the  square mesa), consistent with, < C.
i = 1 QH state, andr,, o ~ 1.2 X 107%¢?/h forthei = In conclusion, we have explored the transport proper-
2 QH state. One might expectthe conductivityfor 2to  ties of an anisotropic 3D conductor in the regime of the
be twice that ai = 1, because two sheaths of edge statedQHE. Scaling with sample size and temperature indicates
contribute to vertical transport at= 2. However, Balents 3D metallic phases between QH states. Within QH states,
and Fisher [5] have shown that each layer of the sheath hage find that transport is along a 2D surface sheath with con-
0.0 = (e2/h) [12€d/(iPvig.)], Wherel is a mean-free  ductivity <e?/h at low temperatures. The surface sheath
path andv.qg. is the edge velocity. Becausgq,. and¢  exhibits small, reproducible conductance fluctuations as
may be different for different layers of the surface sheaththe magnetic field is varied within the QH states.
and for different fields, it is unclear what to expect for the We acknowledge helpful conversations with L. Balents,
relative magnitudes of the vertical sheet conductivities ilM. P. A. Fisher, S.J. Allen, and S. Cho. This work was
thei = 1 andi = 2 QH states. supported by NSF DMR 9314899, and by QUEST, an
Qualitatively, the suppression of localization on theseNSF Science and Technology Center.
low-conductivity surface sheaths is due to the handedness
of the transport around the sheath. In order to localize,
an electron must be able to return to its starting point
without losing phase coherence. Because transport aroungli] P.A. Lee and T.V. Ramakrishnan, Rev. Mod. Ph§g,
the sheath is in one direction only, localization requires at 287 (1985), and references therein.
least one full turn around the perimeter—a macroscopic[2] This is strictly true only in the noninteracting limit.
distance in our samples. Nonetheless, one might expect Recent work on Si MOSFETS has found evidence for a
the onset of localization, and ste&pdependence i1, zero-field m_et_al-insulator transition. I_Even in_ this system, if
for large enoughi [4], at low enoughT that the phase Fhe conductivity falls well bglowz/h, insulating behavior
coherence length around the sheath approachidsl1]. is found at lowT [D. Popovicet al., cond-mat/9704249].
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port mesas haveé/d = 22, 33, 44, 110, 110, and 380, [8] HL Stormer et al., in Proceeding_s of the 1§3th Inter-
relative to the height/d = 50 of the multilayer. The national Conferencg on the Physics of Semlcondqctors,
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a finite, constant value at low, as observed. For the contacts are particularly sensitive to heating by stray

small samples witl§ /d < 50, at sufficiently low tempera- signals, which can drive very large current densities
tures one would expect a crossover to localized size  through the constriction. In our system, the point contact
dependenceG,, « exp(—consfC), with sheet conduc- conductance at = 5 showed a steef’ dependence
tivities below that of the¢/d > 50 samples. These ex- to below 50 mK, consistent with theoretical predictions
pectations disagree with our observation®f o« C and [K. Moon et al., Phys. Rev. Lett71, 4381 (1993)].
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magnetic field is varied within the QH states, as shown |r*[14] For H < £, there are small corrections to the leading

the insetin Fig. 2(b)(00 wm square mesa at 50 mK). We order result(G..) = (C/H){c,. o) that depend on a
believe that a field component perpendicular to the sheath  second, C-dependent lengthL,, which is the vertical

causes the interference that produces these fluctuations: distance diffused in one ballistic round trip aroufid13].
The wet etch used to define the mesas yields sidewalls that  All of our samples havd,, < H.
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