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Abstract

Spatially localized electronic states in a two-dimensional electron gas in the quantum Hall regime are imaged using a
scanning single-electron-transistor probe. Two different regimes of localization are identified depending on the strength of
the built-in long-range density fluctuations. In the smoother regions localized states merge into dielectric-like blobs a few
pm in extent. In the places with a stronger density gradient complex patterns occur which change markedly with an addition
of a single electron. The simplest appearance of the latter is a ring collapsing toward the center as an electron is added to
the area. © 2000 Elsevier Science B.V. All rights reserved.
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It is accepted that in the quantum Hall (QH) regime
electronic states at the Fermi level in the interior of
two-dimensional electron gas (2DEG) are localized
[1,2]. To advance the physics of localization further,
new microscopic characterization tools are desirable.
By definition, localization means a confinement of the
electron wave function within a restricted area, which
may result in an inhomogeneous charge and poten-
tial distribution. Recently, several scanning probe ex-
periments [3—6] have demonstrated the capability to
image electrical properties in a two-dimensional elec-
tron system. In addition to micrometer-scale features
showing the Hall potential distribution and edge-state
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contours [5,6], finer structures in compressibility and
resistance were seen [4] down to the scale of 100 nm.
Here, we look for localized states in the QH regime
near filling factor v =2, employing the technique of
Ref. [6] with higher resolution in position and den-
sity. The behavior observed is complex, but contains
systematic features. In particular, individual objects
are seen which are evidently single-electron localized
states.

To measure the local electrostatic potential we
employ a single-electron transistor fabricated on a
tip of a tapered glass fiber as described in Refs.
[3,6,7]. The tip is scanned just above the sur-
face of a GaAs/AlGaAs heterostructure having the
2DEG buried 100 nm below the surface. The av-
erage density ny of the 2DEG is 1.5 x 10" ecm—2.
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Additionally, a bias V, on the backgate, located
5.4 pum under 2DEG, allows us to vary the den-
sity of electrons (Vg =—1 V reduces the density
by 1.3 x 10'° ¢m=2). The SET is operated in a
feedback loop maintaining constant potential on
the SETs central island. The feedback voltage Vp,
applied to the 2DEG and backgate, directly re-
flects the local potential seen by the SET. In ad-
dition, we modulate the 2DEG density at a fre-
quency above the roll-off of the feedback loop
and record the “transparency”, the AC poten-
tial seen by the SET. With all other charges be-
ing immobile at low temperature, the contrast in
the AC signal is determined solely by charges in
the 2DEG layer. Transparency is only seen near
integer filling factors, and denotes low electron
compressibility and/or high resistivity. All mea-
surements shown are carried out at temperature
of 0.8 K.

In the experiments, the magnetic field is set at
~3.1 T, nominally corresponding to v =2, although
the local densities vary by a few percent. At a vari-
ety of arbitrary locations we then record either the
Ve (density) dependence of the DC (—Vg) and AC
(transparency) signals at fixed locations, or spatial
images of these at a set of fixed V.

For the density dependence, the SET tip is fixed in
place and the 2DEG density is swept so that the local
filling factor passes through the integer value. Broadly,
the behavior tends to be of one of two types. Typical
records of these responses are shown in Fig. la. In
both, the DC potentials (—V4,) display the same char-
acteristic step of ~hw./2m associated with the Fermi
level passing between the third and second Landau
levels [6,8], but the accompanying AC signal ampli-
tude differs by up to x 10. Quantitatively, the smaller
signals in the right panel in Fig. la correspond to
the derivative of the DC step, as expected at equilib-
rium (the structure in the signal is discussed below).
The larger size of the signal in the leftmost AC curve
shows that a significant resistance is impeding charge
transport to the particular location at the frequency
of 70 Hz. Correspondingly, an out-of-phase compo-
nent of the AC signal appears at the condition where
the charging rate of the location is comparable with
the AC modulation rate. In the following, we examine
some typical spatial structures of regions first without
and then with AC equilibrium charging.
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Fig. 1. (a) Two typical sets (left and right panels) of data acquired
by SET as the electron density (~Vy) is swept through v=2
at different spatial locations. On each panel: top - DC signal
displaying the characteristic step of the chemical potential as the
Fermi level moves from second to third Landau level; bottom
in-phase component (X) and out-of-phase component (Y') (shifted
down by 1000) of AC transparency signal. Inset: Sketch of the
measurement setup. (b) In-phase AC transparency signals as a
function of V; measured at nine spatial locations arranged in 3 x 3
grid over an area of strong transparency of 1 x 1 pm?. Different
types of arrows mark the equivalent peaks detected at distinct
spatial locations.

A set of in-phase AC transparency data taken
in an area with incomplete charging is shown in
Fig. 1b. A region of ~1 x 1 pm? is sampled on a
3 x 3 square grid. The maximum shift of the peaks
across the area is ~100 mV of V,, for an typical
local density gradient of < 1 x 103 cm™3. Such
a gradient is representative for the smoother ar-
eas in the sample, and is generally associated with
non-equilibrium charging. As seen from Fig. 1b, a
typical AC curve is not smooth but rather appears
to be a superposition of smaller peaks centered at
different V, voltages. The characteristic spatial cor-
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Fig. 2. Spatial images of in- phase AC signal over 5 x 5 um? area of strong transparency taken at three different densities. V; is changed

by 10 mV between images.

relation length is in the micrometer range. As the
strength of a particular peak changes with spatial
position, the overall maximum changes its shape and
slides across the V' scale. Apparently, each such peak
is an event centered around a distinct location and
density.

Typically, the evolution of strong transparency
passes through two stages. First, as the density is
changed toward the local integer v, a number of
neighboring spots with typical individual diameters
of ~0.5 pm become slightly transparent at close but
separate values of V. Then, as some area becomes
filled up by the latest emerging spots, the area as
a whole becomes strongly transparent, giving rise
to a transparency peak like those in Fig. 1b. The
reverse sequence describes the falling edge of the
strong transparency peak. An example of an area
becoming strongly transparent as the last spot com-
pletes the merging is shown on a gray scale in Fig. 2.
The transparency signal, acquired over an area of
5 x 5 um?, is shown for three Vs voltages, a total
electron density change of 2.5 electron/um~2. The
only significant change to the shape of the transpar-
ent regions is the addition of a transparent (darker)
spot centered at around (35,25) and subtraction of
the spot at (30,2), which is not adjoining the main
transparent area. However, the whole area becomes

significantly more transparent, while mostly preserv-
ing its shape.

The tendency of larger blobs to display a stronger
transparency can be understood on the following
model. We assume that the blob is made up of
multiple isolated (at 70 Hz.) islands. The potential
modulation induced on an island is proportional to
Cug/Cs, where Cyg is the island-backgate capacitance
and Cy is the total capacitance of the island. Cy is
determined mainly by the distance between the island
and the compressible regions. The maximal potential
amplitude and, therefore, the maximal transparency
occur farthest from the compressible area. The larger
the blob, the stronger the transparency signal in its
center. The amplitude of AC potential drops toward
the edges of the blobs as the screening compressible
area becomes closer. All this is in agreement with the
experimental observations (Fig. 2).

Quite different patterns of transparency are ob-
served in regions with significantly larger built-in po-
tential gradients. Representative transparency curves
are shown in Fig. 3a. There is no out-of-phase signal
exceeding the noise floor all over the range, indi-
cating that the charging is in equilibrium at 70 Hz.
The typical local density gradient in this region is
~1 x 10" em™3, 10x steeper than for the region
shown in Fig. 1b. The transparency signal, which is
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Fig. 3. (a) DC (1) and AC in-phase (3,4) signals as a function of
V; measured at arbitrary location in a region of weak transparency
at v=2. Curves (3) and (4) are taken sweeping V forth and
back to illustrate the reproducibility. The integrated AC signal (2)
closely reproduces the measured DC signal (1). (b) Spatial images
of the in-phase AC signal over 0.45 x 0.45 um? area of weak
transparency taken at four different densities. Vg is changed by 15
mV between images which adds on average ~0.4 electrons to the
total area of the frame. White denotes zero or slightly negative
transparency.

~5x weaker than in the previous example, displays
multiple oscillations with peaks separated by 30—40
mV in V,. The oscillation pattern is generally repro-
ducible as illustrated by the traces (3) and (4) but can
slowly vary with time. In places, the transparency os-
cillations reach definite, reproducible negative values.
The DC signals show corresponding step structure,
but these are more often obscured by noise.

The corresponding spatial maps are complex. How-
ever, when the oscillations with density are well

defined, we generally find relatively simple patterns
whose features move about with density, giving rise to
the oscillations. An example of such maps is shown in
Fig. 3b. The scanned area of 0.45 x 0.45 um? is shown
for four values of V, changed by 15 mV between
the panels, nominally an addition of 0.4 electrons
over the panel area. There are clearly seen ring-like
structures contracting to a common center. The trans-
parency signals on the rings are comparatively small,
and sometimes negative, while those in the center of
the rings (dark regions) are larger and positive. For
this particular place we observed two full periods of
rings oscillation as the density is swept. In the general
case, the patterns are much more complicated. We
often observe several circular objects placed close
one to another. As the objects expand and collide, the
overall pattern evolves rapidly, losing self-similarity
quickly as a function of density. We do not see any
correlation between the extrema of the surface poten-
tial and the centers of the rings.

The multiple oscillations of the transparency
are reminiscent of single-electron charging effects
in quantum dots [9]. There the analogous Coulomb-
blockade charging behavior in quantum dots would
be saw-tooth changes of DC potential. Other experi-
mental facts also parallel the single-electron blockade
behavior. First, the quasi-period of the rings against
the density increment approximately corresponds
to the addition of a single-electron charge over the
maximal correlated area of the structure. Second, as
noted above, the peaks often overshoot the level of
zero yielding negative transparency, as is seen in the
capacitance measurements under Coulomb blockade
conditions [10].

In some manner the contraction of a ring through
one cycle adds one electron to the immediate area,
but just how is not clear. A model in which the
electron is being transferred into a fixed potential
energy minimum created by disorder does not pro-
vide the observed continuous spatial variation of
electrical potential. Also, the screening is weak. It
is broadly accepted that the density of the carriers
able to move freely and to participate in the screen-
ing is determined by the deviation from the integral
filling [11]. This density is less than 3 x 10° cm™2
yielding the average distance between the free car-
riers of >200 nm. This distance is comparable to
the typical sizes of the ring patterns. It is not clear
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how the continuous variation of the potential of the
ring evolution can be provided by so few screening
carriers.

In analogy with the oscillating regions, we believe
that the strongly transparent regions with incomplete
charging are built up from single-localized electron
states. The formation of the blobs by merging small,
slightly transparent spots supports this idea. But unlike
the weak transparency case, the electron states inside
blobs are localized far apart and do not overlap with
each other or with the extended (compressible) states.

The distinction of the regions with either strong
or weak transparency with respect to the built-in po-
tential gradient can be understood qualitatively. It is
predicted [12] and observed experimentally [6] that
the contour lines with integer-filling factors widen
into strips. This depletes the number of carriers able
to screen the disorder potential within the strip. The
macroscopic electrostatic model yields the strip width
of ~1.2 um for the gradient of ~1 x 10'* cm~3 typ-
ical for the regions occupied by the strongly transpar-
ent blobs. The screening of the disorder potential by
the compressible states 1 um apart is not very efficient
and electrons are strongly localized. With the gradient
of ~1 x 10" cm™3, the strip width is ~400 nm, im-
proving the screening. This reduces effective disorder
strength allowing for significant correlation effects.

In summary, the experiment described here has
shown strong evidence for single-electron localized
states in the QH regime with the image contrast orig-
inating either from the local resistance or from the
local charging blockade.
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