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Insulating states of a broken-gap two-dimensional electron-hole system
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It has recently been found that an InAs/GaSb based electron-hole system exhibits insulating behavior with
unusual properties when the numbers of occupied electron and hole Landau levels are equal@R. J. Nicholas, K.
Takashina, M. Lakrimi, B. Kardynal, S. Khym, N. J. Mason, D. M. Symons, D. K. Maude, and J. C. Portal,
Phys. Rev. Lett.85, 2364~2000!#. In this insulating state, the Hall resistance becomes symmetric~even! under
field reversal@Rxy(B)5Rxy(2B)#, and both the Hall and longitudinal resistances display reproducible fluc-
tuations. In this paper we present experimental studies of the geometry dependence of this phenomenon. In
particular, we show conclusively that the conduction responsible for the reproducible fluctuations and the
symmetric Hall resistance occur due to the presence of the mesa edge. Further investigations of the edge
conductance are presented. We show that as a function of magnetic field, the edge conduction shows a
qualitatively opposite behavior to the conductivity in the sample interior. This is confirmed through measure-
ments with an in-plane component of magnetic field. Also, the size of the conductance fluctuations is found to
have a monotonic relationship with the absolute value of the conductance. A model based on counterpropa-
gating edge channels is presented which qualitatively accounts for the observed behavior.

DOI: 10.1103/PhysRevB.68.235303 PACS number~s!: 73.40.Kp, 73.43.Qt, 71.30.1h
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I. INTRODUCTION

In this paper we report and discuss observations of
insulating state of an InAs/GaSb based two-dimensio
electron-hole system in high magnetic field. InAs/GaSb i
broken-gap system with the ability to possess both electr
ne and holesnh in equilibrium through intrinsic charge trans
fer without the use of doping or the application of an ele
trical bias.2–5 The first observation of quantum Hall platea
in an InAs/GaSb based electron-hole system made by M
dezet al.6 found that plateaus were formed at quantum nu
bers corresponding to the difference in the occupancie
the electron and hole Landau levels. When the net car
concentration (nnet5ne2nh) is small ~e.g., nnet;2
31015 m22 for ne of order 731015 m22), a special condi-
tion can be achieved in magnetic field due to conducta
quantization where there are effectively equal numbers
occupied electron and hole Landau levels such thatne2nh
50, while ne and nh are both finite. Such a state was fir
observed by Dalyet al.7 who found that the resistivity de
fined by

rxy5
1
2 @Rxy~B!2Rxy~2B!# ~1!

became vanishingly small, while the longitudinal resistiv
rxx became large. This was interpreted as being due to b
diagonal and Hall conductivitiessxx andsxy tending to zero
due to the electrons and holes contributing quantized H
conductivities in opposite directions but equal in magnitu
0163-1829/2003/68~23!/235303~10!/$20.00 68 2353
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It has recently been found1 that the symmetric part of the
measured Hall resistanceRH

S defined by

RH
S5 1

2 @Rxy~B!1Rxy~2B!# ~2!

displays properties which cannot be accounted for as be
due to a geometric admixing of the diagonal resistivityrxx .
RH

S becomes too large, bears no simple relationship to
longitudinal resistanceRxx , and displays reproducible fluc
tuations. In the initial paper reporting the phenomenon,1 it
was proposed that the edge states8 in this insulating state
could be such that the current distribution is highly distorte

In this paper, we present geometry dependence meas
ments which conclusively show that the conduction lead
to the reproducible fluctuations and the symmetric Hall
sistance occur due to the presence of the mesa edge. Fu
experimental investigations into the edge conduction rev
that the size of the fluctuations has a monotonic relations
with the magnitude of the edge conductance, and that
edge conductance has an opposite behavior to the condu
in the sample interior with magnetic field. A simple model
proposed to qualitatively account for the behavior observ
The model is based on counterpropagating edge chan
where the electron and hole layers contribute channels c
ducting in opposite directions.

II. SAMPLES AND OVERALL BEHAVIOR

The samples studied consisted of a single layer of InAs
between layers of GaSb close to the sample surface.
©2003 The American Physical Society03-1
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FIG. 1. Magnetotransport data from Hall bar
An inset shows a schematic diagram of a H
bar. The upper graphs show the Hall resistanc
Rxy5V3,5/I 1,4. The black lines show data take
with the magnetic field in one direction, while th
gray lines show data taken with the magne
field pointing in the opposite direction. The lowe
graphs show the longitudinal resistancesRxx

5V6,5/I 1,4. The graphs in the left~right! column
show data from sampleA (B).
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system has a broken-gap lineup with the conduction-b
edge of InAs 150 meV below the valence-band edge
GaSb.2–5 The structures were grown by metal organic vap
phase epitaxy9,10 and have relatively low levels of impuritie
so that the majority of the charge carriers are created
intrinsic charge transfer. They are grown on GaAs substr
with a 2-mm-thick buffer layer of GaSb to achieve lattic
relaxation and this is followed by 30 nm of InAs and 120 n
of GaSb.

In this paper, we explicitly present data taken fro
samples fabricated from two wafers. Figure 1 shows mag
totransport data taken from Hall bars fabricated from th
wafers. These are labeled samplesA ~OX3616! and B
~OX3733!. The Hall bars were rectangular and macrosco
in size (W50.5 mm), with a longitudinal lengthL51 mm
between voltage probes which were orthogonal to the
with width of order 100mm. A dilution refrigerator and a
20-MW resistive magnet was used. A standard AC lock
technique was used with a 20 nA driving current at a f
quency of order 1.7 Hz, ensuring that the out-of-phase c
ponents of the signals remained very small. Data fr
samplesA andB are typical of samples studied.1

At 10.5 and 28 T, there are quantum Hall plateaus co
sponding to an effective occupancy of one.6 At these fields
and below 7 T, the Hall resistance is almost complet
antisymmetric ~odd! under field reversal: Rxy(B)
52Rxy(2B). The symmetric part, which might be attrib
uted to the geometric misalignment of the Hall probes, is l
than 1% of the longitudinal resistivity. Between 12.5 and
T, however, where the quantized occupanciesne andnh are
expected to be equal (ne2nh522250), the Hall resistance
becomes almost completely symmetric under field rever
The value of the symmetric Hall resistance is more than 5
of the resistivity. In the same field range, the longitudin
resistance is large, but does not have any obvious functi
relationship with the Hall resistance. This rules out the p
sibility of a simple geometrical admixing of the resistivity a
the origin of the symmetric Hall resistance. The usual sy
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metry associated with the Hall resistance11 is not satisfied.
The graphs also show reproducible fluctuations in both
Hall resistance and the longitudinal resistance. These
both symmetric under field reversal. One might enqu
whether this peculiar behavior arises through what is co
monly termed ‘‘bad contacts.’’ We argue, however, that t
edges of these samples are fundamentally different to th
found in normal single-carrier-type systems, and that
edges dominate the measurements of the insulating sta
the Hall bar geometry. In this geometry, the bulk of the s
tem cannot be probed and hence ‘‘contacted’’ in the norm
way. This is a fundamental property of the system rather t
the result of an underdeveloped annealing technology, a
shown by the reappearance of normal behavior above 2
and two-terminal measurements we will present in the f
lowing section. We have observed this behavior with sy
metric Hall resistance with reproducible fluctuations
samples fabricated from 13 different wafers, using differe
contacting and lithographic techniques.

III. CORBINO DISK

We have studied Corbino disks and Hall bars fabrica
from samplesA and B. In this section, we show that in th
insulating state, the Corbino disk becomes many orders
magnitude more insulating than the Hall bar. We also pres
temperature dependence measurements.

A. Basic behavior

The Corbino disk was measured using a two-termi
constant voltage technique. Figure 2 shows the conducti
as a function of magnetic field for sampleA with an excita-
tion voltage of 10 mV. It also shows the conductivity,
calculated fromRxx and Rxy as measured from a Hall ba
using standard tensor relations.

A distinct minimum can be seen at 10.5 T for both sets
data corresponding to a quantized Hall state. A similar m
3-2
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INSULATING STATES OF A BROKEN-GAP TWO- . . . PHYSICAL REVIEW B 68, 235303 ~2003!
mum can be seen at 28 T. The Hall bar shows deeper min
compared with the Corbino disk due to the large excitat
voltage used to measure the Corbino disk.12 In contrast, in
the field range 13–24 T corresponding to the insulating st
the Corbino disk shows values of conductivity that are ma
orders of magnitude smaller compared with the Hall bar v
ues. In the field range where we expect the Fermi energ
lie within extended states, the agreement between the
measurements is reasonable.

B. Voltage dependence

In order to test that this discrepancy is not due to conta
ing problems, we have varied the current through the H
bar and found that the longitudinal resistance we meas
has Ohmic voltage dependence over many orders of ma
tude, while the Corbino disks show extremely nonlinear
havior. As a more explicit test, we have fabricated a tw
terminal device and a Corbino disk from sampleB, using
identical contacting procedures and measured their curr
voltage characteristics using identical experimental confi
rations.

Figure 3 shows the current passed by a two-terminal
~triangles! and a Corbino disk~squares! as a function of the
applied voltage using identical experimental settings. T
data for the two-terminal bar has a gradient of one on
log-log plot. The bar therefore shows Ohmic behavior, wh
the Corbino disk shows strongly non-Ohmic insulating b
havior.

C. Temperature dependence

We return to sampleA, and describe its temperature d
pendence. The two samples of differing geometry were m
sured simultaneously.

Figure 4 shows data at different temperatures. At 900 m
the Hall bar shows a relatively smooth variation of resista
with magnetic field. As the temperature is lowered, the re
tance increases, but then saturates. The saturation is ac

FIG. 2. Conductivity extracted from the Corbino disk and t
Hall bar at 100 mK. The Corbino disk was measured with an ex
tation voltage of 10 mV, and the Hall bar with an excitation curre
of 20 nA. The conductivity of the Hall bar was calculated applyi
the standard tensor relations to the measured Hall and longitud
resistances.
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panied by the onset of reproducible fluctuations. T
Corbino disk however shows insulating behavior down to
lowest temperature where the conductivity continues to
crease with falling temperature.

Figure 5 shows the temperature dependence of 1/Rxx of
the Hall bar. As the temperature decreases, it saturates.
behavior is consistent with the conductance being a sum
temperature-independent contribution, and a stron
temperature-dependent one due to the conductivitysxx in the

i-
t
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FIG. 3. Current-voltage characteristics of a two-terminal b
(L5800 mm, W5200 mm) and a Corbino disk fabricated from
sampleB at 20.2 T and 50 mK.V6,5(I 1,4) of the Hall bar whose data
is shown in Fig. 1 is indicated for comparison.

FIG. 4. The conductivity measured from the Corbino disk w
an excitation voltage of 10 mV at various temperatures between
and 900 mK in steps of around 90 mK. The thick solid line is t
data from the Hall bar as described in the preceding section.
lower graph shows the longitudinal resistance measured from a
bar.
3-3
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sample interior. We attribute the temperature-independ
part to the mesa edges. All samples we have measured w
the contacts are connected by the mesa edge show thi
havior. The inset shows the fluctuating part of this cond
tance, showing that the scale of the magnetoconducta
fluctuations is not strongly temperature dependent betw
100 and 900 mK.

D. Discussion

We have shown that at low temperature, the interior of
sample becomes extremely insulating, while the behavio
the Hall bar is dominated by the contribution due to the m
edges. Samples where the contacts are connected by
edges show Ohmic voltage dependence, and the mesa
contribution to the conductance has very weak tempera
dependence.

However, quantitative analysis on this data is difficu
There are two main reasons. First, finite conductance of
Corbino disk can only be measured with large excitat
voltages where the conductivity is strongly dependent on
excitation voltage. Second, we will find in the following se
tion that the edge conduction is highly inhomogeneous o
macroscopic length scales so that the conductance of the
sides of the Hall bar may be rather different. This would th
lead to different current flowing through the two sides of t
bar, which places a large uncertainty in the values of
longitudinal ‘‘resistance’’ obtained fromVxx /I total . In order
to circumvent the latter problem, we have studied tw
terminal bars, where the total conductancemustbe given by
the sum of the conductance of the two individual edges.

FIG. 5. The conductance as calculated by 1/Rxx whereRxx is
measured from the Hall bar as a function of temperature in step
about 90 mK. The inset shows the fluctuating part of the cond
tance for the same range of temperature.
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IV. LENGTH, WIDTH, AND IN-PLANE FIELD

Two-terminal bars with different lengthsL and widthsW,
and a Corbino disk were fabricated from sampleB. We will
first describe the general behavior as a function of sam
size. We will then present data where we have applied
in-plane magnetic field. Section IV B will focus on the siz
of the magnetoconductance fluctuations.

A. Dependence on length and width: Sample-to-sample
variations

Figure 6 shows the conductance of two-terminal bars w
length and width varied between 100 and 800mm and 100
and 500mm, respectively, made from sampleB. We have
confirmed that they display the expected systematic beha
at values of field outside of the insulating state. In the in
lating state however, the sample-to-sample variation
greater than any underlying systematic trend.

Figure 7 shows the conductance of two-terminal devi
at three illustrative values of magnetic field as a function

of
-

FIG. 6. A graph showing the conductance of two-terminal d
vices against magnetic field at 100 mK. The different lines cor
spond to samples with different lengths and widths.

FIG. 7. Plots of the conductance of two-terminal devices a
function of the width-to-length ratioW/L at 17 T ~top!, 10.5 T
~middle!, and 1 T~bottom! at 100 mK. The four points of lowes
W/L are from samples with width between 100 and 500mm with
length fixed at 800mm while the four points of largestW/L have
length between 100 and 800mm with width fixed at 500mm.
3-4
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INSULATING STATES OF A BROKEN-GAP TWO- . . . PHYSICAL REVIEW B 68, 235303 ~2003!
the width-to-length ratio. The system shows three differ
types of behavior. First, at very low field, the behavior
classical. At zero magnetic field, the behavior is complet
Ohmic where the contact resistance scales as 1/W and the
semiconductor conductance scales linearly withW/L. With
small magnetic field such as 1 T, the resistance of the
becomes an admixture of the Hall resistance and the lo
tudinal resistance. Second, in the more ‘‘conventional’’ co
pensated quantum Hall regime, e.g., at 10.5 T, the sys
also shows systematic behavior where for sufficiently lo
and wide samples, the conductance is given by the quant
value e2/h. Deviations from this are related to the brea
down of the quantum Hall effect12 where the behavior is
strongly dependent on size and the magnitude of the ex
tion voltage used. Third, in the insulating regime, the co
ductance variation from sample to sample is greater than
underlying trend due to changing the width between 100
500 mm or the length between 100 and 800mm.

The strong random variation between the samples s
gests a one-dimensional nature of the charge transpor
transport in higher dimensions, the effect of disorder is re
tively weak as rare regions of high resistivity can be circu
vented by the current. In one dimension, however, the c
rent does not have any degrees of freedom in orde
circumvent these regions of high resistivity, and the res
tance of the total wire becomes strongly affected by them

There is however a broad trend with magnetic field f
lowed by all of the samples. All but the narrowest bar sh
minima in conductance at around 12.5 and 21 T, just a
entering and before exiting the insulating state. This sugg
that the behavior of the absolute magnitude of the cond
tance is influenced by factors common to all the samp
such as the energies of the Landau levels contributing to
edge states.

We have confirmed this by making measurements with
in-plane component of magnetic field which enhances
spin splitting thereby changing the arrangement in energ
the spin-split Landau levels. Figures 8 and 9 show data fr

FIG. 8. The conductance of the Corbino disk with an avera
circumference of 4.08 mm with a difference in radii of 0.2 mm
various angles to the magnetic field at 100 mK. It is plotted a
function of field normal to the sample plane.
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these measurements. Figure 8 shows data from a Cor
disk while Fig. 9 shows the conductance of two-termin
bars. Two separate bars were measured, one with the in-p
field parallel to the mesa edge, and the other with the
plane field perpendicular to the mesa edge. We have not
any conclusive differences due to the difference in the dir
tion of the in-plane field.

As the in-plane field is increased, the conductance of b
the two-terminal bars decreases somewhat. In contrast,
conductance of the Corbino disk increases, at some field
orders of magnitude. The two-terminal bars show an op
site trend to the Corbino disk confirming that the conduct
at the mesa edge is not limited due to a leakage thro
interior states.

Another aspect to note is that the fluctuations chan
completely between one angle and the next. For insta
between 0° and 10°, the smoothly varying conductance
the background has not changed very much. However,
small scale fluctuations are completely different. Th
strongly suggests that the origin of the fluctuating behavio
due to interference effects between electrons trave
through different paths13 as is the case for universal condu
tance fluctuations.14

B. Conductance fluctuations

Examining the fluctuations visible in the data presented
Fig. 9 ~and Fig. 6! we see that the size of the conductan
fluctuations decreases when the conductance itself decre
In order to study the size of the fluctuations, we have s
tracted a smooth background from the conductance for e
datasetG(B). The smooth background was generated by
ting a ninth-order polynomial through the data. This is illu
trated in the inset of Fig. 10.

e
t
a

FIG. 9. The conductance of two-terminal bars in tilted magne
field, as a function of the normal field.~a! The in-plane field is
perpendicular to the bar.~b! The in-plane field is parallel to the ba
3-5
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Figure 10 shows the size of the conductance fluctuati
as a function of the absolute conductance. The magnitud
the deviation of the conductance from the smooth ba
ground is plotted against the conductance. Each point re
sents an average over a field range of'15 mT. The data
includes all two-terminal bar samples, including data w
in-plane magnetic field. All datasets show behavior con
tent with the overall trend. The overall trend is that the s
of the fluctuations increases monotonically with the cond
tance.

V. SIMPLE MODEL

Figure 11~a~i!! shows a schematic diagram of the en
gies of the lowest electron and hole Landau levels as a fu
tion of position across the sample. For the electrons, clos
the mesa edges, the confinement pushes the energie
wards, while the opposite is the case for the holes. Since
direction of the transport along the edge states is given by
gradient of E(x) the electrons and holes contribute ed
channels at the mesa edge with opposite directions.

We argue that in the insulating states, the transport pr
erties of the mesa edges are determined by the behavio
the pairs of edge states. Their properties will depend stron
upon the way in which they interact, and the influence
disorder.

A. Edge channels and disorder

If there are no interactions at all, there will be no strong
resistive state whenne5nh since this situation will be iden
tical to one where two single-carrier-type Hall bars of opp

FIG. 10. Deviation of the conductance from a smooth ba
ground as a function of the conductance. The plot includes
from measurements with in-plane magnetic field. The differ
shapes represent different bars and different in-plane field. The
line shows a dependence wheredG is proportional toG3/2 as de-
scribed in Sec. V C. The inset illustrates howdG was obtained. A
smooth curve is fitted to the raw data, and the difference is take
be the fluctuations. The modulus ofdG is taken to be the size of th
deviation.
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site type are connected at each of their contacts.15–17 The
large resistance we measure is due to the electrons b
allowed to move from one edge channel to another.

Figure 11 ~a~i!! shows a schematic diagram of th
Landau-level energies as a function of position across
mesa. One of each electron and hole Landau levels is o
pied. Interactions between the electron and hole edge s
will lead to the formation of an energy gap, where th
would otherwise cross in energy. If the Fermi energy were
lie within the gap, there will be no edge states, and the s
tem would be totally insulating. If instead the Fermi ener
lies outside of the gap, there will be edge states as in the
of no interactions, and no high resistance behavior would
observed. Our experimental data shows that neither of th
cases describes the full picture, as we always observe l
but finite resistance.

Since the sample-to-sample variation in the resistanc
strong, disorder must be playing a major role in determin
the behavior. The effect of a disordered energy landscap
the edge states is that it changes the position of the elec
and hole edge channels with respect to each another.

Interactions between the electron and hole edge chan
will be favored when they are close together, and wea
when they are further apart. The disorder therefore de
mines the positions at which interactions can occur. We w
refer to these positions or regions as ‘‘junctions.’’

The way in which these junctions should be pictured d
pends on the effect of the interactions on the states. If
junctions only represent points at which there is a sm
probability of an electron transferring from one channel
the other, they can be suitably depicted as shown in F
11~b~i!!. If the interactions are strong, the system may
better considered as depicted in Fig. 11~b~ii !! where the en-
ergy gap forces the edge channels to form u turns at
junctions, and therefore a series of loops along the mesa e
as shown in Fig. 11~c~ii !!.

Experimentally, we have found that the conduction
Ohmic with respect to applied voltage, and has very we

-
ta
t
lid

to

FIG. 11. ~a~i!! Schematic diagram of the lowest electron a
hole Landau levels as a function of position across a mesa.~a~ii !! is
same as~a~i!! but with anticrossing behavior.~b! Diagrams showing
edge channels.~b~i!! The interaction is weak, and the edge chann
are not grossly affected.~b~ii !! Strong interaction leading to the
formation of loops.~c~i!! A mesa edge with a series of junction
~c~ii !! A mesa edge where the junctions are drawn as u turns.
3-6
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INSULATING STATES OF A BROKEN-GAP TWO- . . . PHYSICAL REVIEW B 68, 235303 ~2003!
temperature dependence. This suggests that the junction
behaving as Ohmic resistors with very weak temperature
pendence. This shows that the system is not simply a se
of usual localized states18 as such systems are found to
strongly temperature dependent.19–21 A previous theoretical
study22 has found that the limiting conductance of a diso
dered set of counterpropagating edge states is given by
net number of edge states in the majority direction~i.e., nh
2ne). While this is consistent with the observation of com
pensated quantized Hall states6 when neÞnh , it only pre-
dicts the limiting case of strong localization whenne5nh .

We have not been able to assign what microscopic me
nism is responsible for the behavior we observe, but th
considerations show that inhomogeneous electron-hole c
nels can form along the mesa edge. Dissipation and vol
drops occur at the junctions where the electron and hole e
channels interact, leading to a highly inhomogeneous wi

B. Global behavior

A schematic diagram of the resulting edges for a Hall
is shown in Fig. 12. The gray blocks represent the interac
regions, or junctions behaving as Ohmic resistors. The
ergy and length scales associated with the inter-edge cha
interactions and the disorder determine the resistance
these resistors.

Data from the series of bars where the length and wi
were varied showed that the sample-to-sample variation
the conductance are typically of over one order of mag
tude, showing that the edge conduction is highly inhomo
neous even on the length scale of hundreds of microme
The distribution of the resistive junctions must also be inh
mogeneous on this length scale.

The figure schematically shows differently arranged ju
tions on two sides of a bar. A measurement of the volta
across probes positioned symmetrically opposite each o
will measure a finite voltage. The size of this voltage can
of the same order as the longitudinal voltage, if circumfer
tial distances of the same order of magnitude separate
contacts.

FIG. 12. Figure to show the global scenario in a Hall bar. T
gray blocks represent ‘‘Ohmic regions’’ where the electron and h
edge channels interact, where the electrical potential is dropped
dissipation occurs.Vxy measured across symmetrically oppos
voltage probes can measure a finite value leading to the symm
Hall resistance.
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C. Fluctuations

We interpret the magnetoconductance fluctuations
terms of universal conductance fluctuations. In narrow wi
over which there is phase coherence, it has been found
the conductance fluctuates by an amount of ordere2/h. For
wires longer than the phase-coherence lengthl f , the fluctua-
tions behave as expected for a chain of resistors,23 each rep-
resenting a section of lengthl f .

The inhomogeneity of our system suggests thatl f may
not be well defined. However, we can suppose that a sec
of lengthl s may be defined, demarcated by junctions. Figu
13 shows a schematic diagram of a mesa edge where t
are two pairs of edge channels. These will arise ifne2nh
5222. l s represents the length of a ‘‘typical’’ unit section

If the junction resistors behaved as perfect ideal Ohm
contacts, a section consisting of a pair of counterpropaga
edge channels terminated by Ohmic contacts will have a
sistance ofh/e2. If there are two pairs of edge channels t
resistance of a section will beh/2e2. If this was the case and
the junctions behaved as ideal contacts, the inhomogenei
the wire resistance will be entirely due to the inhomogene
in the spatial distribution of the junctions. Even if this we
not the case, it is conceivable that we can define a chara
istic conductanceg ~or resistancer 51/g) which has a rep-
resentative value for all sections;g depending on the junc
tion, not the length.

Now suppose that the conductance of each section flu
ates by an amountdg. The resistance of each section ther
fore fluctuates bydr:

dr5
1

g2
dg. ~3!

The total resistanceR of the wire is the sum ofN indi-
vidual sections:

R5N/G5Nr51/G, ~4!

e
nd

ric

FIG. 13. Top: A schematic diagram of a mesa edge when th
are two edge channels contributed by both electrons and holl s

shows the length of a typical unit section. The lower diagram i
schematic illustrating how the size of the conductance fluctuati
is calculated.
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whereG is the conductance of the entire wire. The fluctu
ing part of the resistance performs a random walk so that
standard deviation of the resistance is

dR5N1/2dr. ~5!

It follows then that the conductance of the entire chainG
fluctuates bydG given by

dG5G2dR ~6!

⇒dG5S G

g D 3/2

dg. ~7!

Figure 10 shows a solid line with this dependence w
g52e2/h anddg5e2/h. These values would be expected
a section were composed of two pairs of edge channels
each section contributed fluctuations equivalent to that fr
one phase-coherence length.

At large values ofG, the agreement to thedG}G3/2 law
is reasonable, while at lower values below;1 mS, the size
of the fluctuations is underestimated. This suggests that w
G is large, the assumption of a characteristic conductancg
associated with each section is correct, and that the num
of these sections varies strongly from sample to sample
give the observed sample-to-sample variation, as we h
supposed. At lower values ofG, the behavior deviates from
this description which we interpret as being due the cond
tance per sectiong decreasing. This could be because as
number of sections increases, the likelihood of the sam
containing exceptionally small values of individualg in-
creases.

D. The background conductance and its behavior with field

When G, the total conductance of an edge, is large, it
determined by the number of sections there are along
edge. The number of sections is determined by how often
edge channels come into close proximity to each other.

Figure 14 illustrates how this is related to the extent
which these channels are delocalized across the sample
to disorder, which in turn would be expected to be related
the localization length. If the spatial extents of the electr
and hole edge channelsle andlh are sufficiently small com-
pared with their average separationd, points at which the
two edge channels cross will be rare. Asle andlh increase
the length between junctions will decrease, therefore incre
ing the number of sections. This will reduce the total co
ductance.

We interpret the smooth systematic background varia
of the conductance with magnetic field to be due to this.
data shown in Fig. 6 show minima in conductance at
low- and high-field ends of the insulating state. As the field
increased or decreased from the center of the insulating s
the localization length increases leading to a larger num
of sections, in turn leading to smaller conductance a
smaller magnetoconductance fluctuations. This is confirm
by the conductance of the two-terminal bars in tilted ma
netic field as shown in Fig. 9. As the in-plane field is i
creased, the conductance of the sample interior increase
23530
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the range in field of the insulating state narrows. The
crease of the conductivitysxx corresponds to an increase
the localization length. The two-terminal bars show a cor
sponding opposite behavior, where the conductance
creases as the parallel field is applied. A larger localizat
length gives a smaller conductance.

VI. DISCUSSION

We have shown that the simple model based on e
states can be used to interpret the qualitative aspects o
observed behavior. In this section, we present some c
ments on two natural questions arising from the previo
sections.

A. Surface potential at the mesa edge

If the electron-hole anticrossing is extremely strong a
there are no electron-hole edge channels present at the
edges, might there be some other contribution of current
rying states at the mesa edges? Such states could be co
uted due to the InAs having the Fermi energy pinned at
energy much higher than the conduction-band edge.
Fermi energy at the InAs surface is pinned above
conduction-band edge, by an amount 100–150 meV depe
ing on the chemical preparation.24,25 This effect is exploited
in the study of nanostructures, including narrow wires sho
ing magnetoconductance fluctuations.26,27

Consideration of how the Landau levels vary as they
proach the edges shows, however, that although the sur
pinning may introduce extra pairs of counterpropagat
edge channels, the net number of edge channels in a g
direction will always be governed by the quantized occ
pancy in the sample interior. These channels could not, h
ever, account for the strongly correlated behavior betw
the edge conductance and the internal conductivity.

While we cannot rule out the possibility that such ex
edge channels exist, the observation that the edges and

FIG. 14. Schematic diagrams illustrating the position of t
electron and hole edge channels in the plane of the sample.le and
lh are the length scales of the meandering edge channels, relat
their localization lengths.l s is the length of a resultant section. Th
circuit diagrams represent the corresponding circuits, if a cer
resistance is incurred at every junction.
3-8
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interior show opposite behavior with magnetic field strong
suggests that edge channels contributed by Landau le
occupied in the sample interior control the edge conduc
in support of our model.

B. Field scale of the fluctuations

Assigning the conductance fluctuations to universal c
ductance fluctuations leads to the possibility of extractin
corresponding area scale.28 The typical ‘‘period’’ in magnetic
field DB is related to the typical areaA enclosed by the
interfering paths by

DB5
h

eA
. ~8!

We have been unable to obtain systematic variations
the frequency distributions associated with the fluctuatio
However, the field scale of the fluctuations seems to be r
tively constant. Figure 15 shows the Fourier transforms
the fluctuating part of the conductance between 14 and 2
on the series of bars where the width has been varied.
spectrum shows largest values between 0.5 and 2 T21. One
limitation of the data is that areas much smaller than t
could not be seen due to the way in which we have in
preted the smooth background. Features of field scale gre
than about 2 T will be removed which will limit frequenc
spectrum below 0.5 T21.

FIG. 15. Fourier transforms of the fluctuating part of the co
ductance between 14 and 23 T on the series of two-terminal
where the width has been varied.
,
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The typical field scale in the data of the largest fluctu
tions is of order 1 T and this givesA1/2;60 nm. If the fluc-
tuations were due to interference between electrons ha
traveled through different edge states, the area would co
spond to the area of a section of lengthl s . We do not con-
sider this likely as the relationship between the size of
fluctuations and the conductance suggests that the con
tance per section is of order of a few conductance qua
The number of sections per sample would then be of or
100, so that the typical length of a section would be of ord
of a few micrometers or greater. Achieving an areaA1/2

;60 nm with this length scale requires widths of ord
Angstroms/nanometres. This seems somewhat unreal
considering that even the magnetic length (h/eB)1/2 is as
much as;6 nm at 20 T. Instead, we speculate that the a
corresponds to the size scale of the junctions.

It is possible that the width scale of the edge channels
such that the areas enclosed by their paths are too larg
observe their corresponding interference effects with the
perimental accuracy used. Alternatively, their circumferen
extent may be longer than the phase-coherence length.
though some authors claim that the phase-coherence len
of edge states are macroscopically large29–31 ~of the order of
millimeters!, measurements of interference effects show
oscillations with magnetic field seem to only occur ov
much more modest length scales of order micrometers32 to
tens of micrometers,33 with the latter observed at 15 mK bu
not 50 mK.

VII. CONCLUSIONS

We have presented geometry dependent measurem
and have shown that the conductance leading to the satu
longitudinal resistance and the symmetric Hall resistance
curs due to the mesa edges. A consideration of edge stat
the system has shown how an inhomogeneous channel c
prising electron and hole edge channels and their juncti
can form at the mesa edge. We have presented a sim
qualitative interpretation of the observed conductance,
cluding the fluctuations, in terms of the edge channels.
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