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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 H&H) 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 redi8%163-1829)02908-7

Since the discovery of the quantum HeaH) effect! the AFM cantilever
electrical characteristics of quantum Hall conductors >

, . . . Vch_ p—— g
(QHC’s) have been intensely studied. The universal nature of l gold coating @

the quantization in QHC's leads to a resistance that is inde-

pendent of the microscopic properties of the sample. As a ~ scanaxis V,
consequence, local properties of a QHC, such as the current 7 <~

and voltage distributions within the sample, are inaccessible y 2DEG —
with standard transport measurements. These local properties ‘ i —

remain controversial, with some theories suggesting that the X -

current flow and associated voltage drops are concentrated at

the edges of the sampfe® while others predict a distribution _ o= )
g pﬁ P of the contacts creates a potentiélx,y) inside the sample which

E;?enﬁggntmgggﬁgu; dt(:]reesbsutlfljezfe tgje:fil&@év;/ﬁﬁelgglsimainteraCtS electrostatically with the metallized AFM tip positioned 50

ing technique§‘l3transp0rt measurements of the breakdownﬁr-n above the sample, causing the AFM cantilever to vibrate by an
' - . - amount proportional t¥(x,y).Vg is kept at the resonant frequenc
of the QH effect* inductive measurements,capacitance prop (X.¥).Vo is kep quency

. of the cantilever by a self-resonant positive-feedback loop in order
measurement$, and internal voltage problent.The re- fo maximize the sensitivity.

sults, while informative, have lacked sufficient spatial and/or

energy resolution to determine unambiguously how the cur- i .

rent is partitioned between edge and bulk channels, and tH& Pplied to the contacts of the sample, producing inside the

shape of the associated voltage profile across the QHC. Sample the ac potential(x,y) whose spacial distribution is
To address these issues, we have used a scanned potenffaP® measured. The local sample poterid@k,y) interacts

microscope to study the potential distribution in a QHC with electrostatically with the sharp, metallized AFM tip, deflect-

sub-mV voltage and supm spatial resolution. We find that "9 the QFM cantilever with a force that can be simply mod-

at low magnetic fields the Hall voltage drop is linear, indi- '€ as

cating a uniform current flow throughout the sample. At high

magnetic fields, large voltage drops are seen at the sample dc

edges in the transition regions between QH plateaus, indicat- Fadx,y)= d—(VdC+(I))V(x,y).

ing that the current is concentrated near the edges. On the z

QH plateaus, the current is distributed throughout the bulk in

a complex, nonuniform way. These observations are in goof is the tip-sample capatianceis the tip-sample separation,

agreement with existing results for edge and bulk transport itV 4 is the dc voltage applied between tip and sample,&nd

the QH regime. is the contact potential difference between the tip and the
The sample consist of 10—2@0m-wide Hall bars defined sample materials. The force on the tip, and hence the deflec-

by wet etching of a GaAs/AGa, _,As heterostructure with a tion of the cantilever, is thus directly proportional\¥¢x,y),

two-dimensional electron gas lying 77 nm beneath the surthe local electrostatic potential in the samffle.

face. Results will be presented on two samples with mobili- Under typical operating conditiong=50 nm, dC/dz

ties of 8 and 70 Vs, and densities of 2:810'° and 2.6 ~5X10 ' F/m? (V4+®)~0.4 V, andVy~1 mV. The

X 10" m~2. All measurements were performed at tempera+esulting cantilever deflection of2 nm is detected with a

tures between 0.7 and 1.0 K. The samples were also charapiezoresistive senséf.To enhance the force sensitivity, the

terized by standard transport measurements. frequency of the driving voltag¥, is maintained at the reso-
We measure the local voltage with a low-temperaturenant frequency of the cantilever; 120 kHz. Under these

atomic force microscopgAFM) operating in noncontact conditions, the voltage sensitivity is about A/Hz? and

mode!® As show schematically in Fig. 1, an ac potentigl s limited by thermal fluctuations in the cantilevérThe

FIG. 1. Schematic diagram of measurement. Applyif3go one
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FIG. 2. Magnetic-field dependence of the Hall voltage profile
across a 1Qem-wide Hall bar on the low-mobility sample. White
indicates high voltage, black low voltage. Near 0.5 T, a structure
periodic inB~! and commensurate with even filling factarsap-
pears(thev =8, 6, and 4 QH plateaus are marke8imilar results 4 8
are seen on the high-mobility sample. Tip position (pLm)

12

sample edges
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spatial resolution is approximately 200 nm. The dc voltage FIG. 3. Voltage profiles across a }an-wide Hall bar on the

on the tip perturbs the carrier density in the sample by les®w-mobility sample near the =6 QH plateau(traces offset for
than 10%%* as estimated from scanned gate measurenients clarity, voltage scale as shorThe B fields at which the profile

but changing the density perturbation from about 5% to 25%vere measured, and the=6 plateau measured by transport, are
does not qualitatively affect the observations reported belonghown in the inset(@ Well below the plateau, the Hall profile is
Note also that height and contact potential fluctuafibns linear.(b) and(c) As the plateau is approached, the bulk retains a
cause local variations in the signal strength. We account fofnear profile but decouples from the edge&b—(g) Well inside the
these by normalizing the measured signal with a simultaplat_ea“' Fhe _proﬂle in the_ bulk_ becomes_ complicated and changes
neously measured reference signal whereby a uniform Vollr_apldly with field. (h) and (i) A linear profile returns upon leaving
age is applied to all contacts on the sample. Further details ¢¢€ Pateau.

the design and operation are discussed elsevifiere. _
We first study the magnetic field dependence of the Hallinear but flattens out, and sharp drops develop at the edges

voltage profileV(x) perpendicular to the current flow by [Figs. 3b) and 3c)]. These edge drops are a generic feature
repeatedly scanning across the width of the Hall bar whildn the transition regions, occurring fon2<v <2n+1 (inte-

changing the magnetic field. At high fields, the Hall voltageger n) in this sample. Figure 4 shows an expanded view of
profile can be used to infer the current dengifyx), with the voltage peaks near the edge of the Hall bar, at three

the relation different filling factors. The width of the edge feature de-
creases with increasinB, from approximately 1um atwv
. IV(X) =6.5to 300 nm av =2.5.
Jy(x)*_gxyT- A very different behavior is observed on the quantum

Hall plateaudFigs. 3d)—3(g)]. The voltage profile becomes

The results are displayed in Fig. 2. B&=0 T, the voltage is  quite complicated and nonlinear, developing significant gra-
uniform across the width of the sample. Bsis increased dients within the bulk of the sample that evolve rapidly with
from 0, a Hall voltage develops, with a linear spatial profile B across the plateau. These voltage gradients exist in both
at low fields. At higher fields a cyclic pattern emerges that isthex andy directions. In Fig. 5, the local potentisl(x,y) on
periodic inB~ 1. This pattern is commensurate with the QH the v=4 QH plateau of the high-mobility sample is dis-
plateaus observed in standard transport measurements on fhleyed. A sharp drop in the Hall voltag&x) in the bulk of
same samplénot shown. the sample whose location depends upois particularly

Figure 3 show the evolution 0¥ (x) through the cycle noticeable. Similar results were obtained for the low-
aroundv=6 in greater detail. At fields well below the QH mobility sample, but the fluctuations of the local voltage
plateau, the voltage profile is linedFig. 3@]. As thev with position were smaller.
=6 plateau is approached, the potential in the bulk remains As B is increased further, leaving the QH plateau, the Hall
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FIG. 4. Voltage profile at the edge of a lén-wide Hall bar on
the low-mobility sample(traces offset for clarity ()—(c) Sharp FIG. 5. Area scan of voltage on a Hall bar on the high-mobility
potential drops at the sample edges are seen at various filling factogsample' aﬁ;=4 White indicates high voltage, black low voltage
where nonequilibrium edge states exisée text These arise be- he position of. a sharp voltage drop in the b(;l;lhown as a abrupt '
cause the edges states are at a different potential than the buc%ange in shadevaries considerably along the Hall bar
(insed. The width of the edge signals at half-max is about@n3 at '
v=2.5, 0.6u m at v=4.5, and 1lum at v=6.5.(d) The edge signal
disappears when a dc bias is applied, causing the bulk and edgdose to the resolution of our AFM, while at=4.5 the two
states to equilibrate. states together have a width of Qudn, and atv=6.5 the

o o ) three states together have a width ofuh. These sizes are
voltageV(x) regains its linear profil¢Figs. 3h) and 3i)].  consistent with previous estimates of the edge-state widths
The whole cycle described above repeats through the nexfom capacitance measureméfitand theoretical modefs.

QH transition and plateau. This cyclic evolution of the local gjnce the magnitude of the voltage drops at the edges is large
yoltage_ profile with magn_eti(_: field is g_eneric and remo_d_uc'relative to the drop across the bUlRig. 3(c)], most of the
ible, with the same qualitative behavior seen at all filling Hall current flows at the edges for the filling factors shown in

factors studiedy=10 tov =2) and at different locations in Fig. 4. At present, we are unable to resolve the internal struc-
both high- and low-mobility samples. Only the details of theture expected due to the alternation of compressible and in-
voltage gradients in the bulk on the QH plateaus are variable, b P

All of these observations can be understood within a relapomp_regsmle stnp_s at the higher filling factors._ . .
tively simple framework for transport in QHC's. At low This |r_1terpretat|on of edg(_e_states out of equilibrium v_wth
magnetic fields, the 2DEG is metallic, and is characterizedn® Pulk is supported by additional measurements. The influ-
by a uniform local conductivity. Under these circumstances€Nce Of nonequilibrium edge states on standard transport
a linear voltage drop is expectélThe measurements at low Measurements can be used to determinedBifeelds for
field agree with this result. which the edge and bulk states are out of equilibrfdt8uch

In the QH regime, we distinguish between the behavior orfneasurements on this samgleot shown confirm that the
the plateaus and that in the transition regions between thenvoltage drop at the edge appears at fields where nonequilib-
In the transition regions, the bulk of the sample is conductingium edge states are present. Furthermore, a dc current
due to the existence of extended states at the Fermi enerdlgrough the sample that produces a Hall voltage on the order
Er. As in the low-field case, there is a uniform local con- of #w, is known to induce bulk-edge equilibration. We find
ductivity in the bulk, and a linear Hall voltage profile is that the voltage drop at the edge indeed disappears when an
expected. The situation at the edges of the sample is exappropriate dc Hall voltage is applied to the sample, as
pected to be more complex, however, due to the existence shown in Fig. 4d). The Hall voltage necessary to suppress
nonequilibrium edge stat8$%2° These states occur at the the edge signal decreases from about 14 mv-aR.5 to 6
boundary of the sample, where the Landau leelss) that mV atv=6.5.
are occupied in the bulk cro&s: . Previous work has shown For the voltage profile on the QH plateaus, a very differ-
that these edge states can have any degree of coupling to thet behavior is expected. The bulk is nearly insulating be-
bulk state?®?°and hence can be at a different electrochemi-cause of the absence of extended statds-atand hence its
cal potential than the bulk state. If the edge and bulk statepotential is decoupled from the sample contacts. Its potential
equilibrate, a linear voltage drop throughout the sample ids instead set by the relative strength of the resistive coupling
expected. If they are out of equilibrium, significant voltageto the edge states on opposite sides of the sample. The cou-
drops at the edges should also be present. pling is determined by hopping conduction, and is expected

Our observations indicate that, just after a QH plateau, théo be spatially inhomogeneous, due to disorder and/or den-
bulk and edges are well equilibrated and the Hall profile issity gradients in the sampfeThis explains the complex,
linear throughout the samp|[&igs. 3a), 3(h), and Ji)]. As  position-dependent Hall profiles observed on the plateaus
the field is increased through the transition region, the local(Fig. 5. Similar results were obtained by Knagt all®in
voltage drop that develops at the edges indicates disequilmuch wider QHC samples using optical techniques. Note
bration. The width of these edge features increases as thbat these results indicate that most of the current flows in the
number of edge states present increases: the siggie-  bulk of the sample, with the local Hall current density asso-
degenerateedge state at=2.5 has a width of 0.2um, very  ciated with the LL's belowEg distributed throughout the
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sample in a complex way determined by the hopping conat the sample edges. These results are consistent with previ-

ductivity of the states & .%° ous experiments and theory on transport in the quantum Hall
In summary, we have measured the local Hall voltageregime.

profile, and hence the local current distribution, within a

quantum Hall conductor. On the QH plateaus, we find that This work was supported by the NSF, NSERC, the AT&T

the Hall currents are primarily in the bulk and exhibit com- Foundation, and the Packard Foundation. We acknowledge

plex spatial variations. In the transition regions, we observe #he Joint Services Electronics Program and the Berkeley

combination of uniform bulk currents and localized currentsMicrolab for sample growth and fabrication.
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