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Scanned potential microscopy of edge and bulk currents in the quantum Hall regime
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Using an atomic force microscope as a local voltmeter, we measure the Hall voltage profile in a two-
dimensional electron gas in the quantum Hall~QH! regime. We observe a linear profile in the bulk of the
sample in the transition regions between QH plateaus and a distinctly nonlinear profile on the plateaus. In
addition, localized voltage drops are observed at the sample edges in the transition regions. We interpret these
results in terms of theories of edge and bulk current in the QH regime.@S0163-1829~99!02908-2#
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Since the discovery of the quantum Hall~QH! effect,1 the
electrical characteristics of quantum Hall conducto
~QHC’s! have been intensely studied. The universal natur
the quantization in QHC’s leads to a resistance that is in
pendent of the microscopic properties of the sample. A
consequence, local properties of a QHC, such as the cu
and voltage distributions within the sample, are inaccess
with standard transport measurements. These local prope
remain controversial, with some theories suggesting that
current flow and associated voltage drops are concentrat
the edges of the sample,2–5 while others predict a distribution
extending throughout the bulk of the sample.6–8 Attempts
have been made to address these questions with local im
ing techniques,9–13transport measurements of the breakdo
of the QH effect,14 inductive measurements,15 capacitance
measurements,16 and internal voltage problems.17 The re-
sults, while informative, have lacked sufficient spatial and
energy resolution to determine unambiguously how the c
rent is partitioned between edge and bulk channels, and
shape of the associated voltage profile across the QHC.

To address these issues, we have used a scanned pot
microscope to study the potential distribution in a QHC w
sub-mV voltage and sub-mm spatial resolution. We find tha
at low magnetic fields the Hall voltage drop is linear, ind
cating a uniform current flow throughout the sample. At hi
magnetic fields, large voltage drops are seen at the sam
edges in the transition regions between QH plateaus, ind
ing that the current is concentrated near the edges. On
QH plateaus, the current is distributed throughout the bulk
a complex, nonuniform way. These observations are in g
agreement with existing results for edge and bulk transpo
the QH regime.

The sample consist of 10–20-mm-wide Hall bars defined
by wet etching of a GaAs/AlxGa12xAs heterostructure with a
two-dimensional electron gas lying 77 nm beneath the s
face. Results will be presented on two samples with mob
ties of 8 and 70 m2/V s, and densities of 2.831015 and 2.6
31015 m22. All measurements were performed at tempe
tures between 0.7 and 1.0 K. The samples were also cha
terized by standard transport measurements.

We measure the local voltage with a low-temperat
atomic force microscope~AFM! operating in noncontac
mode.18 As show schematically in Fig. 1, an ac potentialV0
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is applied to the contacts of the sample, producing inside
sample the ac potentialV(x,y) whose spacial distribution is
to be measured. The local sample potentialV(x,y) interacts
electrostatically with the sharp, metallized AFM tip, deflec
ing the AFM cantilever with a force that can be simply mo
eled as19

Fac~x,y!5
dC

dz
~Vdc1F!V~x,y!.

C is the tip-sample capatiance,z is the tip-sample separation
Vdc is the dc voltage applied between tip and sample, anF
is the contact potential difference between the tip and
sample materials. The force on the tip, and hence the de
tion of the cantilever, is thus directly proportional toV(x,y),
the local electrostatic potential in the sample.20

Under typical operating conditions,z550 nm, dC/dz
;5310211 F/m,21 (Vdc1F);0.4 V, andV0;1 mV. The
resulting cantilever deflection of;2 nm is detected with a
piezoresistive sensor.22 To enhance the force sensitivity, th
frequency of the driving voltageV0 is maintained at the reso
nant frequency of the cantilever,;120 kHz. Under these
conditions, the voltage sensitivity is about 10mV/Hz1/2, and
is limited by thermal fluctuations in the cantilever.23 The

FIG. 1. Schematic diagram of measurement. ApplyingV0 to one
of the contacts creates a potentialV(x,y) inside the sample which
interacts electrostatically with the metallized AFM tip positioned
nm above the sample, causing the AFM cantilever to vibrate by
amount proportional toV(x,y).V0 is kept at the resonant frequenc
of the cantilever by a self-resonant positive-feedback loop in or
to maximize the sensitivity.
4654 ©1999 The American Physical Society
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spatial resolution is approximately 200 nm. The dc volta
on the tip perturbs the carrier density in the sample by l
than 10%,24 as estimated from scanned gate measuremen25

but changing the density perturbation from about 5% to 2
does not qualitatively affect the observations reported bel
Note also that height and contact potential fluctuation26

cause local variations in the signal strength. We account
these by normalizing the measured signal with a simu
neously measured reference signal whereby a uniform v
age is applied to all contacts on the sample. Further detai
the design and operation are discussed elsewhere.24

We first study the magnetic field dependence of the H
voltage profileV(x) perpendicular to the current flow b
repeatedly scanning across the width of the Hall bar wh
changing the magnetic field. At high fields, the Hall volta
profile can be used to infer the current densityj y(x), with
the relation

j y~x!'2sxy

]V~x!

]x
.

The results are displayed in Fig. 2. AtB50 T, the voltage is
uniform across the width of the sample. AsB is increased
from 0, a Hall voltage develops, with a linear spatial profi
at low fields. At higher fields a cyclic pattern emerges tha
periodic inB21. This pattern is commensurate with the Q
plateaus observed in standard transport measurements o
same sample~not shown!.

Figure 3 show the evolution ofV(x) through the cycle
aroundn56 in greater detail. At fields well below the QH
plateau, the voltage profile is linear@Fig. 3~a!#. As the v
56 plateau is approached, the potential in the bulk rema

FIG. 2. Magnetic-field dependence of the Hall voltage pro
across a 10-mm-wide Hall bar on the low-mobility sample. Whit
indicates high voltage, black low voltage. Near 0.5 T, a struct
periodic inB21 and commensurate with even filling factorsv ap-
pears~the v58, 6, and 4 QH plateaus are marked!. Similar results
are seen on the high-mobility sample.
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linear but flattens out, and sharp drops develop at the ed
@Figs. 3~b! and 3~c!#. These edge drops are a generic feat
in the transition regions, occurring for 2n,v,2n11 ~inte-
ger n! in this sample. Figure 4 shows an expanded view
the voltage peaks near the edge of the Hall bar, at th
different filling factors. The width of the edge feature d
creases with increasingB, from approximately 1mm at v
56.5 to 300 nm atv52.5.

A very different behavior is observed on the quantu
Hall plateaus@Figs. 3~d!–3~g!#. The voltage profile become
quite complicated and nonlinear, developing significant g
dients within the bulk of the sample that evolve rapidly wi
B across the plateau. These voltage gradients exist in b
thex andy directions. In Fig. 5, the local potentialV(x,y) on
the v54 QH plateau of the high-mobility sample is dis
played. A sharp drop in the Hall voltageV(x) in the bulk of
the sample whose location depends upony is particularly
noticeable. Similar results were obtained for the lo
mobility sample, but the fluctuations of the local voltag
with position were smaller.

As B is increased further, leaving the QH plateau, the H

e

FIG. 3. Voltage profiles across a 12-mm-wide Hall bar on the
low-mobility sample near thev56 QH plateau~traces offset for
clarity, voltage scale as shown!. The B fields at which the profile
were measured, and thev56 plateau measured by transport, a
shown in the inset.~a! Well below the plateau, the Hall profile is
linear. ~b! and ~c! As the plateau is approached, the bulk retain
linear profile but decouples from the edges.~d!–~g! Well inside the
plateau, the profile in the bulk becomes complicated and chan
rapidly with field. ~h! and ~i! A linear profile returns upon leaving
the plateau.
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voltageV(x) regains its linear profile@Figs. 3~h! and 3~i!#.
The whole cycle described above repeats through the
QH transition and plateau. This cyclic evolution of the loc
voltage profile with magnetic field is generic and reprodu
ible, with the same qualitative behavior seen at all filli
factors studied (v510 to v52) and at different locations in
both high- and low-mobility samples. Only the details of t
voltage gradients in the bulk on the QH plateaus are varia

All of these observations can be understood within a re
tively simple framework for transport in QHC’s. At low
magnetic fields, the 2DEG is metallic, and is characteri
by a uniform local conductivity. Under these circumstanc
a linear voltage drop is expected.27 The measurements at low
field agree with this result.

In the QH regime, we distinguish between the behavior
the plateaus and that in the transition regions between th
In the transition regions, the bulk of the sample is conduct
due to the existence of extended states at the Fermi en
EF . As in the low-field case, there is a uniform local co
ductivity in the bulk, and a linear Hall voltage profile
expected. The situation at the edges of the sample is
pected to be more complex, however, due to the existenc
nonequilibrium edge states.5,28,29 These states occur at th
boundary of the sample, where the Landau levels~LL’s ! that
are occupied in the bulk crossEF . Previous work has shown
that these edge states can have any degree of coupling t
bulk state,28,29 and hence can be at a different electroche
cal potential than the bulk state. If the edge and bulk sta
equilibrate, a linear voltage drop throughout the sample
expected. If they are out of equilibrium, significant volta
drops at the edges should also be present.

Our observations indicate that, just after a QH plateau,
bulk and edges are well equilibrated and the Hall profile
linear throughout the sample@Figs. 3~a!, 3~h!, and 3~i!#. As
the field is increased through the transition region, the lo
voltage drop that develops at the edges indicates diseq
bration. The width of these edge features increases as
number of edge states present increases: the single~spin-
degenerate! edge state atv52.5 has a width of 0.3mm, very

FIG. 4. Voltage profile at the edge of a 14-mm-wide Hall bar on
the low-mobility sample~traces offset for clarity!. ~a!–~c! Sharp
potential drops at the sample edges are seen at various filling fa
where nonequilibrium edge states exist~see text!. These arise be-
cause the edges states are at a different potential than the
~inset!. The width of the edge signals at half-max is about 0.3mm at
v52.5, 0.6m m at v54.5, and 1mm at v56.5. ~d! The edge signal
disappears when a dc bias is applied, causing the bulk and
states to equilibrate.
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close to the resolution of our AFM, while atv54.5 the two
states together have a width of 0.6mm, and atv56.5 the
three states together have a width of 1mm. These sizes are
consistent with previous estimates of the edge-state wid
from capacitance measurements16 and theoretical models.5

Since the magnitude of the voltage drops at the edges is l
relative to the drop across the bulk@Fig. 3~c!#, most of the
Hall current flows at the edges for the filling factors shown
Fig. 4. At present, we are unable to resolve the internal str
ture expected due to the alternation of compressible and
compressible strips at the higher filling factors.

This interpretation of edge states out of equilibrium w
the bulk is supported by additional measurements. The in
ence of nonequilibrium edge states on standard trans
measurements can be used to determined theB fields for
which the edge and bulk states are out of equilibrium.29 Such
measurements on this sample~not shown! confirm that the
voltage drop at the edge appears at fields where nonequ
rium edge states are present. Furthermore, a dc cur
through the sample that produces a Hall voltage on the o
of \vc is known to induce bulk-edge equilibration. We fin
that the voltage drop at the edge indeed disappears whe
appropriate dc Hall voltage is applied to the sample,
shown in Fig. 4~d!. The Hall voltage necessary to suppre
the edge signal decreases from about 14 mV atv52.5 to 6
mV at v56.5.

For the voltage profile on the QH plateaus, a very diffe
ent behavior is expected. The bulk is nearly insulating
cause of the absence of extended states atEF , and hence its
potential is decoupled from the sample contacts. Its poten
is instead set by the relative strength of the resistive coup
to the edge states on opposite sides of the sample. The
pling is determined by hopping conduction, and is expec
to be spatially inhomogeneous, due to disorder and/or d
sity gradients in the sample.6 This explains the complex
position-dependent Hall profiles observed on the plate
~Fig. 5!. Similar results were obtained by Knottet al.10 in
much wider QHC samples using optical techniques. N
that these results indicate that most of the current flows in
bulk of the sample, with the local Hall current density ass
ciated with the LL’s belowEF distributed throughout the

FIG. 5. Area scan of voltage on a Hall bar on the high-mobil
sample atv54. White indicates high voltage, black low voltag
The position of a sharp voltage drop in the bulk~shown as a abrupt
change in shade! varies considerably along the Hall bar.
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PRB 59 4657BRIEF REPORTS
sample in a complex way determined by the hopping c
ductivity of the states atEF .30

In summary, we have measured the local Hall volta
profile, and hence the local current distribution, within
quantum Hall conductor. On the QH plateaus, we find t
the Hall currents are primarily in the bulk and exhibit com
plex spatial variations. In the transition regions, we observ
combination of uniform bulk currents and localized curre
B
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at the sample edges. These results are consistent with p
ous experiments and theory on transport in the quantum
regime.
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