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Direct Imaging of Electron States in Open Quantum Dots
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We use scanning gate microscopy to probe the ballistic motion of electrons within an open
GaAs/AlGaAs quantum dot. Conductance maps are recorded by scanning a biased tip over the open
quantum dot while a magnetic field is applied. We show that, for specific magnetic fields, the measured
conductance images resemble the classical transmitted and backscattered trajectories and their quantum
mechanical analogue. In addition, we prove experimentally, with this direct measurement technique, the
existence of pointer states. The demonstrated direct imaging technique is essential for the fundamental
understanding of wave function scarring and quantum decoherence theory.
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The concept of measurement plays a crucial role in
quantum mechanics. It proved to be a great source of
difficulty, as has been found in the Einstein-Podolsky-
Rosen paradox [1] or the Schrodinger’s cat paradox [2].
The readout of information from a quantum mechanical
system with a classical apparatus presumes the knowledge
of the transition between the classical and quantum me-
chanical world [3]. Open quantum dots (QD), exhibit inter-
esting laboratories in which to study this transition [4-7].
Open QDs, in contrast to closed quantum dots, for example,
[8] are strongly coupled to the nearby electron reservoirs or
environment. The coupling to the environment causing
perturbation is mediated by a pair of constrictions without
forming tunnel barriers. From the classical point of view,
the dynamics of such open QD is mixed [9]. The chaotic
trajectories within the mixed phase space correspond to the
current carrying quantum states heavily damped by the
coupling to the environment, whereas the regular trajecto-
ries correspond to states robust against the environmental
coupling. In general, the coupling induced selection leads to
a preferred set of states known as pointer states. Pointer
states eventually correspond to classical states that are
persistent to environmental monitoring during the measure-
ment process [3]. They have been investigated in nano-
structures so far by direct transport measurements [4—7]
and indirect imaging by using the Fourier transformed
scanning probe technique [10]. In the latter, additional
environmental perturbation is induced to the open quantum
dot by scanning a biased atomic force microscope (AFM)
tip over the area of interest.

Scanning gate microscopy (SGM), in combination with
transport measurements, can provide an interesting tool to
image the motion of electrons in quantum systems [11-14].
However, the direct imaging of specific features from
single scarred wave functions in open QDs is difficult
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[14] and has not been demonstrated so far. It has been
theoretically argued for an open QD, however using a hard-
wall potential, that by introducing a tip the resulting shift
of conductance resonances make a detection of the unper-
turbed probability density challenging [15]. Nevertheless,
the direct imaging of single wave functions, including their
classical analogue, and the experimental investigation of
pointer states in open quantum dots is important since it
may lead to gaining novel information about wave function
scarring [16], the quantum to classical transition, and dis-
sipation in quantum systems [3,17].

Here, we use a cryogenic SGM to probe the ballistic
motion of electrons within an open GaAs/AlGaAs QD.
Conductance maps are recorded using a biased, swept tip
in a magnetic field. We show for specific values of the
magnetic field, conductance images that resemble classical
transmitted and backscattered trajectories as well as their
quantum mechanical analog. In addition, we bring further
experimental evidence that pointer states exist in open
quantum dots by directly visualizing the robustness of
the states in the conductance maps.

We expect the effective size of the open QD to be
1.0 um X 1.0 um although its lithographic design is
.5 pum X 1.5 um as shown by the AFM image of
Fig. 1(a) [18]. The carrier concentration and mobility are
4.8 X 10" /cm? and 4.2 X 10° cm?/V s, respectively, and
the corresponding mean free path (/) is 4.5 um at 4.2 K.
Since the dot size is much smaller than [y, the transport in
the open QD can be considered as ballistic.

During the SGM measurement, the tip is mainly biased
with —6 V in dc and scanned in the x-y plane 50 nm above
the surface of the wafer, without feedback loop, with slope
correction (the z is constant from the surface plane of the
sample but not following the topographic structure). The
resistance across the open QD is measured in a 4-terminal
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FIG. 1 (color online).
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(a) AFM image of the open QD sample fabricated by electron beam lithography and wet etching. The dotted

rectangular (860 nm X 1420 nm) region highlights the scanning area in the SGM observations. On top of the QD, a tip is applied in lift
mode with a certain distance (50 nm) with respect to the wafer surface. The tip is biased typically with —6 V in dc and causes
depletion in the two-dimensional electron gas plane. Note that both perpendicular sides of the dot can be used as side gates.
(b) Magneto resistance of the open QD measured without a biased tip. At certain magnetic field values, maxima (at B = 100 mT,
B = 240 mT) and minima (B = 180 mT) arise. SGM image shows (c) the change of resistance R across the open QD (bright: high R),
(d) the variation of the conductance AG (bright: positive AG, dark: negative: AG), and (e) AG? corresponding to the square of the
conductance variation AG (bright: high AG?). Below: The corresponding line profiles for R, AG, and AG? are shown for clarity.

(4-1) configuration using lock-in amplifiers. The data in-
cluding the information of the tip position are stored in a
computer at the same time. The magnetic field (B) is applied
perpendicular to the sample surface. Further details of the
experimental procedure are given in Ref. [19]. At first, we
measure the magneto resistance across the open QD at 0.3 K
in the direct transport measurement mode [Fig. 1(b)]. We
obtain maxima and minima in the magneto resistance at
certain magnetic fields. Small conductance oscillations are
superimposed on the trace, as discussed later. Such trans-
port characteristics in the magneto resistance have also been
reported and explained in ballistic open QD arrays [6,20].
In Figs. 1(c)-1(e), typical SGM images observed in the
open QD are shown with different image display
possibilities, e.g., to show the change of the resistance R
[Fig. 1(c)], the conductance fluctuations components AG

[Fig. 1(d)], and the absolute value of the variation of
conductance fluctuation AG? [Fig. 1(e)]. The conductance
fluctuation components AG are obtained by subtracting the
smoothed background (same effect as a low-pass filtered
image) from an inverse (1/R) of the original SGM image
(R). This process is equivalent to applying a high-pass filter
to the 1/R image. By taking the square of the AG value, we
are able to resolve the absolute value AG>. Below the
images, the line profiles for each display possibility are
shown.

In Fig. 2, we present the AG? images obtained at B = 0,
100, 180, and 240 mT [21]. The values correspond to the
minima and maxima of the magneto-resistance trace
shown in Fig. 1(b). Model calculations are performed using
a soft-wall as opposed to a hard-wall potential. Note, that
this potential gives the closest fit to the magneto-resistance
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FIG. 2 (color online).

Comparison of classical trajectories, scarred wave function, and AG? images at different magnetic field values.

Above: A single featured trajectory and probability density superimposed on the AG? image. Below: Trajectory calculated for various
entrance angles (about —90° to +90°) including the featured trajectory (in red), probability density, and AG? image, all shown as
separated figures. Dashed lines in the image are used as a guide for the eye. (a) B = 0 mT, featured single trajectory with an entrance
angle of 0°. (b) B = 100 mT, featured single trajectory with an entrance angle of 0°. (c) B = 180 mT, featured single trajectory with
an entrance angle of —5.7°. (d) B = 240 mT, featured single trajectory with an entrance angle of 17.2°. Color code: High and low
probability density correspond to grey and black, respectively. High and low AG? corresponds to bright and dark, respectively. The

size of each panel is 1000 nm X 1500 nm.

trace in Fig. 1(b). The classical trajectories are obtained by
solving the classical equation of motion in the open QD
assuming ballistic transport. We adjust the size of the dot in
the simulation to the approximated dimensions shown in
Fig. 1(a). From the electron concentration, we evaluate the
Fermi energy Er = 17.2 meV and w, = 6.0 X 10'! s7!
for an extension of the dot in x of 0.5 wm. In addition, we
use a small anisotropy (@, /g, = 0.7). The anisotropy is
used to adjust exactly the magnetic field values from the
maxima and minima in the calculations to the experimen-
tally obtained result [Fig. 1(c)] and to meet the condition
one obtains from fully self-consistent calculations [22]. In
addition, we calculate for the presented open QD the
quantum mechanical probability density. It is obtained
using an iterative solution to the Lippmann-Schwinger
equation [23]. Figure 3 shows for the different magnetic
field values, the probability density, the calculated classical
trajectories for various entrance angles, and the AG? im-
ages. The calculated results resemble trajectories and wave
functions which emerge from hybridization between dot
and environment states. At B = 0 and 180 mT the trajec-
tories show mainly transmitted properties, and at 100 and
240 mT they show backscattered properties. The trajecto-
ries at B = 0 and 100 mT show strong insensitivity to their
starting conditions over the whole angle spectrum. Here,
clearly, quantum to classical correspondence is achieved.
However, the situation changes by increasing the magnetic
field. At 180 mT and 240 mT, the trajectories are more
sensitive to the entrance angle and resemble less the pure
transmitted and backscattering condition, respectively,

[18] for different entrance angles. Now, we directly com-
pare the results from the calculation with the evaluated
images. Like the calculated wave functions and trajec-
tories, the corresponding AG? images presented in
Figs. 2(a)-2(d) also demonstrate sensitivity on the mag-
netic field. In addition, the AG? images for the different
magnetic field values resemble quite well the calculated
single trajectories and wave functions, especially for the
lower magnetic field values at B =0 and 100 mT. The
measured AG? intensity is strongly increased at certain
regions within the scan area. In our observation, tip in-
duced resonances in AG? appear keenly where the tip
unperturbed quantum mechanical density probability is
maximal. Small or even no conductance resonances appear
where the probability density is low. At higher magnetic
fields [Figs. 2(c) and 2(d)], the quality of the measured
images degrades. Usually, one would consider that the
scanning AFM tip would completely destroy the original
trajectory or single scarred wave function due to the in-
duced coupling to the current carrying states [15].
However, the grade of how much a trajectory is perturbed
will depend on its stability within the phase space. The
used soft-wall potential results in a high stability of the
commensurate trajectories in phase space, especially for
the lower magnetic field [Figs. 2(a) and 2(b)] [7,18].
Therefore, we are able to image rather specific features
of the single scarred wave function and trajectories for
different magnetic field values than just general features
as demonstrated previously [14]. At higher magnetic fields
the stability of the commensurate trajectories decreases
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and coupling to current carrying states, due to perturbation,
becomes more likely. Here, as shown in Figs. 2(c) and 2(d),
the correspondence between image and calculation be-
comes less evident.

Now, we provide evidence for the existence of pointer
states. Therefore, we investigate the perturbation in the QD
induced by the coupling of the dot to the electron reservoirs
via the constrictions as well as by the tip. In addition to the
measured maxima and minima [Fig. 1(c)], we also observe
magneto-conductance oscillations [Fig. 3] superimposed
on the magneto-resistance traces. The oscillation com-
ponents are obtained by subtracting the smoothed
background from the magneto-conductance curve. The
oscillations are quasiperiodic in magnetic field, well repro-
duced for different sweep directions of the magnetic field
and exhibit a Fano line shape. The Fano line shape of the
resonances can be explained by phase space tunneling
between regions in the classical phase space corresponding
to regular and chaotic trajectories [4,6,7]. In Fig. 3, we
compare the conductance oscillations with and without tip
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FIG. 3 (color online). (a) Topographic image from the open
QD. Circles show schematically the various measurement
positions in y between —600 and +600 nm at x = 0 nm.
(b) Magneto-conductance oscillations and the contour plot mea-
sured at the different tip positions shown in (a). Each curve is
plotted with certain offsets. High and low conductance corre-
sponds to bright and dark, respectively, as shown in a color-scale
bar. The amplitude of the conductance oscillations curve is
within =0.02¢%/h which is the same order of conductance
oscillations without the tip shown at the top. (c¢) and (d) are
AG? images obtained with Viip = —3 Vand —6 V, respectively,
atB=0Tand V,=0V.

induced potential (above) for the same magnetic field
region. This will give us a measure of the stability of the
regular trajectories in the sea of chaos while a tip is
introduced. Figure 3(a) shows the varying positions of
the tip in the open QD. We positioned the tip at the dot
center (taken to correspond to x = 0 nm) within the
open QD, moved it in increments of y of 100 nm between
+600 to —600nm, and measured the magneto-
conductance oscillations from —300 to +300 mT
[Fig. 3(b)]. In Fig. 3(b), the magnetic field positions of
the conductance resonances for the different tip positions
and in direct comparison to the measurement without the
tip are mainly preserved, indicating a high stability of the
states connected to the conductance resonances.

Further, we investigate in Figs. 3(c) and 3(d) the effect of
the tip voltage on the conductance resonance, while the
coupling to the electron reservoirs is set constant. Both
figures show a high response in the AG? image within a
certain area. The distribution of the conductance resonance
for =3 V and —6 V in Figs. 3(c) and 3(d), respectively,
remains. This again indicates that certain states remain
robust in the open QD although a tip is present.

Next, we change the coupling strength of the open QD to
the electron reservoirs [Fig. 4]. Therefore, we measure
directly AG? images [Figs. 4(a)-4(d)] for different side

(b)
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FIG. 4 (color online). AG? images obtained at zero magnetic
field for different side gate voltages of V, = (a) 0 V, (b) —0.5 V,
(¢) —1.0 V, and (d) —1.5 V, respectively. These figures are plot
in the same color scale. White circles show robust spots up to
—1.5 V. (e) Conductance G across the open QD as a function of
the side gate voltage V,. By increasing the negative voltage on
the side gate, the conductance decrease due to depletion at the
constriction regions. An indication that a less negative V| is
related to a stronger coupling to the environment.
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gate voltage (V) but constant tip potential of —6 V at
B =0 mT. As we change V,, the conductance through
the dot decreases as shown in Fig. 4(e) due to the depletion
at the two constriction regions. The bright spots in the AG?
images [Figs. 4(a)—4(d)] which indicate a high AG? re-
sponse, are preserved for different V.

The observed robustness of the conductance resonances
in Figs. 3 and 4 implies that the corresponding states must
be orthogonal to the plurality of states in the system.
Indeed, this is in correspondence with what has been shown
previously for the wave functions corresponding to the
Fano resonances in open quantum dots [4]. This orthogo-
nality between the robust states and other states is pre-
sumed to result from einselection [3]. The environment
induces superselection rules; thus, pointer states emerge
[3]. Therefore, it consequently seems that pointer states in
the investigated open quantum dot are detected by our
approach.

In conclusion, we demonstrate a new approach to probe
the carrier dynamics in an open QD by using SGM tech-
nique. We show the possibility to record conductance maps
in an open QD while a magnetic field is applied. The
demonstrated technique is sensitive to probe the character-
istic of single wave functions and trajectories in the mag-
netic field. Because of the softness of the potential certain
trajectories show a high stability in the phase space for
certain magnetic fields. Therefore, the obtained AG? im-
ages reveal not only general features of closed-looped
orbits or states but rather specific features of single scarred
wave functions and trajectories which arise from the hy-
bridization between dot and environment states. The study
of the coupling from the QD to the environment gave
further evidence that pointer states can be experimentally
detected within open QDs. Finally, we propose that our
direct imaging technique will be highly valuable for the
deeper understanding of quantum decoherence theory [13]
and wave function scarring [12].
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