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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 afR edjusicholas, K.
Takashina, M. Lakrimi, B. Kardynal, S. Khym, N. J. Mason, D. M. Symons, D. K. Maude, and J. C. Portal,
Phys. Rev. Lett85, 2364(2000]. In this insulating state, the Hall resistance becomes symnietrar) under
field reversal R, (B)=R,,(—B)], 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.
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[. INTRODUCTION It has recently been foundhat the symmetric part of the
measured Hall resistand®; defined by
In this paper we report and discuss observations of an
insulating state of an InAs/GaSb based two-dimensional RE=3[Ry(B) +Ryy(—B)] 2

electron-hole system _in high mfat_gnetic field. InAs/GaSb is 6displays properties which cannot be accounted for as being
broken-gap system with the ability to possess both electronaue to a geometric admixing of the diagonal resistiyity.

Me an_d holesy in equilibriur_n through intrin_sic _charge rans- ps pecomes t0o large, bears no simple relationship to the
fer without the use of doping or the application of an elec-, " =~ "= : ' : .
longitudinal resistanc®,,, and displays reproducible fluc-

. . 2-5 . .
trical bias?™ The first observation of quantum Hall plateaustuations. In the initial paper reporting the phenomehdn,

n an InAﬁs/GaSb based electron-hole system made by MeQﬂ/as proposed that the edge stitis this insulating state
dezet al’ found that plateaus were formed at quantum num-

) . . . ould be such that the current distribution is highly distorted.
bers corresponding to the difference in the occupancies o )
.~ In this paper, we present geometry dependence measure-
the electron and hole Landau levels. When the net carrier . . . .
. o : ments which conclusively show that the conduction leading
concentration f,e=ne—ny) is small (e.g., Nper—2

_ _ . . to the reproducible fluctuations and the symmetric Hall re-
52 5 =2 i}
X 10° m’ * for n, of order 7x10°> m ), a special condi sistance occur due to the presence of the mesa edge. Further

tion ctan t_be acﬂ|eve?h|n magne?fc ft'?ldl due tolCondléCtanc%xperimental investigations into the edge conduction reveal
gg?SpliZe?jIZ?egroer:ean deﬁ)lgrﬁa?] dzi IYeev)élseglilih nﬂég Vers 0 h_at the size of_ the fluctuations has a monotonic relationship
=0, while v, and v, are both finite. Such a state Washfirst with the magnitude of the edge. conductgnce, and that the
’ e h < ) S edge conductance has an opposite behavior to the conduction
qbserved by Dalyet al.” who found that the resistivity de- in the sample interior with magnetic field. A simple model is
fined by proposed to qualitatively account for the behavior observed.
. The model is based on counterpropagating edge channels
Pxy=2[Ryxy(B) —Ry,(—B)] (1) where the electron and hole layers contribute channels con-

_ _ o .. . ducting in opposite directions.
became vanishingly small, while the longitudinal resistivity

pxx became large. This was interpreted as being due to both
diagonal and Hall conductivities,, and o, tending to zero

due to the electrons and holes contributing quantized Hall The samples studied consisted of a single layer of InAs in
conductivities in opposite directions but equal in magnitudebetween layers of GaSh close to the sample surface. This

Il. SAMPLES AND OVERALL BEHAVIOR
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system has a broken-gap lineup with the conduction-bandhetry associated with the Hall resistaticis not satisfied.
edge of InAs 150 meV below the valence-band edge ofThe graphs also show reproducible fluctuations in both the
GaSh?° The structures were grown by metal organic vaporHall resistance and the longitudinal resistance. These are
phase epitaxy*®and have relatively low levels of impurities both symmetric under field reversal. One might enquire
so that the majority of the charge carriers are created bwhether this peculiar behavior arises through what is com-
intrinsic charge transfer. They are grown on GaAs substratesionly termed “bad contacts.” We argue, however, that the
with a 2-um-thick buffer layer of GaSb to achieve lattice edges of these samples are fundamentally different to those
relaxation and this is followed by 30 nm of InAs and 120 nmfound in normal single-carrier-type systems, and that the
of GaSb. edges dominate the measurements of the insulating state in

In this paper, we explicitly present data taken fromthe Hall bar geometry. In this geometry, the bulk of the sys-
samples fabricated from two wafers. Figure 1 shows magneem cannot be probed and hence “contacted” in the normal
totransport data taken from Hall bars fabricated from thesavay. This is a fundamental property of the system rather than
wafers. These are labeled samplas(0X3616 and B  the result of an underdeveloped annealing technology, as is
(OX3733. The Hall bars were rectangular and macroscopicshown by the reappearance of normal behavior above 26 T,
in size W=0.5 mm), with a longitudinal length=1 mm  and two-terminal measurements we will present in the fol-
between voltage probes which were orthogonal to the balowing section. We have observed this behavior with sym-
with width of order 100um. A dilution refrigerator and a metric Hall resistance with reproducible fluctuations on
20-MW resistive magnet was used. A standard AC lock-insamples fabricated from 13 different wafers, using different
technique was used with a 20 nA driving current at a fre-contacting and lithographic techniques.
qguency of order 1.7 Hz, ensuring that the out-of-phase com-
ponents of the signals remained very small. Data from
samplesA and B are typical of samples studiéd.

At 10.5 and 28 T, there are quantum Hall plateaus corre- We have studied Corbino disks and Hall bars fabricated
sponding to an effective occupancy of dhat these fields  from samplesA andB. In this section, we show that in the
and below 7 T, the Hall resistance is almost completelyinsulating state, the Corbino disk becomes many orders of
antisymmetric (odd under field reversal: R,(B)  magnitude more insulating than the Hall bar. We also present
=—Ryy(—B). The symmetric part, which might be attrib- temperature dependence measurements.
uted to the geometric misalignment of the Hall probes, is less
than 1% of the longitudinal resistivity. Between 12.5 and 25
T, however, where the quantized occupanciggnd v, are
expected to be equabf— v,=2—2=0), the Hall resistance The Corbino disk was measured using a two-terminal
becomes almost completely symmetric under field reversaktonstant voltage technique. Figure 2 shows the conductivity
The value of the symmetric Hall resistance is more than 50%s a function of magnetic field for samplewith an excita-
of the resistivity. In the same field range, the longitudinaltion voltage of 10 mV. It also shows the conductivity, as
resistance is large, but does not have any obvious functiongalculated fromR,, and R,, as measured from a Hall bar
relationship with the Hall resistance. This rules out the posusing standard tensor relations.
sibility of a simple geometrical admixing of the resistivity as A distinct minimum can be seen at 10.5 T for both sets of
the origin of the symmetric Hall resistance. The usual sym-data corresponding to a quantized Hall state. A similar mini-

IIl. CORBINO DISK

A. Basic behavior
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FIG. 2. Conductivity extracted from the Corbino disk and the
Hall bar at 100 mK. The Corbino disk was measured with an exci- Voltage
tation voltage of 10 mV, and the Hall bar with an excitation current
of 20 nA. The conductivity of the Hall bar was calculated applying
the standard tensor relations to the measured Hall and longitudin
resistances.

FIG. 3. Current-voltage characteristics of a two-terminal bar
é|_=800 um, W=200um) and a Corbino disk fabricated from
ampleB at 20.2 T and 50 mKV¢ (1, 4) of the Hall bar whose data
is shown in Fig. 1 is indicated for comparison.

mum can be seen at 28 T. The Hall bar shows deeper miniMganied by the onset of reproducible fluctuations. The
compared with the Corbino disk due to the large excitationcorhing disk however shows insulating behavior down to the

voltage used to measure the Corbino dslkn contrast, in  |5est temperature where the conductivity continues to de-
the field range 13—-24 T corresponding to the insulating statg,rease with falling temperature.

the Corbino disk shows values of conductivity that are many Figure 5 shows the temperature dependence RS, 16f

orders of magnitude smaller compared with the Hall bar valy,e Ha|l bar. As the temperature decreases, it saturates. The

ues. In the field range where we expect the Fermi energy tBepayior is consistent with the conductance being a sum of a
lie within extended states, the agreement between the thémperature—independent contribution, and a strongly

measurements is reasonable. temperature-dependent one due to the conduciixjgyin the

B. Voltage dependence

In order to test that this discrepancy is not due to contact-
ing problems, we have varied the current through the Hall
bar and found that the longitudinal resistance we measure
has Ohmic voltage dependence over many orders of magni-
tude, while the Corbino disks show extremely nonlinear be-
havior. As a more explicit test, we have fabricated a two-
terminal device and a Corbino disk from sam@e using
identical contacting procedures and measured their current-
voltage characteristics using identical experimental configu-
rations.

Figure 3 shows the current passed by a two-terminal bar
(triangles and a Corbino disksquaresas a function of the
applied voltage using identical experimental settings. The
data for the two-terminal bar has a gradient of one on the
log-log plot. The bar therefore shows Ohmic behavior, while
the Corbino disk shows strongly non-Ohmic insulating be-
havior.

Conductivity (S01)

Longitudinal Resistance (100k£2)

C. Temperature dependence

We return to samplé\, and describe its temperature de- Field (T)
pendence. The two samples of differing geometry were mea- gy, 4. The conductivity measured from the Corbino disk with

sured simultaneously. _ an excitation voltage of 10 mV at various temperatures between 100
Figure 4 shows data at different temperatures. At 900 mKand 900 mK in steps of around 90 mK. The thick solid line is the

the Hall bar shows a relatively smooth variation of resistancejata from the Hall bar as described in the preceding section. The

with magnetic field. As the temperature is lowered, the resistower graph shows the longitudinal resistance measured from a Hall
tance increases, but then saturates. The saturation is accobar.
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16 20 24 Two-terminal bars with different lengtHsand widthsw,
. and a Corbino disk were fabricated from sampleNe will
Field (T) first describe the general behavior as a function of sample

size. We will then present data where we have applied an

FIG. 5. The conductance as calculated bR J/whereR,, is . - . . -
. . |p-plane magnetic field. Section IV B will focus on the size
measured from the Hall bar as a function of temperature in steps o f th t duct fluctuati
about 90 mK. The inset shows the fluctuating part of the conduc®' th€ magnetoconductance fluctuations.
tance for the same range of temperature.

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

. . . . variations
sample interior. We attribute the temperature-independent

part to the mesa edges. All samples we have measured where Figure 6 shows the conductance of two-terminal bars with
the contacts are connected by the mesa edge show this H8Ngth and width varied between 100 and g0t and 100
havior. The inset shows the fluctuating part of this conduc@nd 500um, respectively, made from sampl We have

tance, showing that the scale of the magnetoconductané@nﬁrmed that they display the expected systematic behavior

fluctuations is not strongly temperature dependent betweet values of field outside of the insulating state. In the insu-
100 and 900 mK. lating state however, the sample-to-sample variation is
greater than any underlying systematic trend.

Figure 7 shows the conductance of two-terminal devices

D. Discussion at three illustrative values of magnetic field as a function of
We have shown that at low temperature, the interior of the 4 I
sample becomes extremely insulating, while the behavior of —
the Hall bar is dominated by the contribution due to the mesa 17T
edges. Samples where the contacts are connected by mesa 24, .
edges show Ohmic voltage dependence, and the mesa edge ~ = . .
contribution to the conductance has very weak temperature g 0 : : - )
dependence. 3 B * €’k
However, quantitative analysis on this data is difficult. § 201 10.5T
There are two main reasons. First, finite conductance of the g : .
Corbino disk can only be measured with large excitation g "
voltages where the conductivity is strongly dependent on the G 4001 = .
excitation voltage. Second, we will find in the following sec- 2007 " 1T
tion that the edge conduction is highly inhomogeneous over 0 . . T T T
macroscopic length scales so that the conductance of the two 0 1 2 - L3 4 o

sides of the Hall bar may be rather different. This would then
lead to different current flowing through the two sides of the £ 7. plots of the conductance of two-terminal devices as a
bar, which places a large uncertainty in the values of th@unction of the width-to-length ratioV/L at 17 T (top), 10.5 T
longitudinal “resistance” obtained frol,,/l 5. In Order  (middle), and 1 T(bottom at 100 mK. The four points of lowest
to circumvent the latter problem, we have studied two-w/L are from samples with width between 100 and 0@ with
terminal bars, where the total conductameestbe given by length fixed at 80Qum while the four points of largestV/L have

the sum of the conductance of the two individual edges. length between 100 and 8Qom with width fixed at 500um.
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the width-to-length ratio. The system shows three different _ o )
types of behavior. First, at very low field, the behavior is FIG. 9. The conductance of two-terminal bars in tilted magnetic
classical. At zero magnetic field, the behavior is completelyfi€!d: @s @ function of the normal fielda) The in-plane field is
Ohmic where the contact resistance scales ¥¢ dnd the perpendicular to the bafb) The in-plane field is parallel to the bar.
semlconducto.r ct_)nductance scales Ilnearly WAL, With these measurements. Figure 8 shows data from a Corbino
small magnetic field such as 1 T, the resistance of the b

becomes an admixture of the Hall resistance and the lon isk-while Fig. 9 shows the conductance of two-terminal
: : . p . X YBars. Two separate bars were measured, one with the in-plane
tudinal resistance. Second, in the more “conventional” com-

ensated quantum Hall reaime. e at 105 T the s steﬁeld parallel to the mesa edge, and the other with the in-
P q . gime, €.9., A Y lane field perpendicular to the mesa edge. We have not seen
also s.hows systematic behavior Whgre.for sufficiently Io.n y conclusive differences due to the difference in the direc-
and wide samples, the conductance is given by the quantlze[ n of the in-plane field

2 . - - _ . . .. .

\éalue € f/rlh Dewatltons 1;_r|or|T|1 tff}l(;saareh relatt(;d tg Lhe _bre_ak As the in-plane field is increased, the conductance of both

own of the quantum Hall € where e DEavIor 1S e two-terminal bars decreases somewhat. In contrast, the
strongly dependent on size and the magnitude of the excit

tion voltage used. Third, in the insulating regime, the Con_ac'onductance of_the Corbino disk inc_reases, at some fields by
ductance variatioﬁ from éample to sample is great:er than a grders of magnitude. The two-terminal bars show an oppo-

. : i I‘gte trend to the Corbino disk confirming that the conduction
underlying trend due to changing the width between 100 an t the mesa edge is not limited due to a leakage through
500 um or the length between 100 and 8a@n. interior states.

The strong random variation between the samples sug- Another aspect to note is that the fluctuations change

gests a o.ne—t.jimens.ional nature of the charge transport. I@ompletely between one angle and the next. For instance
transport in higher dimensions, the effect of disorder is relabetween 0° and 10°, the smoothly varying conductance in’

Svﬁlty ;v%akﬂa]ls rarrer rﬁtgnla:s gf hcli?ru rﬁS:Str']V'tﬁ/ (\:,\?nvbf ct:;lrcum;the background has not changed very much. However, the
ented by he current. In one ension, NOWEVET, the CUrg 11 scale fluctuations are completely different. This
rent does not have any degrees of freedom in order t

circumvent these regions of high resistivity, and the resis?;trongly suggests that the origin of the fluctuating behavior is

i f the total wire b i v affected by th due to interference effects between electrons traveling
ance ot the total wire becomes strongly afiected by them. through different patHs as is the case for universal conduc-
There is however a broad trend with magnetic field fol-

tance fluctuation?
lowed by all of the samples. All but the narrowest bar show

minima in conductance at around 12.5 and 21 T, just after
entering and before exiting the insulating state. This suggests
that the behavior of the absolute magnitude of the conduc- Examining the fluctuations visible in the data presented in
tance is influenced by factors common to all the sample§ig. 9 (and Fig. 6 we see that the size of the conductance
such as the energies of the Landau levels contributing to thuctuations decreases when the conductance itself decreases.
edge states. In order to study the size of the fluctuations, we have sub-

We have confirmed this by making measurements with artracted a smooth background from the conductance for each
in-plane component of magnetic field which enhances thelataseG(B). The smooth background was generated by fit-
spin splitting thereby changing the arrangement in energy ofing a ninth-order polynomial through the data. This is illus-
the spin-split Landau levels. Figures 8 and 9 show data frontrated in the inset of Fig. 10.

B. Conductance fluctuations
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: FIG. 11. (a(i)) Schematic diagram of the lowest electron and
10° hole Landau levels as a function of position across a ne§a)) is
G (S) same asa(i)) but with anticrossing behaviaft) Diagrams showing
edge channelgb(i)) The interaction is weak, and the edge channels
FIG. 10. Deviation of the conductance from a smooth back-are not grossly affectedh(ii)) Strong interaction leading to the
ground as a function of the conductance. The plot includes datfprmation of loops.(c(i)) A mesa edge with a series of junctions.
from measurements with in-plane magnetic field. The different(C(ii)) A mesa edge where the junctions are drawn as u turns.

shapes represent different bars and different in-plane field. The solid, )
line shows a dependence what6 is proportional toG%2 as de-  Site type are connected at each of their contatts. The

scribed in Sec. V C. The inset illustrates hov@ was obtained. A large resistance we measure is due to the electrons being
smooth curve is fitted to the raw data, and the difference is taken t@/lowed to move from one edge channel to another.
be the fluctuations. The modulus @6 is taken to be the size of the Figure 11 (a(i)) shows a schematic diagram of the
deviation. Landau-level energies as a function of position across the
mesa. One of each electron and hole Landau levels is occu-
Figure 10 shows the size of the conductance fluctuationpied. Interactions between the electron and hole edge states
as a function of the absolute conductance. The magnitude il lead to the formation of an energy gap, where they
the deviation of the conductance from the smooth backwould otherwise cross in energy. If the Fermi energy were to
ground is plotted against the conductance. Each point repréie within the gap, there will be no edge states, and the sys-
sents an average over a field range=~o15 mT. The data tem would be totally insulating. If instead the Fermi energy
includes all two-terminal bar samples, including data withlies outside of the gap, there will be edge states as in the case
in-plane magnetic field. All datasets show behavior consisof no interactions, and no high resistance behavior would be
tent with the overall trend. The overall trend is that the sizeobserved. Our experimental data shows that neither of these

of the fluctuations increases monotonically with the conduccases describes the full picture, as we always observe large
tance. but finite resistance.

Since the sample-to-sample variation in the resistance is
strong, disorder must be playing a major role in determining
the behavior. The effect of a disordered energy landscape on

Figure 11(a(i)) shows a schematic diagram of the ener-the edge states is that it changes the position of the electron
gies of the lowest electron and hole Landau levels as a fun@nd hole edge channels with respect to each another.
tion of position across the sample. For the electrons, close to Interactions between the electron and hole edge channels
the mesa edges, the confinement pushes the energies wpll be favored when they are close together, and weaker
wards, while the opposite is the case for the holes. Since th&#hen they are further apart. The disorder therefore deter-
direction of the transport along the edge states is given by th&ines the positions at which interactions can occur. We will
gradient of E(x) the electrons and holes contribute edgerefer to these positions or regions as “junctions.”
channels at the mesa edge with opposite directions. The way in which these junctions should be pictured de-

We argue that in the insulating states, the transport propPends on the effect of the interactions on the states. If the
erties of the mesa edges are determined by the behavior #fnctions only represent points at which there is a small
the pairs of edge states. Their properties will depend stronglprobability of an electron transferring from one channel to

upon the way in which they interact, and the influence ofthe other, they can be suitably depicted as shown in Fig.
disorder. 11(b(i)). If the interactions are strong, the system may be

better considered as depicted in Fig(lii)) where the en-

ergy gap forces the edge channels to form u turns at the

junctions, and therefore a series of loops along the mesa edge
If there are no interactions at all, there will be no stronglyas shown in Fig. 1((ii)).

resistive state whem,= v, since this situation will be iden- Experimentally, we have found that the conduction is

tical to one where two single-carrier-type Hall bars of oppo-Ohmic with respect to applied voltage, and has very weak

V. SIMPLE MODEL

A. Edge channels and disorder
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FIG. 12. Figure to show the global scenario in a Hall bar. The
gray blocks represent “Ohmic regions” where the electron and hole
edge channels interact, where the electrical potential is dropped and g 13 Top: A schematic diagram of a mesa edge when there
dissipation occursV,, measured across symmetrically 0pposite 51 two edge channels contributed by both electrons and hole.
voltage 'probes can measure a finite value leading to the symmetrig,q.vs the length of a typical unit section. The lower diagram is a
Hall resistance. schematic illustrating how the size of the conductance fluctuations

is calculated.
temperature dependence. This suggests that the junctions are
behaving as Ohmic resistors with very weak temperature de- C. Fluctuations
pendence. This shows that the system is not simply a series
of usual localized statebas such systems are found to be .,

strongly temperature dependéfit** A previous theoretical over which there is phase coherence, it has been found that

study?? has found that the limiting conductance of a disor- he conductance fluctuates by an amount of oedén. For

. . t
dered set of counterpropagating edge states is given by treres longer than the phase-coherence legttthe fluctua-
net number of edge states in the majority directipa., v,

; o . ) : tions behave as expected for a chain of resistbesich rep-
—ve). While this is consistent with the observation of com- P = P

. ) resenting a section of length,.
pensated quantized Hall stdteshen v # vy, it only pre- The inhomogeneity of our system suggests thamay
dicts the limiting case of strong localization wheg= vy, .

. _ ; not be well defined. However, we can suppose that a section
We have not been able to assign what microscopic mech

T X . of lengthl fined, t junctions. Fi
nism is responsible for the behavior we observe, but the 3 engthls may be defined, demarcated by junctions. Figure

. ) . S§3 shows a schematic diagram of a mesa edge where there
considerations show that inhomogeneous electron-hole chaa—re two pairs of edge channels. These will arise.jé v,

nels can form along the mesa edge. Dissipation and voltaggz_z_ I, represents the length of a “typical” unit section.

drops oceur at thejunc'gions wher_e the_electron and hole _edge If the junction resistors behaved as perfect ideal Ohmic

channels interact, leading to a highly inhomogeneous W're‘contacts, a section consisting of a pair of counterpropagating
edge channels terminated by Ohmic contacts will have a re-

B. Global behavior sist.ance oh/e?. If there are twozpairs _of edge channels the
o . resistance of a section will d&2e. If this was the case and

~ Aschematic diagram of the resulting edges for a Hall bakhe junctions behaved as ideal contacts, the inhomogeneity of

is shown in Fig. 12. The gray blocks represent the interactinghe wire resistance will be entirely due to the inhomogeneity

regions, or junctions behaving as Ohmic resistors. The enp, the spatial distribution of the junctions. Even if this were

ergy and length scales associated with the inter-edge channght the case, it is conceivable that we can define a character-

interactions and the disorder determine the resistance @tic conductancey (or resistance = 1/g) which has a rep-

these resistors. , _resentative value for all sectiong;depending on the junc-
Data from the series of bars where the length and widthion not the length.
were varied showed that the sample-to-sample variations in  Now suppose that the conductance of each section fluctu-

the conductance are typically of over one order of magnixtes by an amountg. The resistance of each section there-

tude, showing that the edge conduction is highly inhomogesgre fluctuates bydr:

neous even on the length scale of hundreds of micrometers.

The distribution of the resistive junctions must also be inho-

mogeneous on this length scale. dr= id 3)
The figure schematically shows differently arranged junc- g2 9

tions on two sides of a bar. A measurement of the voltage

across probes positioned symmetrically opposite each other i . -

will measure a finite voltage. The size of this voltage can be . ' N€ total resistanc® of the wire is the sum oN indi-

of the same order as the longitudinal voltage, if circumferenyidual sections:

tial distances of the same order of magnitude separate the

contacts. R=N/G=Nr=1/G, 4

We interpret the magnetoconductance fluctuations in
ms of universal conductance fluctuations. In narrow wires
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whereG is the conductance of the entire wire. The fluctuat- d d
<>

ing part of the resistance performs a random walk so that the A
standard deviation of the resistance is

dR=NYdr. (5) L
It follows then that the conductance of the entire ch@in
fluctuates bydG given by
A
dG=G?dR (6)
3/2 ¥
(3 >\’h 7\'9 }\‘h

Figure 10 shows a solid line with this dependence with

g=2e2_/h anddg=e’/h. These values would be expected if £ 14 schematic diagrams illustrating the position of the

a section were composed of two pairs of edge channels angectron and hole edge channels in the plane of the samplend

each section contributed fluctuations equivalent to that fror‘rxh are the length scales of the meandering edge channels, related to
one phase-coherence length. their localization lengthd, is the length of a resultant section. The

32 JE POk JESUTATE SER .
~ Atlarge values ofG, the agreement to theG=G>“ law  circuit diagrams represent the corresponding circuits, if a certain
is reasonable, while at lower values belewl uS, the size resistance is incurred at every junction.

of the fluctuations is underestimated. This suggests that when

G is large, the assumption of a characteristic conductance the range in field of the insulating state narrows. The in-
associated with each section is correct, and that the numbefease of the conductivity,, corresponds to an increase in
of these sections varies strongly from sample to sample téhe localization length. The two-terminal bars show a corre-
give the observed sample-to-sample variation, as we haw§ponding opposite behavior, where the conductance de-

supposed. At lower values @, the behavior deviates from creases as the parallel field is applied. A larger localization
this description which we interpret as being due the conductength gives a smaller conductance.

tance per sectiog decreasing. This could be because as the

number of sections increases, the likelihood of the sample
containing exceptionally small values of individugl in-

creases. We have shown that the simple model based on edge

states can be used to interpret the qualitative aspects of the

D. The background conductance and its behavior with field observed behavior. In this section, we present some com-

, .. ments on two natural questions arising from the previous
When G, the total conductance of an edge, is large, it iSqactions.

determined by the number of sections there are along the
edge. The number of sections is determined by how often the
edge channels come into close proximity to each other.
Figure 14 illustrates how this is related to the extent to If the electron-hole anticrossing is extremely strong and
which these channels are delocalized across the sample dtiere are no electron-hole edge channels present at the mesa
to disorder, which in turn would be expected to be related taedges, might there be some other contribution of current car-
the localization length. If the spatial extents of the electronrying states at the mesa edges? Such states could be contrib-
and hole edge channels and\, are sufficiently small com- uted due to the InAs having the Fermi energy pinned at an
pared with their average separatidnpoints at which the energy much higher than the conduction-band edge. The
two edge channels cross will be rare. Rsand\, increase Fermi energy at the InAs surface is pinned above the
the length between junctions will decrease, therefore increagonduction-band edge, by an amount 100—150 meV depend-
ing the number of sections. This will reduce the total con-ing on the chemical preparatiéf®® This effect is exploited
ductance. in the study of nanostructures, including narrow wires show-
We interpret the smooth systematic background variatioring magnetoconductance fluctuatichs’
of the conductance with magnetic field to be due to this. All Consideration of how the Landau levels vary as they ap-
data shown in Fig. 6 show minima in conductance at thegroach the edges shows, however, that although the surface
low- and high-field ends of the insulating state. As the field ispinning may introduce extra pairs of counterpropagating
increased or decreased from the center of the insulating statedge channels, the net number of edge channels in a given
the localization length increases leading to a larger numbedirection will always be governed by the quantized occu-
of sections, in turn leading to smaller conductance angancy in the sample interior. These channels could not, how-
smaller magnetoconductance fluctuations. This is confirmedver, account for the strongly correlated behavior between
by the conductance of the two-terminal bars in tilted mag-the edge conductance and the internal conductivity.
netic field as shown in Fig. 9. As the in-plane field is in- While we cannot rule out the possibility that such extra
creased, the conductance of the sample interior increases adge channels exist, the observation that the edges and the

VI. DISCUSSION

A. Surface potential at the mesa edge

235303-8
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The typical field scale in the data of the largest fluctua-

5 W57 tions is of order 1 T and this gives?~60 nm. If the fluc-
me W tuations were due to interference between electrons having
....... w2 .
W1 traveled through different edge states, the area would corre-

spond to the area of a section of length We do not con-
sider this likely as the relationship between the size of the
fluctuations and the conductance suggests that the conduc-
tance per section is of order of a few conductance quanta.
The number of sections per sample would then be of order
. 100, so that the typical length of a section would be of order
of a few micrometers or greater. Achieving an ark?
~60 nm with this length scale requires widths of order
Angstroms/nanometres. This seems somewhat unrealistic,
L TN considering that even the magnetic lengtitgB)*? is as
o 1 2 3 4 5 6 7 8 9 10 much as~6 nm at 20 T. Instead, we speculate that the area
Frequency (T") corresponds to the size scale of the junctions.

It is possible that the width scale of the edge channels are
rguch that the areas enclosed by their paths are too large to
observe their corresponding interference effects with the ex-
perimental accuracy used. Alternatively, their circumferential
interior show opposite behavior with magnetic field stronglyextent may be longer than the phase-coherence length. Al-
suggests that edge channels contributed by Landau levelBough some authors claim that the phase-coherence lengths
occupied in the sample interior control the edge conductio®f edge states are macroscopically 1&Gé" (of the order of
in support of our model. millimeters, measurements of interference effects showing
oscillations with magnetic field seem to only occur over
much more modest length scales of order microméteos

o ) ) tens of micrometer®® with the latter observed at 15 mK but
Assigning the conductance fluctuations to universal cony gt 50 mK.

ductance fluctuations leads to the possibility of extracting a
corresponding area scaféThe typical “period” in magnetic
field AB is related to the typical areA enclosed by the
interfering paths by

FFT Power (arb. units)

FIG. 15. Fourier transforms of the fluctuating part of the con-
ductance between 14 and 23 T on the series of two-terminal ba
where the width has been varied.

B. Field scale of the fluctuations

VII. CONCLUSIONS

We have presented geometry dependent measurements

®) and have shown that the conductance leading to the saturated
longitudinal resistance and the symmetric Hall resistance oc-

curs due to the mesa edges. A consideration of edge states in

We have been unable to obtain SyStematiC variations |rﬂhe System has shown how an inhomogeneous channel com-
the frequency distributions associated with the fIUCtuationSprising electron and hole edge channels and their junctions
However, the field scale of the fluctuations seems to be relacan form at the mesa edge_ We have presented a Simp|e

tively constant. Figure 15 shows the Fourier transforms ofyyalitative interpretation of the observed conductance, in-
the fluctuating part of the conductance between 14 and 23 ¢juding the fluctuations, in terms of the edge channels.

on the series of bars where the width has been varied. The
spectrum shows largest values between 0.5 and 2 Dne
limitation of the data is that areas much smaller than this
could not be seen due to the way in which we have inter-
preted the smooth background. Features of field scale greater We thank the EPSRC of the UK and the EU Access to
than about 2 T will be removed which will limit frequency Research Infrastructure Program for continued support for
spectrum below 0.5 T2, this work.

h

AB= a
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