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Imaging interedge-state scattering centers in the quantum Hall regime
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We use an atomic force microscope tip as a local gate to study the scattering between edge channels in a
two-dimensional electron gas in the quantum Hall regime. The scattering is dominated by individual, micro-
scopic scattering centers, which we directly image here for the first time. The tip voltage dependence of the
scattering indicates the presence of tunneling through weak links as well as scattering from microscopic
impurities.
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After years of study and two Nobel prizes, the quantumbelow the surfacé® The device is patterned into 3m wide
Hall effect continues to provide important challenges to bothHall bars by wet chemical etching of the heterostructure. The
experimentalists and theorists. Many of the most interestingDEG has a density of 2:410™m™2 and a mobility of 19
questions concern the nonuniform spatial structures that cam’/Vs. A low mobility is chosen to ensure that there is
occur within a two-dimensional electron g@&DEG) in high ~ enough scattering to allow the study of intrinsic scattering
magnetic fields. These structures arise from competition becenters. The device is characterized by transport measure-
tween the effects of Landau levélL) quantization, Cou- Mments, showing a standard integer quantum Hall effect. All
lomb interactions, and external potentials and include stripefn€asurements are made at temperatures between 0.7 and 1 K
phaseband insulating phases in the bfikks well as conduct- and at filling factors between=3 andv=2.5. At these
ing states localized at the edges of the samfeedge filling factors there are two spin resolved outeredge states
State$_3v4 Scanned probe techniques offer a new approach ténd a Single inneredge/bulk state, as shown in Flg 1. These
investigate these structures directly. They have recently bed#ling factors are known to allow significant NES
used to probe the Hall voltage profile and the properties oPopulations?
the insulating state within a quantum Hall plat@atiHere We use two different methods to establish and detect NES
we use a scanned probe to investigate the microscopic effece@pulations. In the first methddrig. 1(a)], a metal gate on
of the spatial structure in a 2DEG on electron transport byfop of the 2DEG(the injector gateis used to selectively
examining the nature of the Scattering between edge states i,w'ect a nonequilibrium current distribution into the outer-
a quantum Hall conductor. edge states. A second gdtke detector gajas then used to

Transport in the integer quantum Hall regime is now welldetect the existence of the NES population by selectively
understood in terms of transport through both quasi-1D edge
channel¥ and the bulk. The edge channels are extended disequilibrated scattering
states that form along the sample edge due to the effect of the edge states T /' center
confinement potential on the LL energies. Current can be \/ :
selectively injected into these edge stdtesreating non- 02mV @ M
equilibrium edge statdNES) populations that can persist

over long distance¥ Several studies have investigated the injector A

length-scales over which NES populations equilibfatend gate T

indirect evidence for individual scattering events has been @ — v=3
found*°It has proven difficult, however, to investigate di- edge and bulk states scattering

rectly the microscopic properties of the scattering. Basic out of equilibrium ™\ g center

guestions remain about the nature of the scattering sites, the
frequency with which they occur, and the amount of scatter-
ing at each site. Using an atomic force microscOpeM) tip = <R
as a gate to influence interedge-state scattering, we address ®) >
these issues by imaging and characterizing individual scat-

tering centers, to our knowledge for the first time. We find £, 1. Measurement configuration@) Injector gate creates
that scattering involves both tunneling through weak linksNgs population by reflecting =3 edge state. Detector gate trans-
and scattering from microscopic impurities. These measuremits only v=1,2 edge states to voltage probe. Equilibration rate
ments yield a clearer picture of the nature of edge state scagetermined by comparing probe potential when detector gate re-
tering and also provide lessons about how a scanned proBgctsy =3 to probe potential when gate transmits 3 (Ref. 11).
tip influences a sample. (b) At v~2.5, where bulk and edge states decouple, excess current
The sample we study is a GaAs/AlGaAs heterostructurén edge states due to NES population supprefsgs Scattering
grown by molecular beam epitaxy with a 2DEG lying 90 nm from edge to bulk increase®, .
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FIG. 3. (a) Cross-section through spot of increased scattering as
function of Vy,. (b) Monotonic increase of scattering at center of
feature withVy;, suggests tunneling across weak link in incompress-
ible strip (inse.

of increased scattering are visible along the edge of the
sample. They are not correlated with any topographic fea-
tures, and they are not observed when the edge and bulk are
in equilibrium. They are clearly associated with individual
scattering centers, separated on average-Byum.

FIG. 2. (8 Measurement of equilibration between edge states S_lmllar results are seen when t_he NES population is es-
along 10um section of 2DEG using the method of Figall Image tabllshed by selective back-scattering of the bulk state, as in
made with tip biasVy,= 0.9V and sample bias of 0.2 mV rms as Fig. 1(b). Since these measurements do not have to be _made
shown. Bright regions show where AFM tip increases interedge P€tween the gates, larger areas can be explored. Figures
state scattering. Features occur at etched edge of mesa, as showr2®)—2(d) show the scattering-induced changeRg, over
inset.(b)—(d) Measurement of equilibration between edge and bulkthree different 15um long segments of the sample edge at
along three different 1m sections of 2DEG at=2.6—2.7 using  filling factor v ~2.6—2.7. In addition to bright spots of in-
the method of Fig. (b). Bright spots of increased scattering, dark creased scattering, there are dark spots of decreased scatter-
spots of decreased scattering, and bright rings of increased scatténg, and bright rings of increased scattering surrounding re-
ing surrounding regions of decreased scattering observed alorgions of decreased scattering. Again, these are observed only
sample edge. Images made with,=0.8 V and sample current of along the edge of the sample and are separated on average by
100 nA rms. Scale bar is the same on all images. a distance of~2 um. We find that the bright spots occur

most frequently, while the dark spots and the bright rings

transmitting the outeredge states to a voltage ptotghe  each occur only about one third as frequently. On average,
second techniqugFig. 1(b)] uses the fact that NES then, a positive AFM tip bias increases interedge state scat-
populations arise naturally in the transition regions betweettering, but at any particular site it can either enhance or re-
guantum Hall plateaus when the edge and bulk states aiuce the scattering.

decoupled? The nonequilibrium edge states carry excess The nature of these scattering centers can be probed fur-
current that depresses the longitudinal resistatge Addi-  ther by examining the tip voltage dependence of the scatter-
tional equilibration between the bulk and the edges leads ting. A cross-section through the center of one of the bright
an increase iR,,. Changes in the NES population can thusspots as a function 0¥, is shown in Fig. 8). As Vy, is

be detected by measurirg)y. reduced from positive values, the amount of scattering at the

Having established a NES population by one of thesecenter of the spot decreases monotonically until the spot dis-
methods, we use an AFM mounted on’lde cryostat to  appeardFig. 3b)]. The width at half-maximum of the spot
study the local scattering in the sample. The AFM tip isremains roughly constant &, is changed. In some cases, a
metallized with Ti and has a diameter of approximately 100dark spot appears at negatiVl,, indicating reduced scat-
nm. When the tip is biased with a voltay§k,,, it acts as a  tering.
local gaté’ and perturbs the states at the edge of the 2DEG. Figures 4 and 5 show the tip voltage dependence of one of
This alters the scattering between edge channels, changirige rings of scattering. A cross-section through the ring as a
the equilibration rate. We scan the tip 50—75 nm above théunction of Vy, [Fig. 4@] shows strikingly different behav-
sample and measure the change in equilibration induced kgr from that seen in Fig. 3. There is a strong peak in the
the tip with one of the methods described above. amount of scattering at the center of the ring \&g, is

Figure 2a) displays the results for a 16m long section changed, as seen in Figlod The evolution of the scattering
of the edge of the Hall bar where the NES population iswith Vy, revealed by Fig. @) is more clearly illustrated in
established and detected using top gates. The tip voltage iSg. 5 by a series of images of the same scattering feature at
Vip=0.9 V.18 Regions where the scattering is enhanced bydifferent tip voltages. A/, is reduced from positive val-
the presence of the tip are light, whereas regions where it iges, the radius of the ring shrinks linearly wify, until the
reduced are dark. Several bright features representing areeng collapses into a spot. The magnitude of the scattering
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mesa edge — tunneling through the weak link. These results are thus con-
0.8 jobulk _ edge sistent with previous work showing an increase in equilibra-
> a | ‘ l tion rates with more positive side gate bf&8. The high
& E ; spatial resolution of the AFM tip, however, reveals that the
g4 = increased scattering occurs only at specific sites along the
£0.2 8- edge?
éo.o g The different behavior seen in Fig. 4 indicates a different
02 54 ) type of_ scattering center. We interpret the bngh_t rings as
——r—— scattering from potential fluctuations with a size scale

0 2 4 04 00 04 0.8 - ic im-
AFM tip position (um) AFM tip voltage (V) smr_jll_ler than thg edge state structure. Such microscopic im
purities may arise from an individual defect or dopant atom

FIG. 4. (a) Cross-section through ring of increased scattering ad'€@r the heterostructure interface. The tip can change the
function of V. (b) Peak in scattering at center of ring as function Scattering from these impurities in two ways. First, the tip

of Vtip Suggests Scattering from microscopic |mpu|(i|yseb moves the edge states around the Impurlty When the t|p
pushes the edge states across an impurity, the large potential

. . . ) gradients associated with the impurity narrow the incom-
peak remains constant during this processVasis reduced  pressible strip and increase the tunneling between edge

further, the spot of increased scattering first vanishes an ates, causing a peak in the scattering. Second, if the impu-
then is replaced by a spot of decreased scattering at negatiyﬁy supports bound states, then the tip will also change the
Viip- . energy of the impurity states. Scattering peaks can then oc-

To understand these results, we consider how an electroy,, whenVy, brings the impurity states into resonance with
static perturbation at the sample edge influences edge staig: Fermi leved? (as long as the impurity remains between
§cattering. I_Equilibr_ation involves tunneling across the2  a edge statgsIf more than one electron can occupy the
incompressible strip between edge and bulk states. The Uk single electron charging may produce multiple concen-
neling rate is proportional to exp(azllé), wherea is the ¢ rings around the scattering site.
width of the strip andg is the magnetic length. Becauae We have studied seven annular scattering features, and
>, tunneling is normally strongly suppressedPrevious most have a single ring as in Figs. 2 and 5. This is consistent
work has shown that the scattering rate can be changed Ryith both of the mechanisms described above. Only one
using a gate alongside the 2DEG to change the confininghowed evidence of multiple ringa faint double ring not
potential and alter the width of the incompressible stip.  shown, although this may be due to the limited range/gf
Positive side gate bias decreases the width of the strip, irthat can be usetf. Further study of the dependence of the
creasing the equilibration rate, while negative bias has thecattering on temperature, bias, and magnetic field will be
opposite effect. The AFM tip plays a role analogous to therequired to clarify the relative importance of these
side gate by changing the confining potential at the samplenechanism$3
edge. This both moves the edge states and alters the width of We now turn to the question of how much equilibration
the incompressible strip. occurs at each site. This can be determined from the results

We interpret the bright spots of increased scatte(ifig.  of Fig. 2(a), where top gates are used to measure the non-
3) as weak links in the incompressible strip. It is known thatequilibrium potential differencéu between they=1,2 and
potential variations at the edge of the 2DEG cause the width =3 edge states. In the absence of the tip, the total equili-
of the strip to fluctuate along the length of the sanfd®. bration rate over the 3@m distance between top gates is
Locations where the strip is especially narrow give rise to~90%. Since scattering sites are located eve® um, the
weak links across which tunneling occurs preferentifity  average scattering probabilify needed to account for the
set to Fig. 8b)]. PositiveV, hardens the confining potential measured equilibration rdfeis p~0.15. The NES popula-
and further decreases the width of the strip, increasing théon is therefore reduced by 15% at each microscopic scat-
tering site.

We can also determine from Fig(& the amount of extra
scattering caused at each scattering site by the AFM tip per-
turbation. The change in the scattering probabilkp in-
duced at a particular site is given by the fractional change in
A caused by the tip at that site. For the scattering sites
observed in Fig. @ with V3,=0.9V, we find thatAp
=0.1-0.3, with an average value dp=0.2. The amount of
scattering induced by the tip at this tip bias is thus of the
same order as the scattering already present in the sample.

These experiments are, to our knowledge, the first direct

FIG. 5. Ring of increased scattering from Fig. 4 at differegs ~ Measurement of the amount of edge state coupling at indi-
0.8V, (b) 0.5V, (c) 0.2V, (d) —0.2 V. AsV,, decreases from Vvidual scattering sites. They show that the equilibration is
positive values, the ring first shrinks, then collapses to a spot. Scadominated by strong scattering centers separated by a few
tering is reduced by tip at negatiwg, . pum. This contrasts with the results of a previous study,

¢ mesa edge —
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which inferred the existence of scattering sites wijth region, flattening the side of the ring over the mesa. We note
~0.006-0.02 separated by90—600 nm based on a statis- as well that the scanned gate features in Figs. 2-5 are very
tical analysis of scattering between the 2 andv=1 (spin-  near the physical edge of the sample. Previous theorktical
polarized edge state§ The origin of the differences be- and experimental work however, indicates that the edge
tween these two experiments is not clear. However, thetates reside several hundred nm inside the mesa due to
momentum and spin conservation issues for scattering befepletion of the 2DEG near the sample edge. We again at-
tween edge states of different orbital LL's are very differentripute this to the nonuniform screening properties near the
from those fo(r) scattering between different spin states withirgamme edge: the tip has its greatest effect near the edge of
the same LL. ~__ the mesa where the 2DEG and the GaAs are less effective in
The measurements presented here clearly probe individugleening it. This further illustrates the complexities in relat-

scattering centers. We emphasize, however, that the relatiqRg features observed in scanned probe images to the under-
between the observed features and the underlying scatterlrp)qng spatial structures in the 2DEG.

centers is not straightforward, due to the complex tip-sample’ |, summary, we have for the first time imaged individual

electrostatics. As discussed above, the rings seen in Fig. gattering centers responsible for the equilibration of edge
correspond not to annular scattering centers, but rather ate populations in a quantum Hall conductor. By studying
equipotential contours around a single scattering center. Thg,o dependence of the scattering on tip voltage, we find evi-

ring of scattering in Fig. 5 is also not circular, as might gence for tunneling across weak links and scattering from
naively be expected, but flattened on the side over the MeSgsicroscopic impurities.

This is due to the spatial variation in the dielectric properties

of the sample near the mesa edge. The high-dielectric GaAs This work was supported by the NSF, NSERC, the AT&T
(e~13) and the 2DEG screen the tip more effectively whenFoundation, and the Packard Foundation. Samples were fab-
the tip is over the mesa than when it is over the etchedicated at the Berkeley Microlab.
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