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Two-dimensional topological insulators can feature one-dimensional charge transport via edge modes, which offer a rich ground
for studying exotic quasi-particles and for quantum materials applications. In this work, we use lateral junction devices, defined by
nanoscale finger gates, to study edge mode transport in the two-dimensional topological insulator CdzAs,. The finger gate can be
tuned to transmit an integer number of quantum Hall edge modes and exhibits full equilibration in the bipolar regime. When the
Fermi level of the channel crosses a Landau level, reflected modes percolate through the channel, resulting in an anomalous
conductance peak. The device does not fully pinch off when the channel is tuned into the topological gap, which is a sign of
remnant modes in the channel. These modes are expected from band inversion, while residual bulk conduction associated with the

disorder potential may also play a role.
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INTRODUCTION

Lateral junctions are a useful tool for manipulating and studying
topological edge modes. In quantum Hall samples, these junctions
have enabled an understanding of equilibration amongst chiral
edge states in the unipolar and bipolar regimes'™. Thus far,
studies of lateral junctions have been mostly limited to
topologically trivial materials in the quantum Hall regime, such
as GaAs/AlGaAs quantum wells'?>® and graphene*”’. Two-
dimensional topological insulators are an exciting material plat-
form for lateral junctions, as they provide an opportunity for
probing both the helical edge modes of the quantum spin Hall
(QSH) effect and the chiral edge modes of the quantum Hall
effect’®. One hurdle is that helical edge modes are extremely
sensitive to disorder and reports of their quantized conductance
remain limited to short channel devices''™'3. A lateral junction
defined by a short finger gate addresses this issue by requiring the
QSH modes to be coherent only across the nanoscale channel.
QSH edge modes are protected by time-reversal symmetry and
their behavior in finite magnetic fields is not fully understood'*'°.
Lateral junctions can reveal how edge modes interact with a finite
magnetic field and with disorder, which will allow for improved
design and material considerations for more exotic experiments
aimed at studying quantum interference, Majorana bound states,
and interactions?®23,

Epitaxial thin films of cadmium arsenide (CdsAs,) are a platform
for studying edge- mode transport in a topological material. For a
range of film thickness, (001) CdsAs, hosts a two-dimensional
topological insulator (2D TI) state®* characterized by a pair of
crossing zeroth Landau levels and a zero field topological gap®.
Helical edge modes arising from the quantum spin Hall effect are
expected to exist when the Fermi level is tuned into this gap?*.
The topological gap persists to a finite magnetic field until the
zeroth Landau levels cross and a trivial gap reopens®. Like
graphene, CdsAs, features electron- and hole-like Landau levels
which are accessible with magnetic field and gate voltage,
allowing for studies of equilibration in the bipolar regime of a
lateral junction. Furthermore, spin degeneracy is fully lifted with

the onset of Landau quantization, and individual edge modes are
clearly distinguished for a wide range of filling factors.

In this work, we report on a lateral junction device fabricated on
a 2D Tl CdsAs, thin film. The finger gate controllably transmits
individual chiral edge modes in the unipolar regime. As the
channel is tuned through a Landau level, we observe the reflected
modes partially transmitting through the channel before being
fully reflected once again. We also examine the device with the
channel tuned into the trivial and topological gap. We observe
complete pinch-off when tuned into the trivial gap, but a remnant
conductance in the topological gap. We discuss the roles of
disorder and magnetic fields to explain our observations.

RESULTS
Landau level spectrum of the 2D Tl CdsAs; thin film

Figure 1a shows the device and measurement geometry for the
lateral junctions (see also Supplementary Fig. 1). The diagonal
conductance was calculated using the additivity of voltages as
Gp = 1/(|Vu| + VL). Before we discuss the results from the lateral
junctions, we show in Fig. 1b the longitudinal conductivity as a
function of an out-of-plane magnetic field and gate voltage at 2K
on a Hall bar without a finger gate. The Hall bar was fabricated
from the same sample with an 19 nm CdsAs, film to serve as a
reference device. The crossing of two zeroth Landau levels at B, ~
7T and Vg~ —2V is a hallmark of the 2D Tl (for a detailed
discussion see ref. 2°). Around charge neutrality, which we take to
be the resistance maximum of the v =0 state, this crossing
separates a topologically non-trivial gap (B < B.) from a trivial gap
(B> B). Helical edge modes are expected to exist when the Fermi
level resides in the non-trivial gap, though they are no longer
protected by time reversal symmetry. Additional Landau levels
originating from a higher-energy subband appear at Vg ~ 2V%.
Figure 1c shows the Hall conductivity at three magnetic fields
below, near, and above B., respectively. Both even and odd
integer plateaus are seen in the Hall conductivity, indicating fully
lifted spin degeneracy, as expected for a 2D TI'°. Furthermore, a
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Fig. 1 Device schematic and Landau level spectrum. a Lateral junction device schematic and contact configuration. b Longitudinal
conductivity measured using a Hall bar as a function of magnetic field and gate voltage at 2 K. Colored dashed lines indicate the three
magnetic fields of the detailed studies of the lateral junctions. ¢ Hall conductivity as a function of gate voltage at the select magnetic fields at

2K

v = 0 plateau signifies the non-trivial and trivial gaps in the 3.5T
and 14T traces, respectively.

Edge mode transmission and equilibration

We begin by examining a lateral junction device with a channel
length /. = 500nm at B. =~ 7T. At this field, the zeroth Landau
levels cross and no v = 0 plateau exists [see Fig. 1b, cl. Figure 2a
shows traces at different v, as Vig is varied. For each trace, a
plateau is observed at Gp &~ vbez/h when vy =vy,, which
corresponds to full transmission of all available edge modes. As
Vi is decreased so that vy<vy,, the conductance decreases
monotonically to the next plateau, indicating the reflection of one
edge mode and transmission of the remaining v, — 1 modes [see
Fig. 2b for the case of v, = 2 and v4 = 1]. Upon further decreasing
VG, peaks are observed in the conductance along the edges of
the plateaus before transitioning to the next, lower plateau. These
peaks suggest partial transmission of reflected edge modes and
will be discussed in depth later. Upon further decreasing Vg to
vg = —1, the conductance decreases to a finite minimum rather
than to zero. These minima arise from equilibration between
electron-like modes in the bulk and a hole-like mode in the
channel [Fig. 2c]. Equilibration allows for charge transfer between
the edge modes and yields a finite conductance through the
channel. Theoretical values of the conductance from a simple
model following Landauer-Blttiker theory are shown by color-
coded dashed lines in Fig. 2a and show good agreement with the
data (see Supplementary Table | for the calculated values). Further
agreement is seen in the other bipolar case, where v, = —1 and
vg > 0 (Supplementary Fig. 2). As discussed in a prior work, no
spin-selectivity is seen in the equilibration®®. In contrast, for
positive Vrg, when v4 > v, we observe a fluctuating and step-wise
decreasing conductance. This decrease arises from equilibration
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between accumulated electron-like modes in the channel and the
transmitted modes from the bulk [Fig. 2d]®%®. The expected
plateaus are not well-defined, possibly owing to the short channel
length. Past works on GaAs/AlGaAs quantum wells have estimated
the equilibration length to be on the order of 10-100 um, which
would explain the incomplete degree of equilibration®”. We leave
more detailed discussions for future work.

We now consider the role of the magnetic field on the peaks
(Fig. 3). At 14T [Fig. 3a], the peaks on the edges of the plateaus are
strongly suppressed compared to the 7T data shown in Fig. 2a.
We now also see well quantized plateaus for vy = —1 due to
equilibration. Since equilibration occurs between edge states at
the finger gate boundary via inter-Landau-level transitions, it is
clear that this type of transition is not significantly suppressed at
high field. At lower magnetic fields [3.5 T, see Fig. 3c], the peaks on
the plateau edges are even larger than at 7T, to the point that
some plateaus are lost.

Channel pinch-off in trivial and topological regimes

When the channel is tuned into the gap, clear differences exist in
Gp between the topological gap (low fields) and the trivial gap
(high fields). At 14T, when the finger gate is tuned to v4 = 0, the
conductance drops to Gp <0.1€?/h, signaling a complete pinch-
off of the channel [Fig. 3al. This is expected, as a trivial gap exists
at 14 T in the CdsAs; thin film without any edge modes [Fig. 3b]. In
contrast, at 3.5T [Fig. 3c], a non-trivial gap exists, which is
expected to host a pair of counter-propagating edge modes
originating from band inversion (the edge states may scatter and
gap out due to time-reversal symmetry breaking'®'?) [Fig. 3d].
Interestingly, in the non-trivial gap, when the finger gate is tuned
to vg = 0, the conductance decreases only to a finite minimum
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Fig. 2 Edge mode transmission and equilibration. a Diagonal conductance of a 500 nm channel lateral junction device at 7T and 12 mK.
b Edge state picture for the case of partial transmission (v, = 2, v4 = 1). ¢ Edge state picture for the bipolar regime (v, = 2, vy = —1). Yellow
regions indicate equilibration between modes. d Edge state picture for the accumulation regime (vy, = 2, v4 = 3).
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Fig. 3 Channel pinch-off in trivial and topological regimes. a Diagonal conductance of a 500 nm channel lateral junction device at 14 T and
12 mK. b Edge state picture for vy = 0 at 14 T. ¢ Diagonal conductance of a 500 nm channel lateral junction device at 3.5T and 12 mK. Black
arrows indicate plateaus which are obscured by the peaks. d Edge state picture for vy, = 0 at 3.5 T. Equilibration is indicated in yellow at the

finger gate boundary.

value. This minimum Gp value increases systematically with vy, and
also decreases with channel length (see Supplementary Fig. 3).

DISCUSSION

We next discuss the data, beginning with the conductance peaks
seen on the edges of the plateaus. These peaks appear only for
plateau transitions where v, —vgq > 1, such that at least one of
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the modes from the bulk is already completely reflected.
Furthermore, the peaks are strictly higher in conductance than
the underlying plateau but lower than the highest plateau. Both
of these facts point to the peaks originating from the vy, — vgq
reflected modes leaking through the channel and contributing
an additional conductance to the already perfectly transmitted
vq edge modes. These peaks can be explained with a model'?
that involves percolation through the channel via localized states
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Fig. 4 Edge mode percolation via localized states. Schematic of
percolation through localized states in the channel for v, = 3 when
the Fermi level Eg is tuned through the N = 2 Landau level. a For
vg = 2, two edge modes transmit through the channel and one is
completely reflected. b The Fermi level passes through the center of
the N = 2 Landau level and the classical orbits of the localized states
grow, facilitating partial transmission of the reflected modes. ¢ The
Fermi level is further reduced such that vy = 1 and two edge modes
are completely reflected.

in the tails of Landau levels [see Fig. 4 for a schematic where
Vb = 3]. When vg4 = 2 and the Fermi level is in the high energy
tail of a disordered Landau level, the semiclassical orbits of the
localized states are small and one mode is completely reflected
without percolation [Fig. 4a]. As the Fermi level in the channel
approaches the center of a Landau level, the orbits of the
localized states grow, and come into close proximity with the
extended edge states at the finger gate boundary [Fig. 4b].
Consequently, charge transfer can then occur between the
reflected edge modes from the bulk and localized states at the
finger gate edge in a two-step process. First, charge tunnels
between the reflected modes and the localized state at the gate
edge through inter-Landau-level transitions. Second, this charge
percolates through the channel by tunneling between localized
states via intra-Landau-level transitions®®. This charge transfer
pathway has been established in theory? and observed
experimentally with scanning tunneling spectroscopy®®. As the
Fermi level is further reduced to vy = 1, the localized states
shrink and two modes are completely reflected.

This model explains a number of patterns in our data, which
are related to the inter- and intra-Landau-level transitions,
respectively. For one, the model explains why no peaks are seen
for the transition from v4 = vy, to vy = v, — 1 [see Fig. 2a]. In this
case, there are no modes which are completely reflected, so
decreasing Vg results in a monotonic decrease of the
conductance as one edge mode is gradually pinched off. On
the other hand, for vy —vg > 1, there is at least one fully
reflected mode which can percolate through the channel when
the Fermi level passes through a Landau level, giving rise to a
peak in conductance between subsequent plateaus. The
conductance peaks increase in amplitude as vy decreases, owing
to the increasing number of reflected modes (v, — v4) which are
available to tunnel into the localized states of the channel via
inter-Landau-level transitions. The amplitude also increases with
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vp for the same vy, which is also explained by the increasing
number of reflected modes. In both these cases, an increase in
the number of inter-Landau-level transitions between reflected
modes and localized states at the finger gate edge is responsible
for the increase in conductance peaks. A comparison of devices
with different channel lengths shows that the peaks decrease in
amplitude for longer channels, in agreement with past studies
(Supplementary Fig. 4)2. The channel length is directly related to
the number of intra-Landau-level transitions that must occur
between localized states for the charge to percolate through the
channel. Given that the probability of a single intra-Landau-level
transition is less than unity, the total probability of percolation
naturally decreases with the channel length, as more transitions
are required to span the channel?’. Therefore, percolation is
suppressed through longer channels.

The fact that the peaks are diminished at 14 T shows that the
intra-Landau-level transitions are suppressed by larger mag-
netic fields, which shrink the classical orbits of the localized
states, reducing the probability of transitions between them
[Fig. 3a]. This picture is borne out by the more prominent peaks
at lower magnetic fields [Fig. 3c]. The data also show that inter-
Landau-level transitions are not significantly suppressed at high
field, because we see well-quantized plateaus for vy = —1 due
to equilibration. Since equilibration occurs between reflected
electron-like edge modes and a hole-like edge mode at the
finger gate boundary via inter-Landau-level transitions, it is
clear that this type of transition is not significantly suppressed
at high field.

We next discuss the nature of the states that allow for the
observed transmission when the channel is tuned into the
nontrivial gap at B<B. [Fig. 3c]. As shown in Fig. 3d, in the non-
trivial gap, one of the modes belonging to the pair of helical
edge states in the channel matches with the v =1 mode from
the bulk, facilitating transmission. The other mode in the channel
equilibrates with reflected modes from the bulk, contributing to
a fractional conductance®°. This matching is possible because the
v =1 mode in the bulk region originates from the same Landau
level as the clockwise-propagating spin-up mode in the
topological gap'®. Furthermore, at a finite magnetic field, the
edge modes are spatially separated according to the picture
drawn in Fig. 3d'°. Theoretical conductances for this scenario are
indicated by dashed lines in Fig. 3c. Consistent with the
experiment, the calculated conductance minimum increases
with v,. The actual values are, however, systematically lower than
the theoretical values. This may be in part due to the finite
magnetic field, which breaks time-reversal symmetry and lifts the
protection from backscattering. Alternatively, we expect that the
disorder potentially implicated in our previous discussion also
plays a role when v4 = 0. It is well known that in small gap
semiconductors, disorder gives rise to “charge puddles” in the
gap around charge neutrality®'>2, These puddles cause inelastic
backscattering of the edge modes and may thus lead to a
systematically lower conductance. Both mechanisms may lead to
the length dependence of the conductance minimum seen in
Fig. S4. However, the deconvolution of these two mechanisms
requires future work.

In summary, we have demonstrated controlled transmission of
quantum Hall edge modes in a short-channel lateral junction.
Anomalous conductance peaks near plateau transitions were
explained by percolation through localized states in the channel
due to bulk disorder. Magnetic field and channel length
dependencies showed that this transmission path is suppressed
by reducing intra-Landau-level transitions. In contrast, inter-
Landau-level transitions were not significantly affected by
magnetic fields. Lastly, we found that the device fully pinches
off when the channel is tuned into the trivial gap, but a finite
conductance remains when tuned into the non-trivial gap. We
attribute this conductance to remnant states in the gap, which
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may either be edge states coming from band inversion or
localized bulk states due to disorder. Future work will focus on
distinguishing these contributions to conductance through
variable width devices and non-local resistance measurements.

METHODS
Device fabrication

Lateral junction devices were fabricated from an 19 nm (001)
Cd3As, film grown by molecular beam epitaxy on an -V
substrate and buffer layer, as reported elsewhere?>33, The film
was patterned using electron beam lithography (EBL) to define the
device mesa with a width of 10 um, which was isolated by argon
ion milling. Ohmic contacts (Ti/Pt/Au) were patterned with
photolithography and deposited by electron beam deposition. A
20 nm-thick Al,O3 dielectric layer was deposited via atomic layer
deposition at 120°C. The finger gates (Ni/Au) were patterned
using EBL to channel lengths /. corresponding to 250, 500, or
1000 nm, respectively, and deposited using thermal evaporation.
Ti/Pt/Au layers served as Ohmic contacts to the finger gates. A
second dielectric layer was deposited to isolate the finger gate
from the global top gate. Lastly, the global top gate (Ni/Au) was
patterned using photolithography and thermal evaporation. A
micrograph of the device is shown in Supplementary Fig. 1.

Measurement

Magnetotransport measurements were performed at 12mK in a
He-3/He-4 dry dilution refrigerator unless noted otherwise. An out-
of-plane magnetic field up to 14T was applied during the
measurements. A constant excitation current of 1 nA was sourced
at 17.778 Hz between the current contacts. The Hall and
longitudinal voltages were measured using lock-in amplifiers. A
DC voltage Vg applied to the top gate sets the bulk filling factor
vp, While a voltage Vg applied to the finger gate sets the channel
filling factor vg [Fig. 1a]. The finger gate screens the channel from
the influence of the global top gate.

DATA AVAILABILITY

The data supporting the findings of this study are available within the paper and in
the Supplementary Information. Data from this study are available at https://doi.org/
10.5281/zenodo.10072103.
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