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Edge states reflect the key physical properties yet are difficult to probe individually, particularly when
several states are present at an edge. We present momentum resolved tunneling spectroscopy between a

quantum well and a quantum wire to extract the dispersions of the quantum Hall edge states. Momentum

and energy selective tunneling allows for separately addressing the different states even if they are spatially

overlapping. This delivers the edge state velocities over broad ranges of magnetic field and density, in
excellent agreement with a hard wall model. This technique provides a basis for future edge state selective

spectroscopy on quantum materials.
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Edge states appearing on the boundary of topological
insulators [1] and topological superconductors [2] are
directly tied to the underlying bulk properties through
bulk-boundary correspondence. To probe key properties
such as the dispersions or the associated velocities of such
edge states is, however, a more difficult task. Spectroscopic
measurements such as angle resolved photoemission can
play a crucial role in the investigation of the edge state
properties and are often used to study surface and edge
states of topological systems where the location of these
states is exposed and accessible to optical measurements
[3]. Consequently they are not applicable to quantum wells
or buried structures in which many studies are performed.

Previous characterizations of quantum Hall edge state
velocities in GaAs—one of the most studied material
systems for the integer and fractional quantum Hall effects
due to its ultrahigh mobility—relied on time-of-flight
measurements of edge magnetoplasmons [4-7]. This tech-
nique was also applied to topological phases like the
quantum anomalous Hall effect [8] and the quantum spin
Hall effect [9], but it requires challenging ultrafast time-
resolved setups. We note that the magnetoplasmon velocity
is only vaguely related to the edge state velocity since it is a
collective mode rather than a single edge state. Alternatively,
quantum interferometry [10-15] was also employed. This
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requires sufficiently small structures to keep the edge states
coherent and is generally masked by competing Coulomb
charging effects [16,17].

An important aspect of the investigation of edge states is
the ability to selectively study their properties. Momentum-
resolved tunneling spectroscopy presents a well estab-
lished method to characterize the properties of electronic
states in (partially) translation invariant systems [18,19].
Conservation of momentum automatically ensures indi-
vidual addressability of the edge states if these have
different momenta. Cleaved edge overgrowth devices [20]
in various geometries [21,22] and gate-defined quantum
wires [23] are most prominent. They were used to inves-
tigate 1D dispersions [24] and Luttinger liquid physics such
as spin-charge separation [25,26] and charge fractionali-
zation [27]. Quantum Hall edge states in such systems were
also investigated with similar spectroscopy techniques, for
example, edge state hybridization [28,29], edge confine-
ment [30,31], edge state position evolution [29], and finally
their wave functions [32].

In this Letter, we obtain the dispersions and velocities of
edge states formed in a 2D electron gas (2DEG) in a
cleaved edge overgrowth double quantum well structure.
We probe the dispersion of a selected edge state by
choosing its momentum with an in-plane magnetic field
By. We pursue two approaches: at constant density, we
probe the edge state evolution with bias voltage from small
to large perpendicular magnetic field B, which controls the
Landau levels (LLs). Alternatively, we fix B, and vary the
density below a gate, following the lowest five LLs until
their depletion. We compare the extracted velocities to a
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single-particle model using hard wall edge confinement and
find good agreement with the measurements.

A diagram of the sample and measurement scheme is
shown in Fig. 1(a). A 2DEG with an adjacent upper wire
(UW) is tunnel-coupled to a lower wire (LW) directly
below it. Surface gates g7, g5, and g3 are used to deplete
the 2DEG and UW, forming separate 10 pm sized regions,
as shown. Current flows from a source ohmic contact (S)
with the chemical potential ug through the 2DEG and the
UW, tunneling to the lower wire (thick wiggled arrow),
propagating under g5, and finally tunneling back to the
upper system into the drain (D), which is grounded. We
apply a source-drain voltage Vg5, and a small AC voltage of
6 pV at low frequencies (~17 Hz) to obtain the differential
conductance ¢ via standard lock-in measurements. In
addition, we measure the voltage drop on the tunnel
junctions, the source tunneling voltage Vg, and the drain
tunneling voltage V,p, with two voltage probes A and B.
This is needed because the voltage drop has a highly
nonlinear dependence on the applied bias voltage V¢p and
cannot be accounted for without a separate measurement.
Here we will focus on the data from the drain junction.
More details on the voltage measurement and complemen-
tary data from the source junction can be found in
Supplemental Material [33].

We apply an in-plane magnetic field By and an out-of-
plane magnetic field B, as indicated in Fig. 1(a). The
spectroscopy field By is parallel to the 2DEG and
perpendicular to the plane spanned by the quantum wires
and therefore provides a momentum kick Ak, = eByd/h
to tunneling electrons [24]. Here, e is the electron charge, d
is the center-to-center distance between the quantum wells,
and 7 is the reduced Planck constant. This allows us to
perform spectroscopy as a function of momentum by
tuning By and therefore provides the ability to selectively
tunnel to only a single edge state even when many are
present at that edge. Because of this momentum conserving
tunneling process, this spectroscopy can also be performed
at filling fractions corresponding to a conductive 2D bulk,
where other techniques are not applicable.

The field B, applied perpendicular to the 2DEG,
induces the LLs. Throughout this Letter we only refer to
the spin-degenerate LL since large magnetic fields are
needed to resolve the spins [29]. The quench boundaries of
the two-axis magnet are limiting application of large
simultaneous magnetic fields. In addition to the Landau
quantization, B, provides additional momentum when
tunneling, related to the displacement in the y direction
of the upper and lower systems, such that the total
momentum shift becomes Ak, = eByd/h+ eB,Ay/h
[29,32]. This provides independent control of the momen-
tum kick and the LLs. By applying a bias voltage, the
dispersions in the upper and lower systems are shifted in the
energy direction. The densities are assumed to be inde-
pendent of the applied bias voltage [34]. The measured
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FIG. 1. Bias voltage tunneling spectroscopy. (a) Sample sche-
matic for the velocity measurement. (b) Schematic of the
dispersion for tunneling from a Landau level (LL) to a lower
wire mode, at fixed tunnel junction voltage V,p and varying
magnetic fields from left to right when going through the panels.
The left panel corresponds to a nonresonant condition. The
second and third panels show a magnified view at two values of
By, corresponding to tracing out L L, with the Fermi point of the
LW, and vice versa. (c) Simulated current and conductance (arb.
units) (left and center panels) and corresponding conductance
measurement, used to extract the velocities for a given LL and
out-of-plane magnetic field B,. Each such measurement typically
provides two mode velocities, a fast one and a slow one. The
colored markers in the first two panels mark the positions of the
situations depicted in (b).

tunnel current is enhanced when Ak, and Vg are adjusted
such that filled states of one dispersion align with empty
states in the other dispersion [35].

We now describe the extraction of the dispersion
relations from the tunneling spectroscopy. We start by
showing the calculated dispersion relation of an LLLL,
(red) and a lower wire mode LW, (black) for three different
values of the spectroscopy field at fixed voltage V,p across
the drain junction; see Fig. 1(b). The states above the
chemical potential (horizontal dashed lines) are not popu-
lated with electrons and are shown in gray. The first panel
shows the off-resonant case, where no matching is present
(only filled states overlap each other close to the bottom of
the LW dispersion). The second panel shows the matching

246602-2



PHYSICAL REVIEW LETTERS 135, 246602 (2025)

of the LW Fermi point with the filled states in the LL
dispersion at a specific value of By. This causes the current
flow to turn on and remain on while empty, and filled states
are overlapping at the intersection of the two dispersions.
When the LL Fermi point starts to shift off the LW
dispersion (right panel), the current shuts down.

The current turns on or off precisely when a Fermi point
overlaps with the other dispersion, see the first panel in
Fig. 1(c), which results in a corresponding peak or dip in
the differential conductance, see Fig. 1(c). The peak and the
dip indicate where one dispersion is mapped using the
Fermi point of the other one, thus allowing us to separately
extract each dispersion, i.e., the dispersions of the LL and
LW modes. In the experiment, it is not always easy to
identify such pairs of differential conductance peaks
since other features such as finite size effects [36] or other
modes can interfere. A relatively clean example is shown in
Fig. 1(c) (third panel). The dispersions appear as lines here
since the curvature is negligible given the applied bias is
relatively small compared to the Fermi energy. The slope of
these lines give the velocity of the corresponding modes,

_1dE _1dVyp
Y hdk,  ddBy’

(1)

where E and k, are the energy and momenta of the states.

To study the evolution of LL velocities with the out-of-
plane magnetic field we first identify the position of the
tunneling resonances in the By-B plane. These correspond
to the matching of the LL and LW Fermi points at constant
bias voltage and are shown in Fig. 2(a) for LL, and LL,
tunneling to LW,; see Ref. [29] for the detailed identi-
fication of the various modes. Then, B, is fixed, and the
bias spectroscopy, as shown in Fig. 1(c), is performed in a
small range of spectroscopy field By in the vicinity of the
tunneling resonances. The values of B, where the spec-
troscopy is carried out are indicated by blue vertical lines in
Fig. 2(a). These positions were chosen due to the increased
contrast with respect to the background conductance.

The bias spectroscopy delivers always two velocities
which need to be properly assigned to the LL or the LW.
The LW mode is quite strongly confined and therefore
relatively weakly affected by a moderate B field, while the
LLs increase their energy linearly with B, and the edge
state velocities are reduced as the bulk LL approaches the
Fermi level. We obtain a fast and a slow value from both LL
branches [see Fig. 2(a)], delivering four different velocities.
Then, we identify the two modes with the stronger B,
dependence as LL, and LL, plotted separately in Figs. 2(b)
and 2(c), and the remaining two modes as two separate
measurements of the LW, velocities, see Fig. 2(d).

We find good agreement for the LL velocities with a
hard wall model (see Supplemental Material) applicable
here for the sharp cleaved edge potential; see the solid
curves. The results here are in the same range as previous
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FIG. 2. Magnetic field evolution of velocities. (a) Zero bias
tunnel map showing resonances as a function of out-of-plane field
B, and spectroscopy field By. Bias spectroscopy measurements
are performed at each of the blue dashed vertical lines crossing
both LL branches. (b),(c) Slow velocities measured for both LL,,
(b) and LL; (c) branches together with a hard wall model (solid
lines). (d) The corresponding fast velocities together with the
calculated LW, Fermi velocity (solid green line), assumed to be
B, independent.

measurements [10,11]. We note that 2DEG density is
enhanced by about 50% at the edge compared to the
measured bulk density. This is due to the presence of the
ionized donors on the cleaved edge side as previously
reported [29,32]. The LW, velocities turn out to be the
fastest ones extracted here, and we see good agreement
between the values from both LL branches. Further, they
also agree well with the calculated Fermi velocity (solid
green line) from the densities in these modes as obtained
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FIG. 3. Density dependent spectroscopy. (a) Setup for the
density dependent measurement. The conductance is measured
on the source junction, on which a gate (g6) is used to locally
change the density. (b) Zero bias tunnel map showing resonances
as a function of spectroscopy field By and gate voltage Vg
performed at B; = 0.5 T. The red and orange curves correspond
to tunneling between the LL and the LW, or LWj, respectively.

from low-B spectroscopy [29]. As B, is increased above
~1 T, a slight reduction of the measured LW, velocities is
observed, consistent with incipient magnetic depopulation
of the mode (not included in the model).

We also perform a second experiment at constant bias
voltage and instead extract the velocities at constant B, as a
function of density controlled with a gate voltage. As
before, we observe increased conductance when matching
the Fermi points of the LW modes with the LL dispersion,
or vice versa. Instead of shifting the dispersions in energy,
the reduction in the density of both the 2DEG and the wire
modes causes a change in their Fermi wave number kg,
which leads to a shift of the resonance position in the V -By
plane (see Supplemental Material). The measurement
configuration is shown in Fig. 3(a), and the gate voltage
V, is applied to gate g¢. The adjacent gates g; and g, are
defining the source tunnel junction by depleting the 2DEG
and upper wire. We fix the out-of-plane field B, at 0.5 T
and then record the tunneling conductance as a function of
spectroscopy field By and top-gate voltage V. In principle
this experiment can be performed at zero bias, but a fixed,
small bias voltage of Vg, ~ 100 pV is applied to avoid the

zero-bias anomaly [37,38]. This simplified measurement
scheme avoids the voltage measurement of Fig. 1(a) since
the position of the resonance does not strongly depend on
bias voltage.

The measurement is shown in Fig. 3(b), where a
derivative with respect to gate voltage was taken to remove
a smooth background stemming from the ungated section
of the source region. Two sets of resonances are shown
in red and yellow, denoting tunneling to LW, and LW,
respectively. The mode assignments are apparent from a
larger B;-By map shown in Ref. [29], and the mode
densities are extracted in Supplemental Material [33].
These resonances are only visible up to certain gate
voltages, where they vanish, marking the depletion of that
LL and the corresponding edge state. In addition to the
marked resonances, replicas due to finite size effects of the
6 pm gate are seen to follow in parallel [36]. Where a LL
crosses a wire mode in the upper system, hybridization
gaps are observed [32], which is discussed in more detail in
Supplemental Material [33].

In the gate dependent measurement no direct energy
scale is acquired due to the fixed bias voltage. Therefore, a
different approach has to be considered. The energy of an
electron at the Fermi level depends on the density which is
varied by the gate voltage, such that E = E[n(V,)]. The
velocity can then be expressed as

10E 1 0E on aV,

=== 2
"~ hok,  edonoV,oBy )

The three derivatives are 0E/dn = D(E)~!, the inverse
density of states (DOS), on/dV, = a the density lever arm,
and 0V /0By is the slope of the resonances as identified
in Fig. 3(a). Here, we have used the momentum kick Ak, =
eByd/h and the relation n(V,) = a(V, - V,,), where V,,
is the threshold voltage for the 2DEG depletion.

In the presence of an out-of-plane magnetic field the
constant DOS D, is transformed into the comb of LLs. To
perform the analysis we assume the constant DOS. This
approximation becomes progressively worse as By is
increased but, as we will see, still yields good results at
the present out-of-plane field of 0.5 T. The resulting
velocities are displayed in Fig. 4(b) as a function of gate
voltage. Two observations can be made. The velocity of the
lower lying LLs is larger compared to higher LLs, and for
all LL the velocity decreases as the density is lowered and
the LL is depleted. Both observations are consistent with a
simple LL edge state picture as shown in Fig. 4(a). The LLs
closer to the edge bend up more strongly, obtaining a larger
velocity. Further, we observe an oscillatory effect on the
velocities, which can be attributed to the simplified DOS
approximation.

Further we can convert the gate voltage into an energy by
integrating 0E/0V, = —a/D(E). With this, we can trans-
form the extracted resonances of the form V(By) to the LL
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FIG. 4. Dispersions and velocities. (a) Dispersion of LLs
extracted from the resonances in Fig. 3(a), with solid curves
corresponding to theory for hard wall edge confinement. Marker
colors are the same as in Fig. 3(a) and indicate tunneling from
LW, (red) and LW; (orange). (b) Extracted velocities as a
function of gate voltage for the resonances shown in Fig. 3(a).
For clarity, each LL is offset by 10° m/s from the one plotted
below. LL, has no offset. Solid curves are the derivative 0E/ ok,
of the theory curves shown in (a).

dispersion relation, E(k,), shown in Fig. 4(a) for the first
five spin degenerate LLs. Additionally, we show the
calculated dispersions (solid curves) modeled from
Ref. [32] for edge states of a LL confined by a hard wall.
The effect of the constant DOS used to extract the
dispersions is much smaller here than for the velocities
because these depend on the derivative of the dispersions.

In conclusion, we have employed two versions of
momentum resolved tunneling to extract dispersions and
velocities of edge states in the integer quantum Hall effect.
First, using a small bias voltage we extracted the velocities
over a large range of perpendicular magnetic fields. We
observe a reduction of the velocities as the magnetic field is
increased, in agreement with a simple hard wall model.
Second, we performed spectroscopy while varying the
density, thereby obtaining the evolution of the velocities
at a fixed By. In this way, we can directly access the edge
state dispersions, and can even study the edge states of the
same filling factors at many combinations of out-of-plane
field and density.

In the future, this method can be applied to different
material systems, such as HgTe, where intricate topological
phases can occur [39]. But even in the current device, spin
split states at higher fields and edge reconstruction effects
[29] could be studied. Further, these methods can help to
shed more light on the complexities of the edge structure
of fractional quantum Hall edge states [40,41] since
momentum resolved tunneling can give access to these

complicated, sometimes even counter propagating edge
modes. Similarly, one could potentially also discriminate
between different 5/2 candidate states [42]. As density is
lowered, the ratio of kinetic to potential energy decreases,
which can give rise to correlated phases [43,44] that may
also be observed in their edge structure [45].
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