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Local backscattering in the quantum Hall regime
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A two-dimensional electron gas in the quantum Hall regime has been investigated by tuning the local
potential with the metallic tip of a scanning force microscope. The longitudinal four-terminal resistance of the
Hall bar structure was recorded while the tip was scanned above. The resulting resistance images exhibit local
features that show a Bfperiodicity. These features line up along the Hall bar edges resembling the formation
of edge channels. At certain filling factors they develop a subtle fine structure indicating the intricate micro-
scopic variations of states in real space.
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I. INTRODUCTION In this paper we follow the route of applying scanning

The quantum Hall effeé(QHE) is one of the unique and probe techniques to a 2DEG in the QHE-regime. In our mea-
fundamental phenomena occurring in two-dimensional elecsurements we use the conducting tip of a scanning force
tron gaseg2DEGS at low temperatures. Its discovery initi- MIiCroscope as a local gate and measure its influence on the
ated a tremendous amount of experimental and theoreticé@ngitudinal and Hall resistances at a temperature of
researci—4 One of its most remarkable properties is the pre-300 mK. The method is known as the scanning gate tech-
cision of the quantization irrespective of the material and itshique which has found a number of applications at zero mag-
quality which allows to utilize the effect as a resistancenetic field?®-34In the QHE-regime the tip-induced potential
standard A key ingredient for the understanding of the QHE changes the microscopic potential landscape in the bulk of
is the localization of states in the tails of the Landau levels irthe sample locally. Here, we focus on the longitudinal resis-
high magnetic fields and the existence of extended states #nce. We find that local backscattering between opposite
sample boundaries or internal edges. These edge states c@figes of the sample can be enhanced or diminished depend-
be described self-consistently and the formation of coming on tip position and magnetic field. The tip-induced back-
pressible and incompressible stripes of integer filling factorscattering can be mapped out at constant magnetic field by
have been predicte®f. The existence of extended states with @nalyzing the longitudinal resistance of the sample. The tip is
a transmission of one between neighboring sample contacteund to have the strongest influence on the resistance be-
is the basis for the description of the QHE in the frameworktween even filling factorgéin cases where the spin splitting is
of the Landauer-Biittiker theory of linear transpbit. has  not resolveg, where extended states exist in the bulk of the
been checked, for example, with measurements where strigdructures. ~ Similar  resistance patterns occur in a
gates across a Hall bar sample were used for selective back/B-periodic fashion. Striking features appear in the images
scattering of edge stat@sAlthough this model supplies a that are lined up along the sample edges. These features can
very intuitive and transparent picture of the effect, it does nohave remarkable capillary fine structure on length scales of
settle the question, where the current flows in the bulk of @bout 200 nm. The Hall resistance is found to be very robust
sample and how the current density pattern changes witBgainst the tip-induced potential on quantum Hall plateaus

varying magnetic field. and sensitive in transition regions between them.
As a consequence, many attempts have been made to
measure the internal structure of the electron gas in the QHE- Il. SAMPLES AND MEASUREMENT SETUP

regime with local probes. Early experiments used the

electron-phonon interactiéh or optical techniques with a Bar shaped samples with a width ofi4n and a length of
spatial resolution down to &m.1-13 Later it was tried to 10 um between longitudinal voltage probes have been fab-
detect edge channels inductivéfyt®> Recently, edge chan- ricated on the basis of a shallow [@&]As heterostructure
nels were imaged with a metallic single-electron transistoiconfining a 2DEG 34 nm below the sample surface. A back
fabricated near the edge of a 2DE&GScanning probe tech- gate electrode made of highly doped GaAs is situated
niques with their unprecedented potential of spatial resolui.3 um below the 2DEG and isolated with a layer of ErAs
tion have also been employed for the local investigation ofslands in betweef? The electron density in the 2DEG at
2DEGs in the QHE-regime during the past few years.zero back gate voltage wag=5.5x 10'> m~2, the mobility
Among them are measurements with a scanning singlex=8.5 n?/V s as determined from Hall and Shubnikov-de
electron transistor'8 experiments using scanned potential Haas measurements performed at a temperature of 300 mK.
microscopy:® Kelvin probe technique® 22 subsurface These values correspond to a mean free path @filensur-
charge accumulatiof¥?®> and tunnelling between edge ing that electron transport is diffusive on the length scales of
channelg827 the structure.
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FIG. 2. Constant height scan of the Hall bar taken at 300 mK.
The tip sample voltage wdd=-4 V, the height above the Hall bar
mesa was 85 nm. The gray scale represents the frequencyA$hift
of the tuning fork resonance. The arrow points to a charged spot on

FIG. 1. Topography scan of the Hall bar taken at 300 mK. Thethe surface.
solid lines indicate the mesa edges of the Hall bar including four
voltage probes. A constant currel# 100 nA is driven along the example of such an image is shown in Fig. 2. It shows the
Hall bar axis at a frequency of 623.6 Hz. contours of the Hall bar like the image in Fig. 1 due to the
change in capacitance, when the tip traverses the Hall bar
The measurements were carried out using a homebuimesa. A dark feature can be seen close to the edge of the Hall
scanning force microscope operating at 300 mK in abar(marked by the arroyy probably indicating a spot on the
He-cryosta® Magnetic fields up to 9 T can be applied surface where additional charge has been deposited before.
normal to the plane of the 2DEG. The scan range is When the tip is scanned above the surface at fldeahd
8.8 umx 8.8 um at base temperature. Piezoelectric tuningfixed Az, resistance images can be taken. This is the so-
fork sensor¥’-3%are employed for controlling the distance of called scanning gate technique. The resistance images de-
the conducting tip above the sample surface in dynamig@end on the applied voltagd. We find that scanning with
mode. A phase locked loop is used for measuring shiftd) <-2 V changes the sample characteristics permanently
of the sensor’s resonance frequency with a relative accuracyver time, probably because there are charge rearrangements
better than 10. Details about these sensors and the phaséh the doping plane or on the surface. All resistance images
locked loop can be found in Refs. 36 and 39-41. The conshown in this paper have therefore been takebat-2 V,
ductive Ptlr tip attached to the tuning fork sensor can eithekvhere the sample was found to be sufficiently stable.
be connected to an external voltage source or to a current- Figure 1 shows schematically between which voltage
voltage converter. It couples capacitively to the 2DEG. probes resistances are measured in parallel during each scan.
The measured frequency shift of the tuning fork resonatorThese are two longitudinal resistandgs; andR,,, and one
Af, is proportional to the force gradieri,, acting on the tip.  of the Hall resistance®,,. The second Hall resistandg,
The force gradient is related to the voltageapplied be- can in principle be calculated frol, =R+ Rua—Rae

tween the tip and the 2DEG &*2 The dashed curves in Fig. 3 show the low frequency
14
Af o< F" oc C"(U = Ugpp)? (1) ”
~ 10
with C” being the second derivative of the tip-sample capaci- g 8

tance andJ.pp being the(local) contact potential difference )

between the tip and the sample surface. Two scan modes g 6
have been employed in the course of the experiments pre- 4
sented here. In the usual scan mode ztfieedback operates 2
at constant frequency shiftf. An example of an image of 0

the Hall bar taken at 300 mK is shown in Fig. 1. The over-
laid solid lines indicate the mesa edges of the structure with

the four voltage probes. Alternatively we can scan in con- e _
. . . . . FIG. 3. Resistivityp,, and p,, of the 2DEG as a function of
stant height mode in which the feedback is switched off anqnagne’[ic field. The measurements were taken at zero back gate

th? t,'p IS ,bound to a plane parallel to the sample surface. IR}oltage and at base temperature. The dashed curves were measured
this imaging mode we can, for example, map the frequency; 5 frequency of 20 Hz before any scan was performed. The solid
shift Af as a function of lateral tip positiofx,y) for fixed lines are Ryq, Ree and R,, measured after scanning induced
tip-sample voltagelJ. According to Eq.(1) the frequency  sample changes have taken place. They are measured at a frequency
shift is sensitive to the local capacitance derivati/éx,y)  of 624 Hz. Integer filling factors are indicated by arrows on the Hall
and the local contact potential differendg-pp(X,y). An trace.
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FIG. 4. (Color onling (a) Longitudinal resistanc®_measured in the absence of the scanning tip. Vertical lines indicate magnetic fields
at which scanning gate imagés—(i) were taken(b)—(i) Scanning gate longitudinal resistance images taken at various magnetic field values
indicated in(a). Images(gl) and(g2) are identical except that fqg2) the gray scale ranges from —-0.5% to +0.5%, i.e., it is enhanced by
a factor of 3. The corresponding filling factors for each image are indicated. The gray scale relates to the local tip-induced change of the
relative backscattering strenghhy as discussed in the text. The measurements were taken at zero back gate voltage and at base temperature.

(20 H2) longitudinal and Hall resistivities measured before 1. MEASUREMENT RESULTS AND DISCUSSION

any scan had been performed on the sample. Well developed Figyre 4 shows longitudinal resistance data at various
Hall plateaus and minima ip, can be seen at integer filling magnetic fields. The top trad€ig. 4a)] is the longitudinal
factors. Scanning gate measurements were performed witigsistancdy, =R,,; as a function of magnetic fiel. Vertical
lock-in technique at a frequency of 624 Hz with a time con-lines indicate fields where scanned imagesRpfwere re-
stant of 30 ms in order to achieve an acceptably high meaecorded. The respective arrows point to the corresponding im-
surement bandwidth during scanning. The solid lines in Figages. The gray scale in these images will be explained below.
3 show the two longitudinal resistivities and the Hall resis-Scanning a single image takes more than 2 h. Imdge
tance measured at this high frequency about one week lateshows the boundaries of the Hall bar structure taken from a
i.e., after many scans witi=-6 V had been made. Causes simultaneously recorded topography imagetted ling for

for differences between the solid and the dashed curves agientation.

twofold: on the one hand, the higher measurement frequency The difficulty in presenting scannd?] images is that this
together with the cable capacitances leads to small dips at tHiantity varies over orders of magnitude as the magnetic
high field edge of the quantum Hall plateaus which can bdi€ld is changed. We have therefore plotted the data in terms
well understood in an equivalent circuit model of the setup.Of a different physically intuitive quantity, the relative back-
On the other hand, repeated scanning at large negéthves scattering amplitudey. Th_e mtrod_uctlon of_ th|s_ quantity al-
modified the details of the,-trace between integer filing 0Wed us to plot all resistance images in Fig. 4 using the
factors and the overall density appears to be slightly inSame gray scale.
creased. In fact, we found in earlier Kelvin probe stutfies
on two-dimensional electron gases that due to work function 6 5
differences between the tip and the heterostructure materials ‘ ’ ‘ ‘
and due to the spatially fixed doping and surface charges in
the sample, a tip voltage of about=+0.5 V is needed for 1
minimizing the effect of the tip on the sample. This means
that an applied voltage di=-2 V corresponds to an effec-
tive voltage of —2.5 V acting on the electron gas. A huge | ‘ | ‘
number of images at a number of different tip voltages and o 3

magnetic fields have been taken within the course of a single

cooldown. In the following, we present a selection of data FIG. 5. Schematic representation of the Landauer-Biittiker de-
taken at a tip-sample voltage &#=-2 V for which the  scription of the quantum Hall effect for the longitudinal resistance.
sample was stable and scanned images were highly reprodugdge states are represented by solid lines with arrdwis the
ible. backscattering probability between sample edges.

Current r‘ 'r 4
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In order to introduce our data analysis and the quantity 0.4 -
. . . . - e (a) — v from B-sweep (no tip)
we consider the model situation depicted in Fig. 5 within the o v
" .. . . v from scans (off Hall bar)
Landauer-Buttiker descriptichThe current is driven from 03 O vfrom scans (on Hall bar)

contact 1 to 4 and the voltage is measured between contacts
3 and 2. Resistance arises due to backscattering in the region
between these voltage probes. We therefore allow a certain
local couplingl” between the two edges of the sample, which
may be mediated or altered by the tip induced potential. In
this model, the longitudinal resistance is given by

h vy
R =Roq 1= — ——. 2
L~ 2314 rl—vy ()
0 y : '
Here, v is the number of edge channels injected into the 2 4 9 8 10

structure from the contacts. The functietB) will decrease . . o
with increasing magnetic field in a steplike manner, when- FIG. 6. (a) Relative backscattering probabilityin the quantum
ever the highest occupied Landau level becomes depopuH—a” regime as a function of filling factor. The solid line is deter-
lated. The prefactoh/ezv represents the Hall resistanBg mined from a magnetic field sweep in the absence of the scanning
in the absence of any scattering. The ratiol'/ v represents up- Th.e solid diamonds are average valuesyaiith the tip not .
. - . scanning on the Hall bar mesa, open squares are the corresponding
the relative backscattering strength between opposite edgées . . , .
f the Hall bar. If thi ity | backscattering i values with the tip on the mes@) The filled triangles represent the

of the Hall bar. If this quantity is zero, backscattering 'Saverage tip-induced changésy,
absent andR =0, if it is unity, all the edge channels injected
from the contacts are fully backscattered djddiverges. i ,

This view onR, leads us to the following way to repre- _ [N order to analyze the scanned images in the same fash-
sent the data in terms of the empirical relative backscatterin{n, We distinguish regions, where the tip scans on top of the

strengthy: We use the measure®), as the empirically de- all bar and others, where it does not. We first concentrate
termined prefactoh/e?v in Eq. (2) and solve this equation ©" spatially averaged properties of the images. The filled
for y. This leads to diamonds in Fig. @) represent average resistance values as

determined from regions in scanned resistance plots where
R /R the tip is not scanning on the Hall bar. This background
LRy i nei i i fi
= resistance coincides with the magnetic field sweep data, as
1+R/Ry expected. The open squares in the figure correspond to aver-
age resistance values for the regions in scanned images
This quantity is our empirical measure for the relative\where the tip is scanning over the Hall bar. It can be seen that
amount of backscattering between edges of the Hall baghe deviation of these values from the background resistance
sample. The advantage of using it for represenRpglata is  values(diamonds is rather small indicating thain average
the fact that it maps resistances at different magnetic fields ithe tip induced resistance change is small, typically below
the quantum Hall regime that can be different by orders of195, no matter at which filling factor it is determined.
magnitude into the intervay € [0, 1]. The smallness of these tip induced changes allows us to
The relative backscattering strength does also have @etermine the average tip-induced change in relative back-
meaning in the semiclassical language of Drude transporkcattering Ay, from
Straightforward analysis giveg=1/(1+W/L tan 6,), where

WI/L is the width-to-length ratio of the structure afiglis the __AR/RY

Hall angle. In this classical picture, a Hall angle of zero v [1+(R/RJ?’

corresponds tay=1 while a Hall angle ofr/2 corresponds

to y=0. where(R, /Ry) is the longitudinal resistance at a given mag-

In order to show that this quantity is meaningful in the netic field normalized to the Hall resistance in the absence of
experiment, we plot in Fig. §solid line) raw R -R-data  the tip andA(R_ /Ry) is the spatially averaged root-mean-
obtained from a magnetic field sweep in the absence of thequare deviation. The quantityy is shown in Fig. 6b) as
scanning tip in the form ofy(v), where v represents the solid triangles. Of particular interest &y around filling fac-
magnetic field converted into filling factor. The empirical tor 4. Exactly at this filling factor the tip-induced back-
parametery oscillates as a function of filling factor. At QHE scattering vanishes, while for filling factors slightly smaller
minima of R_ also y has its minimum, as expected. Maxima or larger than 4Ay takes on finite values up to almost 1%.
in y occur at odd filling factores=5,7,9,where new spin These numbers reflect the fact that the image in Fi) &
degenerate Landau levels become occupied with increasirmpmpletely featureless, whil€), (g), and (i) show an in-

v. For example, at=5 the third spin degenerate Landau creasing corrugation with increasing value |of-4|. These
level becomes occupied and at this maximum=0.22, results support the well accepted notion that at integer filling
meaning that 22% of the incoming electrons are backscatactors, states in the bulk of the Hall bar are completely
tered from one sample edge to the other. localized. Atv=4 the local tip-induced perturbation is not
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able to couple the extended edge states across this high$ensitively on magnetic field as seen from a comparison of
insulating region. At filling factors smaller or larger than 4, Figs. 4¢) and 4d). The origin of the structure, which may be
where states at the Fermi energy become increasingly extue to an interplay of intrinsic disorder and tip-induced ef-
tended and therefore couple the edges, the tip can also hafects in our experiment, remains to be investigated in detail.
an increasing effect on the interedge coupling. We proceed with a few brief and preliminary statements
Having discussed the averaged properties of the imagegbout scanning gate results for the Hall resistaRge In
shown in Figs. &)—4(i), we now return to a more detailed general, we find that scanning in the interior of the sample
discussion of their spatial structure. The first general remarkbetween longitudinal voltage probes does not lead to a
able feature is that the tip cannot only increase but also deshange in the Hall resistance at all. Furthermore, the Hall
crease the relative backscattering strengttbright vs dark  resistance can only be affected at magnetic fields where tran-
regions in the imagési.e., Ay(x,y) can take positive and sitions between Hall plateaus occur. These resistance
negative values. Certain local structures in the images tend tghanges are bound to a region enclosed by the four leads
repeat when the filling factor is increased by about an integeforming the Hall cross. These observations are in agreement
multiple of 2, although the exact details may be different. Anwith the generally accepted concept of localized states in the
example is indicated with dashed circles in Fig&l)4and  bulk. They are also in agreement with the well-known obser-
4(g). At the same spot, structure can also be seqif)inThe  vation that the plateau values of the Hall resistance are inde-
particular feature marked ifd), (f), and(g) may be related pendent of sample characteristics and materials. In our ex-
with the charged spot observed in the measurement shown periment, the sample with the tip in different positions may
Fig. 2. This overall local behavior reflects the be regarded as being equivalent to different samples. Con-
1/B-periodicity of R_ on a local scale. stantR,, values are observed on plateaus. In contrast, in the
The structure of edge states seems to be important for tHgansition region between quantum Hall plateaus, the scan-
images as well. Local features iy line up along the edges ning gate images show an influence on the Hall resistance,
of the Hall bar. This behavior can be seen in Figb)44(e).  when the tip is in the vicinity of the Hall cross. More detailed
These measurements show the tendency that the featuregsults on the Hall resistance have been obtained in a differ-
centered at edges become more localized with incredBing ent set of experimentS.
while structure in the bulk becomes less pronounced. Mea-
surements at even lower fieldsot shown indicate that only IV. CONCLUSION
at v<10, corresponding t8>2.5 T, features relate to the In this paper, we have reported scanning gate measure-
sample edges. This observation is in agreement with the gemrents on a Hall bar structure performed at 300 mK in the
eral notion of the transition from the Shubnikov-de Haasquantum Hall regime. Local features of the resistance images
regime, where localization is not important, to the quantunresemble the 1B-periodicity of the global longitudinal four-
Hall regime, where the localization of states and the formaterminal resistance in the absence of the scanning tip. The
tion of extended edge states plays a crucial role. appearance of features lining up along the sample edges cor-
The tip induced change in backscattering shows subtleesponds to the formation of extended edge states and local-
capillary structures near the edges of the Hall bar, for exized bulk states. Capillary fine structure on a submicron
ample, as indicated by the arrow in Figid# measured at length scale indicate the intricate evolution of current carry-
filling factor »=6.6. The characteristic width of such capil- ing states at certain filling factors. Tip-induced Hall resis-
laries can be as small as 200 nm. Similar structure has algance changes are spatially bound to the region of the Hall
been seen with a different local probe technique in Refs. 24ross and in magnetic field to transition regions between Hall
and 44. The minute details of these features depend verglateaus.
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