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Scanning gate microscopy of localized states in a gate-defined bilayer graphene channel
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We use scanning gate microscopy to demonstrate the presence of localized states arising from potential
inhomogeneities in a 50 nm wide, gate-defined conducting channel in encapsulated bilayer graphene. When
imaging the channel conductance under the influence of a local tip-induced potential, we observe ellipses of
enhanced conductance as a function of the tip position. These ellipses allow us to infer the location of the
localized states and to study their dependence on the displacement field. For large displacement fields, we observe
that localized states tend to occur halfway into the channel. All our observations can be well explained within
the framework of stochastic Coulomb blockade.
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I. INTRODUCTION

Graphene is a promising material for semiconducting
quantum-dot-based qubits due to its small spin-orbit cou-
pling and small hyperfine interaction [1]. For a long time,
the fabrication of high-quality graphene-based nanodevices
was hindered, e.g., by the presence of strong background
potential modulations arising from the inhomogeneities and
surface roughness of the silicon oxide substrates, as well as the
existence of localized states at the etched device boundaries
[2–5]. Only recently, the conjunction of two key technologi-
cal advancements has enabled the reproducible fabrication of
high-quality graphene nanodevices. First, using encapsulation
between hexagonal boron nitride (hBN) flakes [6], edge con-
tacting [7], and graphite back gates [8] enabled the fabrication
of single- and bilayer graphene devices with very high elec-
tronic quality. Second, the use of bilayer graphene with its
electrostatically tunable band gap provided the possibility to
create gate-defined devices [9–11]. These devices require an
average disorder potential smaller than the gate-induced band
gap. If the latter condition is met, their smooth edge potentials
in comparison to the previously etched devices minimize the
appearance of localized edge states. This made it possible to
prepare high-quality quantum point contacts [8,12] as well as
few-electron or few-hole quantum dots in bilayer-graphene
channels [13,14]. These devices allow observing a plethora
of intriguing phenomena such as a tunable valley splitting in
quantum point contacts [15], excited states in few-electron
or few-hole quantum dots [16], and charge detection [17].
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However, the variability in the conductance properties of nom-
inally identical devices fabricated in close proximity to each
other indicates that local inhomogeneity of the electrostatic
potential and disorder may still play an important role. To
date, no experiments exist that focus on the local and system-
atic study of inhomogeneities and the possible formation of
localized states in such devices.

A powerful technique to engineer and image localized
states in samples in which the graphene is accessible at the
surface is scanning tunneling microscopy [18,19]. Due to
the hBN-encapsulation and the presence of gates, however,
this technique is not viable on gate-defined bilayer graphene
devices. In this paper we use scanning gate microscopy
(SGM) to demonstrate the formation of localized states in a
gate-defined bilayer graphene channel. Scanning the voltage-
biased metallic tip of an atomic force microscope over the
channel perturbs the potential landscape locally. This tech-
nique has previously been used to image localized states, both
disorder induced as well as engineered, in systems as diverse
as InAs nanowires [20], GaAs heterostructures [21,22], car-
bon nanotubes [23–26], and graphene [27–29]. References
[28,29] used the scanning gate technique on single-layer
graphene directly deposited on a silicon oxide substrate and
dry etched into a narrow constriction [28] or a quantum dot
[29]. In contrast, our experiment is based on gate-defined
bilayer graphene devices that have been shown to significantly
reduce both substrate [6,8] as well as edge disorder and lo-
calization [8,9]. We investigate a channel which is narrower
(50 nm) than the typical channel widths used for quantum dot
studies (100 nm). When the conductance through the channel
is almost completely suppressed in the absence of the tip,
we observe conductance resonances associated with localized
states. These resonances lead to concentric rings or ellipses
in the two-dimensional conductance maps obtained in SGM
measurements. The center points of these ellipses allow us
to infer the position of the localized states. By varying the
displacement field forming the channel, we furthermore gain

2643-1564/2020/2(4)/043380(9) 043380-1 Published by the American Physical Society

https://orcid.org/0000-0003-1700-3462
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0001-7007-6949
https://orcid.org/0000-0002-5587-6953
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.043380&domain=pdf&date_stamp=2020-12-16
https://doi.org/10.1103/PhysRevResearch.2.043380
https://creativecommons.org/licenses/by/4.0/


CAROLIN GOLD et al. PHYSICAL REVIEW RESEARCH 2, 043380 (2020)

S
D

Graphite
hBN

hBN
BLG

ISD

(a) (b)

(c) (d)
VSG (V)

V B
G
 (V

)

VSD,DC (mV)

D
 (V

/n
m

)

G
 (e

2 /h
)

2 .5 0 .0 2 .5

4

2

0

2

4

0

5

1 0

1 5

2 0

D (V/nm)
0.26 0.28 0.30 0.32 0.34

0.00

0.01

0.02

G
 (e

2 /h
)

5 0 5
0 .26

0 .28

0 .30

0 .32

0 .34

0 .00

0 .02

0 .04

0 .06

0 .08

0 .10

G
 (e

2 /h
)

1

2

3

6

4

5

1

2

3
4

6
5

D

D = 0 V/nm

Ev

Ec

EF

CNP

channel axis

en
er

gy
VSG

VSG

VBG

Vtip

htip

y

E

y

E

y

E

y

E

y
x

FIG. 1. (a) Schematic of the measurement setup consisting of sample plus SGM tip. The sample consists of an encapsulated bilayer
graphene (BLG) on a graphite back gate. Displacement fields between split gates and graphite back gate form a channel. The voltage-biased
tip is scanned 55 nm (with respect to the top hBN-layer surface) above the channel while we measure the conductance G between source (S)
and drain (D). (b) Two-terminal linear conductance G as a function of split-gate voltage VSG and back-gate voltage VBG in the absence of the
tip. The diagonal line corresponds to charge neutrality underneath the split gates. The displacement field in the double-gated areas increases
along the dark-orange arrow with respect to D = 0 V /nm denoted by the red cross. The insets depict the energy of the conduction band (blue),
valence band (red), charge neutrality point (grey), and Fermi-Energy (dashed black line) along the white dashed line in (a) for the respective
gate configurations. (c) Conductance as a function of the displacement field D along the charge neutrality point [orange dotted line in (b)]. The
inset depicts the schematic of a possible potential landscape along the channel axis [dashed white line in (a)]. Ec (Ev) denotes the conduction
(valence) band, EF the Fermi energy and CNP the charge neutrality point. (d) Coulomb diamonds. The grey regions correspond to conductance
values exceeding the upper limit of the color scale.

insights into the evolution of the localized states as a function
of the band-gap size and electron concentration.

II. SAMPLE CHARACTERIZATION

We perform measurements on the van-der Waals stack
depicted schematically in Fig. 1(a). It consists of a bilayer
graphene (BLG) flake encapsulated between two hBN flakes
of different thicknesses t (ttop-hBN = 32 nm, tbottom-hBN =
40 nm) and deposited on top of a graphite back gate
(BG). The fabrication of the device follows the process out-
lined in Ref. [8]. Ohmic source (S) and drain (D) contacts
connect to the BLG sheet while lithographically defined
split gates (SG, 300 nm long and 50 nm apart) allow us
to confine the current flow in the graphene to a channel
between the split gates. Throughout this work, the same
voltage VSG is applied to both split gates, and the back

gate bias is given by the voltage VBG. A displacement field
D = [CBG(VBG − V 0

BG) − CSG(VSG − V 0
SG)]/2ε0 is generated

in the double-gated areas by applying a voltage difference
between split gate (SG) and back gate (BG). Here, CSG and
CBG are the respective gate-graphene capacitances per unit
area of the split gate (SG) and back gate (BG) [30]. The
charge neutrality point in the double-gated area [red cross in
Fig. 1(b)] occurs at the offset voltages V 0

SG = −0.744 V and
V 0

BG = −0.13 V. As the gate voltages are tuned away from
these voltages, the thus generated displacement field opens a
band gap in the bilayer graphene below the split-gated regions
and in the channel. The average of split- and back-gate volt-
ages weighted by the gate capacitances furthermore allows us
to tune the Fermi level in the graphene sheet below the split
gates into the band gap, rendering it insulating. This results
in a narrow channel consisting of the remaining conductive
region between the gates.
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All our measurements are performed at T = 270 mK in
a 3He cryostat. By applying both an AC voltage VSD,AC =
50 μVrms as well as a variable DC voltage VSD,DC between
the source (S) and drain (D) contacts, we can perform both
linear and nonlinear transport measurements. To this end,
we measure the differential conductance G = ISD,AC/VSD,AC

using a home-built IV converter and a low-frequency lock-in.
The thus obtained conductance G corresponds to the sample
conductance GS for the highly resistive sample configuration
used throughout all our experiments, except for the highly
conductive regions in Fig. 1(b). In the latter, G constitutes the
lower limit of the sample conductance, due to the presence
of cable-, filter-, and contact resistances connected in series
to the sample. To explore the local properties of the channel,
we perform SGM measurements. As depicted in Fig. 1(a),
we thus position a voltage-biased metallic tip at a height
htip = 55 nm above the top hBN surface in the area above the
channel. By raster-scanning the tip we measure the differential
conductance G as a function of the tip position (x, y) or the tip
voltage Vtip.

To demonstrate the formation of the channel experimen-
tally, we first characterize the combined effect of the back-gate
voltage VBG and split-gate voltage VSG on the conductance
through the device. Figure 1(b) depicts the linear conductance
G(VSG,VBG). The latter depends on the configuration of the
band structure in the sample along the white-dashed line in
Fig. 1(a). The varying effect of the gate-voltages tunes the
conductance and valence band as well as the charge neutrality
point in the the single-gated (VBG) regions outside the channel
and the dual-gated channel region (VSG,VBG) as depicted in
the insets of Fig. 1(b). The diagonal conductance minimum
depending on both VBG and VSG corresponds to charge neu-
trality of the area underneath the split gates. Its depth depends
nonmonotonically on the displacement field D, reflecting the
electrostatic landscape in the channel. The zero of the dis-
placement field is the point of maximum conductance along
this line, which is marked by the red cross in Fig. 1(b). For all
gate-voltages along the conductance minimum, the split-gated
areas have zero total density and tend to be increasingly insu-
lating for increasing displacement fields due to the increasing
band gap in the dual-gated regions. Therefore the source-drain
current is confined to the channel at sufficiently large displace-
ment fields along this minimum.

In addition, we observe two horizontal, split-gate inde-
pendent conductance minima. The small additional feature
marked by the black arrow in Fig. 1(b) indicates that the
horizontal conductance minimum at positive VBG most likely
arises due to the charge neutrality point of the bulk regions
around the channel. The minimum at negative VBG belongs to
the charge neutrality point of additional devices connected in
series to that of interest here, which are not used in the present
work.

In contrast to previous measurements on samples with
mostly larger channel widths [8,31], the formation of the
channel not only reduces the conductance but suppresses it
almost completely for the displacement fields marked by the
orange dotted line in Fig. 1(b). Along this line, the bulk
regions of the charge carrier gas outside the channel are
n-type with a density larger than 1×1012 cm−2, while the
double-gated areas are at zero density with the Fermi level

in the middle of the band gap. In contrast to the double-gated
regions, the channel region only couples to the split gates via
stray fields. As the electrostatic coupling of the channel is thus
dominated by the back gate, the electron density in the channel
increases with increasing displacement field along the orange
line of reduced conductance [D arrow in Fig. 1(b)]. The ex-
perimental fact that the device reaches zero conductance at
positive displacement field values suggests that charge neu-
trality in the channel occurs at these positive displacement
fields. This is further corroborated by the asymmetric suppres-
sion of the conductance along the diagonal line with respect
to positive and negative displacement fields D.

Measuring the conductance along the orange dotted line
in Fig. 1(b) with high resolution reveals the conductance res-
onances of different spacing and height shown in Fig. 1(c).
To identify the same peaks throughout the measurements
presented in this paper, we label them from 1 to 6. The ob-
servation of such strong conductance resonances suggests that
localized states exist inside the channel region, which transmit
resonantly once their energy coincides with the Fermi level.

This interpretation is confirmed by the finite-bias spec-
troscopy measurements in Fig. 1(d), which shows diamonds
of suppressed conductance and irregular size. They repre-
sent the fingerprints of one or more localized states in the
channel. The presence of low-energy excited state resonances
outside the diamonds of suppressed conductance supports
the interpretation in terms of Coulomb blockade. The dia-
mond between resonances 1 and 2 has an extent of 6.3 mV
in the VSD,DC direction. Assuming that the entire voltage
drops across this single quantum-dot-like impurity leads to
an energy calibration factor for the displacement field axis
of 420 meV/(V/nm). Figure 1(d) therefore spans an energy
range of about 34 meV, which is the same order of magnitude
as typical energy gaps expected at these displacement fields
[32–34].

The charging energy for increasing electron numbers
grows from 2 meV to more than 6 meV with increasing dis-
placement field. This finding suggests that the channel tends
to become more insulating with increasing displacement field,
presumably due to the increasing energy gap and the Fermi
energy moving closer to the center of the gap.

The schematic in the inset of Fig. 1(c) summarizes one
possible understanding of the device along the white dashed
line in Fig. 1(a). Here, Ev (Ec) denotes the energy of the
valence (conduction) band edge along the channel axis, EF

is the Fermi energy and CNP the charge neutrality point.
Inhomogeneities of the potential induce localized states in
the gap as indicated schematically by the horizontal lines
within the band gap. These inhomogeneities can arise due to
a variety of sources, including, e.g., the exact shape of the
channel gates as well as defects in the graphene sheet, the
hBN, or between the different layers of the van-der-Waals
heterostructure. Depending on their position with respect to
the charge neutrality point, these localized states can have
stronger valence band character [light-red lines in the inset of
Fig. 1(c)] or stronger conduction band character [light-blue
lines in the inset of Fig. 1(c)]. Electrons occupying these
states may tunnel from the channel into the high-density
regions outside the channel. Localized states halfway along
the channel axis will typically have the highest transmission
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FIG. 2. Measurement at fixed lateral tip position above the channel. (a) Two-terminal conductance as a function of tip voltage Vtip and
displacement field D along the charge neutrality point [orange line in Fig. 1(b)]. Conductance values exceeding the upper limit of the color
scale are depicted in grey. (b) Coulomb diamonds measured as a function of tip voltage Vtip at the displacement field denoted by the orange
dashed line in (a).

in the case where a single state dominates the conductance
of the whole channel. An alternative schematic would show
the effect of disorder and the appearance of localized states
in terms of spatially varying band-edge energies. In such a
scenario, localized states would form in potential pockets of
either the conduction or the valence band edge.

In such a model, localized states would be distributed in an
uncontrolled way both in position and energy throughout the
channel. The model supports the idea of stochastic Coulomb
blockade [35], where one or more localized states participate
in transport through the channel, depending on their positions
and the mismatch between their respective quantized energy
levels.

III. TIP INFLUENCE ON THE CONDUCTANCE
RESONANCES

To investigate the formation of the localized states in
the channel, we perform SGM measurements, initially at a
fixed lateral tip position above the channel [yellow cross in
Fig. 3(a)]. We first measure the linear conductance G as a
function of tip voltage Vtip and displacement field D. The
resulting data depicted in Fig. 2(a) show that the conductance
resonances depend linearly on both tip voltage and displace-
ment field as expected from a capacitance argument. The
resonances labeled in Fig. 1(c) can be identified using the
strong correlation of the peak positions in the displacement
field D along a vertical cut at Vtip = −5 V with the data in
Fig. 1(c). The resonances in Fig. 2(a) are labeled accordingly.
We thus observe that the experimental signatures in absence of
the tip are recovered for a tip voltage Vtip = −5 V in presence
of the tip. The tunnel coupling between the localized states in
the channel and the leads is adjusted by the tip-induced poten-
tial. As a consequence, we observe different peak amplitudes
in the absence [Fig. 1(c)] and presence [Fig. 2(a)] of the tip.

The negative slope of the resonances in Fig. 2(a), together
with the fact that increasing tip voltage will increase the
number of electrons in the channel, confirms that increasing
the displacement field increases the electron number in the
channel. Moving along the orange dotted line in Fig. 1(b) in

the positive D direction, the split gate exactly compensates the
electron-accumulating tendency of the back gate in dual-gated
regions of the device. In the channel, however, the action
of the split gate is reduced to stray-field effects, and, as a
consequence, electron accumulation by the back gate gains
dominance.

The observation that all resonances in Fig. 2(a) have essen-
tially the same slope indicates that the resonances originate
either from one localized state or from few spatially closely
spaced localized states. The increasing separation of reso-
nances for increasingly positive tip voltage is in agreement
with the same observation in Fig. 1(d).

Individual resonances would die out in Fig. 2(a) with in-
creasing D and decreasing Vtip, because the increase in D also
acts in reducing the tunnel coupling of the states to the leads,
while Vtip locally keeps the localized states resonant with the
Fermi level.

The influence of the tip at fixed position on the energy of
the localized states allows us to measure Coulomb blockade
diamonds as a function of tip voltage and DC-source drain
bias as depicted in Fig. 2(b). Similar to Fig. 1(d), we observe
Coulomb blockade diamonds of different sizes as well as
low-energy excited state resonances outside the diamonds of
suppressed conductance. The Coulomb diamonds are consis-
tent with a constant lever arm and the increasing zero-bias
peak spacing. From these measurements we extract a tip lever
arm αtip = 0.0023. This rather small lever arm is the result of
the screening action of the split gates.

In order to obtain spatial information about the position of
the localized states in the channel, we raster scan the SGM tip
in the region above the channel. For these measurements, the
channel is formed by the displacement field D = 0.3 V/nm
and the tip voltage is given by Vtip = −8 V, which is repulsive
for electrons. The resulting measurement is shown in Fig. 3(a).
We observe concentric rings centered roughly around the lo-
cation of the localized states.

The ring shape of the resonances can be understood as
follows: Due to the extended electrostatic potential of the tip
induced in the channel, a change in the distances between
the voltage-biased tip and the localized states has a similar
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FIG. 3. (a) SGM measurement (Vtip = −8 V, D = 0.3 V/nm) above the channel depicting concentric rings around the middle of the
channel. The outlines of the split gates are denoted by the orange dashed lines. The yellow cross marks the tip position at which the data
in Fig. 2 are obtained. Conductance values exceeding the upper limit of the color scale are depicted in grey. (b) Logarithmic plot of the
linear conductance G(y,Vtip ) along the red dashed line in Fig. 2(a) for a displacement field D = 0.27 V/nm, different from that in (a).
The white dashed line denotes the approximate position of the split gates. The orange arrow exemplarily marks the position of an avoided
crossing.

effect on the energy levels as a change in the tip voltage.
The absolute separation between the tip and the localized
states therefore allows us to tune the energy levels of the
latter with respect to the Fermi energy, and thereby to observe
conductance resonances. The shape of a specific resonant ring
is dictated by the geometry of the potential induced by the tip
in the graphene plane, which is itself determined by the tip and
gate geometries. The spherical geometry of the tip together
with the extended long edges of the split gates leads to a nearly
elliptic shape of individual resonant rings, with the long axis
of the ellipses almost parallel to the channel axis.

For rings at large lateral tip-localized state separations, the
position of the localized states cannot be determined with
great accuracy. However, bringing the tip closer to the center
of the channel, we observe three rings centered at slightly
different positions close to the center of the channel (for
details, see Appendix A). This observation confirms that res-
onant transport occurs through states localized in the channel
midway along the channel axis.

To ascertain the peak number belonging to these ellipses,
we extract the peak occurring at D ≈ 0.3 V/nm and Vtip =
−8 V in Fig. 2(a) as peak number 5. As the measurement de-
picted in Fig. 2(a) was obtained at the tip position marked by
the yellow cross in Fig. 3(a), the innermost ellipse close to this
tip position thus corresponds to peak 5. Due to the decrease

of the tip-potential influence for increasing tip-localized state
distances, this allows us to identify the remaining ellipses
from the inner ellipse outwards as labeled in Fig. 3(a).

To get a better understanding of the influence of the tip
potential and the position of the localized states that dominate
transport, we measure the conductance G(y,Vtip ) along the
channel axis [red dashed line in Fig. 3(a)]. The gating effect
of the tip gives rise to the parabolic resonances observed in
Fig. 3(b). The curvature of those parabolas changes from
convex to concave at the symmetry line Vtip ≈ −3 V, which
we call the least-invasive tip voltage following previous
experiments on GaAs [36]. We attribute the offset of the latter
from zero to the difference in the work functions between the
PtIr tip and the sample. The change from convex to concave
in the resonance at Vtip = −3 V occurs exactly at the outer
corners of the channel gates, outlined by the white dashed line.
Following each parabola individually, we observe that their
extrema occur at different tip positions y along the dashed red
line (see Appendix B for details). This is in good agreement
with the observation that the concentric rings in Fig. 3(a) are
centered at different positions in the center of the channel.
Resonances at tip voltages below the least-invasive voltage
V LI

tip = −3 V unambiguously show avoided crossings [one of
them marked exemplarily by the orange arrow in Fig. 3(b)]
indicating mutual interactions between the respective
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FIG. 4. Evolution of the SGM measurements (Vtip = −9 V) as a function of displacement field D (upper white text, inset). The orange
dashed lines denote the outlines of the split gates. Conductance values exceeding the upper limit of the color scale are depicted in grey.

localized states. This observation further strengthens the
notion of stochastic Coulomb blockade.

In order to investigate the localized states observed in
Fig. 2(a) for specific stepwise decreased displacement fields,
we perform two-dimensional scans for Vtip = −9 V. The re-
sults are depicted in Fig. 4. The leftmost figure [Fig. 4(a)]
depicts the measurement for D = 0.3 V/nm, and shows three
concentric ellipses centered at approximately the same posi-
tion close to the middle of the channel. Identifying the peaks
with the method used in Fig. 3(a), the inner ellipse corre-
sponds to peak number 6. This allows us to label the middle
and outer rings with peak numbers 5 and 4, respectively. The
observation that ellipses are centered in one single location
could correspond to a single localized state in the center of
the channel.

Decreasing the displacement field to D = 0.28 V/nm
[Fig. 4(b)], we observe (at least) two additional elliptical reso-
nances. The smaller ellipses close to the center of the channel
are centered at two different positions within the channel,
whereas the larger outer ellipses seem to be centered at the
same position within the channel. A reliable identification
of the peak numbers in this configuration (D = 0.28 V/nm,
Vtip = −9 V) is hindered by the very dense peak spacing in
this configuration in Fig. 2(a). However, similar to the SGM
measurement in Fig. 3(a), the concentric rings are preferen-
tially centered at positions close to the middle of the channel
rather than in the outer channel regions.

Decreasing the displacement field even further, more and
more concentric ellipses appear in the SGM measurements
[Figs. 4(c)–4(e)]. In addition to the ellipses centered in
the middle of the channel, we observe rings centered at
additional positions close to the edges of the split gates
for displacement fields D � 0.27 V/nm [Figs. 4(c)–4(e)].
The first of those rings appears at D = 0.27 V/nm [Fig. 4(c)]
and their number increases for even smaller displacement
fields [D = 0.22 V/nm in Fig. 4(d) and D = 0.18 V/nm in
Fig. 4(e)]. We interpret their appearance as evidence that
the conductance below the split gates starts to increase
at these displacement fields. This increase appears to be

spatially inhomogeneous, dominated by individual localized
states.

IV. CONCLUSION

We presented scanning gate measurements on a gate-
defined channel in high-quality bilayer graphene. The scan-
ning gate images reveal the occurrence of stochastic Coulomb
blockade in the conductance through the channel at various
displacement fields. We have shown that the conjunction of
the split gates forming the channel and the back gate is
sufficient to render the 50 nm wide channel insulating. Our
data suggest that the charge neutrality point of the channel
in our sample is located at positive displacement fields. This
suggests that transport in the region below D = 0.34 V/nm
occurs through states of a character dominated by the valence
band. In the situation of strongly suppressed conductance,
localized states are most likely to be observed close to the
middle of the channel. If the displacement field becomes too
small, the dual-gated regions start to leak. This leakage is
again dominated by the local inhomogeneity of the potential.
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FIG. 5. SGM measurement of the phase of the conductance
above the channel. (a) Raw data depicting elliptic features centered at
different positions. (b) Same data as in (a) but with guides to the eye.
The dotted yellow, red, and orange ellipses denote the smallest el-
lipses centered at the three different center points marked by crosses
of the same color. The outlines of the split gates are denoted by the
black dashed lines.

APPENDIX A: DETERMINATION OF THE CENTER
OF THE ELLIPSES

The SGM measurement in Fig. 3(a) depicts elliptic features
which are centered around three different locations within the
channel. To extract the exact position of these center points,
we plot the lock-in measured phase of the conductance signal
as a function of the tip position above the channel in Fig. 5.
Throughout all measurements, the presence of cable capac-
ities in the measurement setup connected in parallel to the
sample impedance gives rise to a fixed capacitive current flow-
ing in parallel to the sample. This capacitive current appears
as a quadrature component in our lock-in measurements. The
varying strength of the in-phase current through the sample as
compared to the constant capacitive current gives rise to the
phase shifts observed in Fig. 5. If the channel is completely
insulating (implying that no energy level of a localized state is
in resonance with the reservoirs), the conductance through the
sample is suppressed. In this situation, the capacitive current
is important and gives rise to a phase shift of up to 90◦ in
the phase of the conductance signal. Once an energy level
is shifted into resonance with the reservoirs by the tip, the
current through the sample increases. This decreases the sig-
nificance of the capacitive current which results in a reduction
of the measured phase shift. Thus Fig. 5 depicts the same
elliptic resonances observed in Fig. 3(a). However, due to
the nature of the phase signal, small signatures difficult to
see in Fig. 3(a) due to variations in the conductance am-
plitude for various peaks are easier to distinguish. The raw
data in Fig. 5(a) depict elliptic features centered at three
distinct locations within the channel. To extract the exact po-

FIG. 6. Logarithmic plot of the linear conductance G(y,Vtip ) in
Fig. 3(b) along the red dashed line in Fig. 3(a). The dashed parabolic
guides to the eyes follow the observed experimental parabolic fea-
tures individually. The latter can be separated into groups (denoted
by different colors) centering at different positions within the chan-
nel (denoted by the vertical lines through the center points of the
parabolas belonging to each group).

sition of the centers of these ellipses, we model three ellipses
around a center point (xc,i, yc,i ) and rotated by an angle θ

according to

(
xi

yi

)
=

(
ai cos(θ ) cos(t ) − bi sin(θ ) sin(t ) + xc,i

ai sin(θ ) cos(t ) + bi cos(θ ) sin(t ) + yc,i

)
.

Here, i ∈ (0, 1, 2) denotes the index of the ellipse, ai is half
the width of the ellipse, bi is half the height of the ellipse,
and t ∈ [0, 2π ]. Using a rotation angle θ = 0.25 rad ≈ 14◦,
this allows us to extract the three center points of the ellipses
[yellow, red, and orange dotted elliptic guides to the eyes in
Fig. 5(b)] marked by the yellow, red, and orange crosses in
Fig. 5(b). These center points are positioned close to the center
of the channel between the split gates outlined by the black
dashed lines in Fig. 5(b).

APPENDIX B: POSITION OF LOCALIZED STATES
FROM FIG. 3(b)

The parabolas depicted in Fig. 3(b) arise due to the gating
effect of the tip voltage and position onto at least three in-
dividual localized states located at different positions within
the channel. To highlight this observation, we plot the data
depicted in Fig. 3(b) with additional parabolic guides to the
eyes in Fig. 6. Following each parabolic feature individu-
ally [dashed parabolic guides to the eyes in Fig. 6], we can
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distinguish three different center points of the parabolas.
Those points are marked by the vertical lines in Fig. 6 and
correspond to different localized states positioned at various

positions along the channel. Parabolas arising due to the in-
fluence of the tip on the same localized state are marked in the
same color.
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