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Anomalous conductance steps in 3D TI HgTe-based quantum point contacts
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We explore electrical transport through a point contact in strained HgTe, a three-dimensional
topological insulator. In the absence of a magnetic field B, there is no quantization. However,
under higher magnetic fields, we observe distinct non-integer conductance steps. Based on numerical
tight-binding calculations and a phenomenological Landauer-Biittiker approach, we attribute these
atypical, non-integer quantized plateaus to significant scattering effects at the point contact.

I. INTRODUCTION

Quantum point contacts (QPCs), i.e. narrow constric-
tions between two wider regions of an electron system are
a fundamental component of mesoscopic physics. In the
case of point contacts in a two-dimensional electron sys-
tem (2DES), a quantized conductance in units of 2¢2/h
has been observed [1, 2], highlighting the wave nature
of the electrons and the energy quantization of the elec-
tronic states in the constriction. These experiments con-
firmed the relationship between conductance and trans-
mission, a concept proposed by Rolf Landauer nearly 70
years ago (see [3] and references therein). Conductance
quantization in units of 2e2/h has also been observed in
metallic three-dimensional (3D) point contacts (see [4, 5]
and references therein), although the precision of quanti-
zation is less exact than in their semiconductor 2D coun-
terparts.

In a four-point geometry, the conductance or resis-
tance across the point contact can be described using
the Landauer-Biittiker approach, which expresses these
quantities in terms of the modes transmitted or reflected
at the point contact [6]. Within this picture, the re-
sistance across a ballistic constriction is given by NL”%
where r is the reflection probability of an edge channel, ¢
is the transmission probability through the constriction
and N is the number of (spin-resolved) modes. In fully
ballistic systems or in the quantum Hall regime, r, t,
and N are integers. Such point contacts made of a 3D
TT have been predicted to be potential probes for Majo-
rana bound states (MBS) if on one side of the point con-
tact there is a superconducting wire, produced by s-wave
proximity [7]. The presence of MBS would be indicated
by an unusual sequence of conductance steps given by
(n+ %)% with n = 0,1,2,3.... Similar unusual quanti-
zation in the presence of MBS states has been envisioned
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in a 1D wire with one normal and one superconducting
contact [8].

Here we explore normal point contacts made of a 3D
topological insulator (TI), i.e., strained HgTe. In addi-
tion to the usual valence and conduction band carriers,
3D TIs have Dirac-type surface states that form a 2DES
"wrapped” around the bulk of the TI. The surface states
are not spin-degenerate and the spin of an electron is
locked to its wave vector k [9]. Point contacts made in a
two-dimensional topological insulator (2D TI) have been
explored, demonstrating the typical sequence of conduc-
tance steps observed in a normal point contact in a 2DES,
except for an anomaly at the lowest conductance step
[10]. Previous work on the conductance of long topolog-
ical nanowires has demonstrated the existence of robust
topological surface states [11]. However, point contacts
in 3D TIs and potential quantization effects have not yet
been explored.

II. SAMPLES AND EXPERIMENTAL
TECHNIQUES

The investigated 3D TI QPCs were fabricated from
(013)-oriented, strained 30, 50 and 80 nm thick HgTe thin
films grown by molecular beam epitaxy (MBE) on (013)-
oriented GaAs substrates (for details see [12]). A cross
section of the finished QPC structure is shown in Fig. 1
(a), an SEM micrograph is shown in Fig. 1 (c). A lattice
mismatch of 0.3% between HgTe and CdTe, in which the
TT layer is embedded, leads to strain in the HgTe thin
film and causes a gap to open between the degenerate
I's bands, which originate from light hole and heavy hole
bands of the trivial CdTe band structure [13]. This allows
access to topological surface states connecting the I's and
I's bands. The size of the transport gap at the I'-point is
on the order of 15 to 20 meV [14, 15]. The band structure
is shown schematically in Fig. 1 (b). The fabrication
process is described in previous work [11].

The measurements were conducted using a 4-terminal
setup (illustrated in Fig. 1 (d)) over a temperature range
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(a) Schematic cross-section of a QPC (not to scale).
The QPC is defined via wet chemical etching in a quantum
well structure grown by MBE. This structure is subsequently
covered by an oxide layer (grey) consisting of SiO2 and Al2Og3
and a metallic topgate (yellow), subsequently. The topologi-
cal surface states are highlighted in red. (b) Simplified band
structure of the three-dimensional topological insulator HgTe,
showing surface states (red) within the band gap. The edges
of the conduction and valence bands, as well as the theo-
retical Dirac point, are indicated. (c) SEM image showing a
representative HgTe topological insulator (T1) quantum point
contact (QPC), at a tilt angle of 50° prior to the deposition of
the topgate structure. Wet-chemically etched trenches, about
500 nm deep, delineate the dimensions of the QPC. The image
highlights both a transmitted and a reflected edge channel.
(d) Measurement setup in 4-point geometry, where both the
longitudinal signal through the quantum point contact (xx)
and the Hall signal (xy) are measured.

from 80 mK up to 10 K. Both a dilution refrigerator and
conventional “He cryostats with variable temperature in-
sert were utilized, operating in magnetic field up to 8 T.
Standard AC lock-in techniques were employed, along
with Femto voltage preamplifiers featuring high input re-
sistance of 1TS. Excitation amplitudes and frequencies
typically ranged from 1-10 nA and 1-13 Hz, respectively,
effectively mitigating both capacitive coupling and heat-
ing effects. A total of 15 devices was tested.

III. EXPERIMENTAL RESULTS

The results of 4-terminal QPC conductance (G =
I/U,, ) measurements versus gate voltage V, at T =
80mK for device Al, representative of all group A de-
vices (group information detailed below), are shown in
Fig. 2 (a). At zero magnetic field, the measured conduc-
tance exhibits a value on the order of €?/h, weak depen-
dence on the gate voltage, absence of plateaus, and pres-
ence of random yet reproducible fluctuations. Evidently,
the structure under study is characterized by pronounced
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FIG. 2. (a) The 4-terminal QPC conductance G for de-

vice Al as a function of gate voltage is shown for B = 0, 1,
2 and 3T. The contribution from the macroscopic regions
of the sample is negligible. (b) QPC conductance G(Vg)
for magnetic fields between 0 and 5T in steps of 200mT.
For large magnetic fields, steps emerge at values of 0.6, 0.8
and 1.0e?/h). Data is for device Al. (c) Hall conductance
Gxy(Vg) for B =1-5T in steps of 1 T at the same tempera-
ture shows well-developed QHE states with precise quantiza-
tion. (d) QPC conductance G(V;) for different temperatures
between 80 mK and 800mK (and 2 and 10K in the inset).
The insensitivity of the plateau position to temperature in-
dicates the single-electron nature of the phenomenon. The
main figure corresponds to device Al, while the inset shows
data from device A3.

scattering, likely due to sharp lithographic boundaries of
the constriction or disorder. One method to mitigate
backscattering, both in the QPC and its vicinity, is to
apply an out-of-plane magnetic field [16]. As the applied
magnetic field increases in Fig. 2 (a), the measured con-
ductance systematically decreases, while also displaying
a clear dependence on the gate voltage. At B = 3T,
when the macroscopic part of the sample has already en-
tered the QHE mode, distinct steps have developed in
the conductance across the QPC on the electron side.
Surprisingly, the steps do not appear at integer values of
e?/h, but rather at non-integer values of 0.6 ¢?/h for the
first step, 0.8 €?/h for the second one etc. The QPC con-
ductance measurements, conducted over a wider range
of magnetic fields (up to 5T) and in smaller increments
(200mT), as shown in Fig. 2 (b), confirm and emphasize
the presence of anomalous steps. The presented family
of curves demonstrates that the position of these steps
remains consistent from their initial appearance to the
maximum magnetic field of 5T. This consistency sug-
gests the presence of a scattering mechanism within the
QPC, enabling a fixed fraction of electrons to traverse the



device irrespective of the magnetic field strength. While
less pronounced, similar steps are observed on the hole
side, where the current is primarily carried by valence
band holes. However, we focus our analysis on the elec-
tron side below.

To confirm the preservation of the high quality of the
2DES, similar to the observation in [17], we measure
the transverse conductance in the macroscopic region
of the sample, i.e. away from the QPC. The data in
Fig. 2 (c) show a well-developed QHE state already at
B = 3T with precise Gy, quantization and all filling
factors resolved, proving the high quality of the sample.
We also examine the response of the QPC conductance
to temperature changes. The data presented in Fig. 2
(d) clearly shows that a temperature change from 80 mK
to 10 K maintains the plateau position. A significant ef-
fect of temperature is only observed at T > 5K, when
the plateaus begin to smear, and the conductance at the
charge neutrality point at about 0.5V also increases due
to trivial activation. The insensitivity of the observed
plateaus to temperature changes suggests a lack of con-
nection with the 0.7-anomaly [18], implying the probable
single-electron nature of the scattering responsible of the
anomalous conductance quantization.

We fabricated and investigated 15 QPCs with cross
sections varying by more than one order of magnitude
(see App. I for details). Consequently, the conduc-
tance of the devices at zero magnetic field, as shown
in Fig. 3(a), ranges from 1 to 100e2/h. Surprisingly,
the measured G(V;) dependencies are not uniformly dis-
tributed across the conductance range but fall into three
distinct groups (A, B, and C) based on their conduc-
tance values. Each examined device can be assigned to
one of these groups, with none falling into the gaps be-
tween them. While the grouping at zero magnetic field
may seem unconvincing, the presence and distinction of
the groups become clear in a magnetic field. Fig. 3 (b)
shows the dependence of G(V;) in a magnetic field rang-
ing from 0 to 5T for device Bl from group B. What dis-
tinguishes group B QPCs from group A is the sequence
of step heights. Fig. 3 (c) compares the step sequence of
a representative device from group A, Al, with that of
a representative from group B, B1. The comparison of
G(Vy) at B = 5T, shows that the step heights for the
B1 device are significantly higher than those for the Al
device. These distinct step sequences are representative
of the behavior of all devices in groups A and B. Plot-
ting the step height as a function of the step number, as
shown in Fig. 3 (d), reveals a clear grouping tendency:
the difference in step height between samples in Group A
and Group B is an order of magnitude greater than the
difference within each group.

Thus, all small and medium-sized QPCs do not exhibit
a wide range of conductance values but rather fall into
one of two groups, each with predetermined behavior in
a magnetic field. Falling into either group A or B seems
to correlate with the QPC cross-section. However, unlike
the behavior of the conductance within each group, there
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FIG. 3. (a) The conductance G(V;) of the devices under
study without any magnetic field. The observed G(Vg) de-
pendencies are categorized into three distinct groups based
on the conductance value: Group A (red, G =1...2¢?/h), B
(blue, 4...10€*/h), and C (gray, > 30e*/h). While not all
data are presented, each device analyzed unequivocally be-
longs to one of these groups, with none falling into the inter-
mediate regions. (b) G(Vj) for device B1, belonging to group
B, measured for magnetic field values ranging from B = 0 to
B = 5T in increments of 200 mT. (¢) Comparison of G(Vy)
for devices Al and B1, measured at B = 5T. (d) Dependence
of the conductance step G on the step number. A grouping
at preferred values is observed for all devices from groups A
and B.

is a notable uncertainty and overlap between the groups:
samples in group A are characterized by cross-sections
ranging from 5 x 103 to 1.8 x 10*nm?, while in group
B the cross-section varies from 10* to 2 x 10* nm?. The
specific distribution of electrical charge within the QPC
can act as a random and unpredictable factor influencing
the tendency to belong to one of the groups.

Devices wider than 700 nm exhibit zero-field conduc-
tance above 30 e?/h and are categorized into group C.
This group is distinguished not only by step heights
greater than e?/h, but also by significant variation in
this value (refer to Fig. 3 (d)). However, devices in this
group possess such high conductance that they no longer
adhere to the characteristics of QPCs; rather, they mark
a transition to a macroscopic 2D system with a constric-
tion. This transition is reflected in the altered form of
G(Vy), showcasing oscillations reminiscent of Shubnikov-
de Haas phenomena rather than magnetic field-induced
steps (not shown). While the study of this transition
lies beyond the scope of this paper, our focus remains on
samples from groups A and B exclusively.

Next, we analyze the correlation between the step po-
sitions in the conductance across the QPC and the quan-
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FIG. 4. Color plots of (a) the longitudinal conductance of
device A3 and (b) the macroscopic Hall conductance. Com-
paring the conductance across the QPC in (a) with the con-
ductance of the macroscopic part in (b), we observe that tran-
sitions between steps occur at the same positions in both the
QPC and the macroscopic part, determined by the filling fac-
tor of the bulk. This suggests that the QPC acts as a filter,
allowing only a portion of the individual edge states from the
macroscopic part of the sample to pass through.

tum Hall steps outside the QPC as a function of B and
Vy in Fig. 4 (a). The steplike behavior of G(Vg, B) is
evident from the abrupt color changes in Fig. 4 (a), with
the step numbers indicated by the white labels. The dif-
ferently colored segments form a fan that originates at
the charge neutrality point. Although the conductance
values differ, this fan closely matches the one shown in
Fig. 4 (b), which visualizes the quantum Hall steps. For
B > 3T, the Hall conductance exhibits quantized values
given by ve?/h, thus reflecting the filling factor v. This
demonstrates that the step number in the QPC conduc-
tance reflects the number of filled Landau levels in the
macroscopic regions outside the QPC, and, accordingly,
the number of edge channels potentially flowing through
the QPC. Since each edge QHE state has a conductance
of €2 /h, and the height of the steps in G is always smaller
than e?/h, it indicates that the QPC acts as a filter, par-
tially transmitting the edge states from one side of the
QPC to the other. Simultaneously, the transmission coef-
ficient of this filter remains practically unchanged within
one step, i.e., in the magnetic field range from 3 to 8 T.
In a first attempt to model the unusual sequence of
plateaus, we resort to the Landauer-Biittiker (LB) for-
malism. In this formalism, the conductance of a multiter-
minal system in quantizing magnetic fields is expressed in
terms of the transmission and reflection coefficients of the
individual edge channels. The transmission coefficient
t of a QPC represents the number of one-dimensional
states that successfully pass through it. For our case,
we consider the 6-terminal device shown in Fig. 5 (a).
The contacts are numbered from 1 to 6, where contacts
1 and 4 serve as the source and drain, respectively, while
the remaining contacts function as voltage probes. For
integer QHE filling factors, transport occurs along edge
states, with the number of edge states denoted as N.
Each edge state has a conductance of e?/h. In one mag-
netic field orientation, these states propagate along the

sample edges in a counterclockwise direction. Conse-
quently, IV states flow from source 1 to contact 6. From
contact 6, these NV states move toward the QPC, where
they are split into t states that pass through the QPC
and r states that are reflected toward contact 2, with
the condition N = ¢ 4+ r. The deviation of the conduc-
tance plateaus from integer multiples of €2/h, as in our
experiments, indicates that ¢ (and consequently r) are
not integers. Within the LB-formalism, the conductance

across the QPC is given by G = %NN—_tt, from which

Jf,'—j_\;, where ¢ = G/(e?/h). Using
N = G,y /(€?/h), we can derive t from the experimental
data. This is shown for sample Al in Fig. 5 (b). The plot
shows that the transmission at the first plateau is ~ 0.4.
This means that of the single edge channel sketched in
Fig. 1 (c), 40% is transmitted and 60% is reflected at
the QPC. As the number of steps increases, the trans-
mission is not proportional to the number of steps, but
grows sublinearly.

we can derive t =

IV. THEORY: SIMULATIONS

In order to gain insight into the possible origins of the
non-integer quantized conductance steps, we employ nu-
merical tight-binding calculations with the Python pack-
age Kwant [19]. Note that a full 3D model is not tractable
in transport simulations for the experimentally stud-
ied system dimensions, where a schematic illustration is
shown in Fig. 5 (a). As the experiment exhibits signa-
tures of the 2D quantum Hall effect in strong magnetic
fields, we employ an effective model which describes a
2D electron conduction band. The Hamiltonian which
we consider is given by

h2
2me

H =

(2 4+ k2 = i+ V(w.p) o0

+ aR<kzay - kyam) + %gMBBz; (1)

where we include a Rashba-type spin-orbit coupling
term, a Zeeman term and a spatially dependent scat-
tering potential, V. For all of the shown calculations,
we fixed m, = 0.06my with mg being the free electron
mass, ag = —0.015 meVnm and g = 22.7 [20-22]. The
Hamiltonian H is then discretized via the finite differ-
ence method on a discrete square lattice with width w
and length L. The lattice constant is fixed to a = 2 nm
throughout this work. Next, we attach four vertical and
two horizontal leads to construct a 6-terminal setup, as
shown in Fig. 5 (a). The latter have the same width as
the central scattering region, while the former are sepa-
rated from the horizontal leads by the distance d, and
have a width w,. Additionally, we include the perpen-
dicular magnetic field B, via standard Peierl’s substitu-
tion [23], where we fix the gauge to A = (0, B,z,0). Fi-
nally, we define the etched QPC region by defining elliptic
areas stretching from the edges in the central part of the
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(a) Diagram of the multi-terminal device used to cal-
culate the transmission coefficient ¢ in the Landauer-Biittiker
formalism (not to scale). Out of N edge states (depicted in
black), ¢ modes (highlighted in red) are transmitted, while
r edge states (shown in blue) are reflected by the QPC. The
mechanism is shown only on one side of the QPC (from left to
right). (b) The transmission coefficient ¢(V) for device Al,
calculated from the measured values of G(V;) and Gy (Vg)
over the range B = 0...5T. (¢) An example of the elec-
trostatic potential disorder distribution in the QPC region
with the width w = 200 nm, used for the conductance simu-
lations. (d) Numerically computed conductances for the Hall
bar setup with w = 200nm shown in Fig. 5 (a) vs. chemical
potential u for a topological choice of parameters in a perpen-
dicular magnetic field B, = 5T. The Hall conductance Gy
(black) shows a spin non-degenerate step like structure with
integer multiples of e?/h (denoted as n).

scattering region. Additionally, we assume that the etch-
ing procedure not only shapes the device but also affects
the potential landscape of the QPC zone. For simplic-
ity and to be as general as possible, we include such an
effect using white noise random onsite potential V(z,y).
This potential is added to the Hamiltonian and enters the
tight-binding calculation as an on-site term. We provide
more details concerning the QPC area and the assumed
scattering potential in App. A. We also implemented a
more system-specific model for HgTe quantum wells [24]
which would allow to study topological states in a bulk
band gap, see App. B. However, since no traces of such
states were observed in experiment and both models give
qualitatively similar results, we focus on the simpler sys-
tem given by Eq. 1 .

We calculate the conductance components by numeri-
cally solving the equation

I=(G)pV, (2)

where I and V are vectors containing all currents and
voltages in the setup. We define leads 4 and 5 as current
probes, such that I = (0,0,0,0,I,—1) and set V5 = 0.

Furthermore, (.)p denotes an averaging over D disor-
der sets. It is important to average first the full con-
ductance matrix and solve then Eq. 2. Otherwise, by
first solving the equation for each disorder set and av-
eraging afterwards, the extracted longitudinal conduc-
tance leads to numerical divergences for small numbers
of edge states. The reason for that lies in the relation
Gru=Gus30=Gpy = %ﬁ [25] (for conduction band
edge states), where ¢ corresponds to the number of edge
states which are transmitted through the QPC. Experi-
mentally, ¢t can be determined by measuring the diagonal
conductance given by G4 = %t. We see that whenever
t is close to IV, one obtains a very small denominator
and G, diverges, and an adequate number of disorder
averages cannot remove those contributions.

V. THEORY: RESULTS

For the numerical simulations, we first fix the follow-
ing geometric system parameters that are valid for all
the shown results. We will consider a setup with a
width of w = 500 nm and a length of L = 1600 nm.
Then, we attach vertical leads of width w, = 250 nm
and d, = 200 nm. Next, we define the QPC region
by fixing {; = 50 nm and &, = 150 nm such that we
obtain a QPC width of wqpc = 200 nm. We se the
magnetic field strength to B, = 5 T which results in
a magnetic length of Igp = eg = 11.47 nm. There-
fore, we expect the emergence of quantum Hall states in
the QPC area. For the etching induced disorder we set
&a = 110 nm, s, = 0.1, s, = 0.05, and Keqge = 0.95 ¢
with ¢t = h?/(2m.). The bulk disorder contribution is
defined by setting Kp,x = 0.002 t. See Fig. 5 (c¢) for
an example disorder profile. Finally, we perform disor-
der averaging over 200 disorder sets to avoid conductance
signatures related to an individual disorder potential.

We illustrate the results of our transport simulations
in Fig. 5 (d), where we plot different conductance compo-
nents vs. the chemical potential. We show the absolute
value of transversal Hall conductance, |Gyy| = |Gas,13,
in black, the longitudinal conductance, G, = Gas,01,
in blue, and the diagonal conductance, Gq = G503, in
green. The results exhibit well-quantized quantum Hall
plateaus in |G| with multiples of % The lifting of
the spin degeneracy stems from the spin-orbit coupling,
and the included Zeeman effect. Concerning the longi-
tudinal conductance, G, we observe plateau-like struc-
tures, where the conductance is quantized in non-integer

values of % Furthermore, the increase in conductance
from step to step is not given by a fixed constant. Small
remaining fluctuations reflect the finite number of 200
disorder averages, which would be reduced further by in-
cluding more disorder sets. Still, the scattering of edge
states in the energy range between two Landau levels ap-
pears to be independent of the chemical potential (gate
voltage) in the numerical data. Analogously, the diagonal
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FIG. 6. (a) Landauer-Biittiker model including the introduc-
tion of two additional thermalization points at the entrance
and the exit of the QPC (contacts 7 and 8). (b) Histogram
of the step G on the step number (filled symbols, same as in
Fig. 3 (d)) for all devices supplemented by a calculated con-
ductance G = %% (empty symbols) with k =1 and k = 2
(for group A) and k = 6 and k = 10 (for group B). All ex-
perimental data fall between the calculated dependencies for
each of the groups.

conductance shows step-like features, and as mentioned
above, it is directly proportional to the number of trans-
mitted edge states t. Therefore, our results demonstrate
that, indeed, transmission is increasing in steps. Sum-
marizing, we see that disorder in the QPC area can lead
to clear step-like conductance features with non-integer
quantization in terms of e?/h.

VI. TOY MODEL AND DISCUSSION

The above numerical simulations show that steps with
non-integer conductance values can be observed at a cer-
tain level of disorder, consistent with experimental data.
However, despite the appeal of these calculations, the
disorder amplitude remains merely an arbitrary fitting
parameter. Since disorder in the junction appears to be
the dominant factor, we adopted a modified Landauer-
Biittiker-type toy model. In this model, we assume that
the QPC input and output are relevant scattering cen-
ters, while the conductivity remains largely unaffected
by scattering or dissipation outside these regions. In the
Landauer-Biittiker model, additional scattering is rep-
resented by introducing two virtual ’contacts’ near the
QPC (contacts 7 and 8 in Fig. 6 (a)). Including these
virtual contacts leads to several consequences. It enables
state mixing and thermalization within the contacts and
bypasses the N =t 4 r constraint from charge conserva-
tion. As a result, t and r are replaced by a single coef-
ficient k, determining the number of modes in the QPC,
and thus its conductance, while charge conservation re-
mains intact. The 4-terminal conductance obtained for

the given device geometry is defined by the formula
N -k e
- e (3)
N+kh

with t = N - k/(N 4 2k) the transmission coefficient. In
principle, k can take any value independent of N. How-

ever, when using a fixed value of k close to the value of
the conductivity G of the QPC at zero magnetic field
(Fig. 3 (a)), surprisingly, the results are in good agree-
ment with the experiment. Fig. 6 (b) shows that all ex-
perimental data for group A lie between the two calcu-
lated curves obtained for k = 1 and k£ = 2. Similarly, the
data for group B falls within the calculated dependen-
cies for k = 6 and k = 10. These values correspond to
the minimum and maximum conductivity, respectively,
in units of €2/h for all QPCs in each group. This finding
suggests a complementary perspective: the system can be
viewed as a series connection of two quantum Hall con-
ductors with a magnetic field-independent resistor (i.e.,
the point contact) in between, which has a conductance of
k- e2/h. In the Landauer-Biittiker model, the resistance
Ry7 between contacts 2 and 7 at a plateau corresponds to
the quantum Hall resistance e%%, R3s = 0 (noting that
Ry7 and Rgsg interchange when the magnetic field is re-
versed), and Rrg = e%%, representing the zero-field resis-
tance of the QPC. Note that k can be non-integer. When
summing these resistances to obtain the total resistance
across the point contact and converting to conductance,
we get G = ]J\y—fk%, which matches Eq. (3). This per-
spective suggests that arbitrary plateau sequences can be
generated as long as the resistance of the point contacts is
(nearly) independent of the applied magnetic field. While
this view overlooks the energy bands in the 3D topologi-
cal insulator-based QPCs and the material’s topological
nature, it accurately captures the most prominent fea-
tures. Both, the simplified model, and the numerical
calculations offer no clear explanation for why all inves-
tigated low-conductance samples fall into categories A or
B. We cannot exclude that this categorization occurred
by chance, and further investigation with more samples
might overcome the clustering.

VII. CONCLUSION AND OUTLOOK

In this work, we have shown that quantum point con-
tacts based on HgTe 3D topological insulators exhibit
quantization of the conductance at non-integer values
when subjected to a magnetic field. The occurrence of
steps can be reproduced by numerical tight-binding cal-
culations using the Python package Kwant. The calcula-
tions suggest that disorder in the point contact plays the
leading role in the atypical quantization sequences. Mod-
eling such disorder phenomenologically using a Landauer-
Biittiker model, we find that the conductance steps can
be described by Eq. (3) where N is the number of edge
modes (filling factor) in the wide regions outside the QPC
and k is the conductance in units of e? /h at zero magnetic
field.
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Appendix A: List of devices

device|w (nm)|h (nm)|A (nm?2)|first step in

G (e2/h)
Al | 580 | 30 | 17,400 0.6
A2 140 50 7,000 0.6
A3 | 9% 50 | 4,750 0.55
A | % 50 | 4,250 0.55
Bl | 710 | 30 | 21,300 0.9

B2 200 50
B3 135 80

10,000 0.87
10,800 0.85

C1 580 50 29,000 1.3
C2 580 50 29,000 1.3
C3 1,000 50 50,000 2.0

C4 | 2,000 50
C5 | 5,000 80
C6 | 10,000 | 80

100,000 2.0
400,000 2.7
800,000 3.0

TABLE 1. List of devices, including their width and height of
the HgTe layer, cross section A and the value of the first step
in the conductance.

Appendix B: Details about QPC area and potential

As already mentioned in the main text, we define the
etched QPC region by defining elliptic areas stretching
from the edges in the central part of the scattering region.
This is done by deleting sites which fulfill the conditions

(x—L/2? ¥

@F et (B1)
and
(e - L/2? | (y—w)?
e e ~F (B2)

The parameters &, and &, tune the spatial extent
of the etched regions and are illustrated in Fig. 7 (a).
The width of the central QPC region is then given by
wqrc = w — 2§,. However, for experimentally studied
QPC widths, the coupling induced by the pure geomet-
ric confinement between the emerging edge states is not
sufficient to show any scattering and therefore a finite
longitudinal resistance. Therefore, we assume that the
etching procedure is not only shaping the device, but
also strongly influences the potential in the QPC. We

want to point out that we allow for the disorder to con-
sist of two distinct parts. On the one hand, Vi (z,v)
describes the disorder which is already present in the ma-
terial before the etching procedure and its magnitude is
tuned by the value Kpy,. This component is probably
very small, as the studied mesas exhibit very long phase
coherence lengths [26]. The second component, namely
Vedge(x,y) describes the disorder which is induced by the
sample production and the strength is tuned by Kcgge.
We want to highlight that the above choice of the disor-
der potential is only done by assuming a smooth scaling
of white noise when approaching the etched areas. Still,
it suffices to show that simple onsite disorder can lead to
the formation of robust steps in the longitudinal conduc-
tance. The potential V(x,y) which we used to calculate
the results of the main text is defined as

V($, y) = V6dy6(x’y)fy(x7y)f1‘(x) + ‘/bulk‘(x7y)7 (BS)
with
fy(@,y) = 0.5{—tanh[s, (y — e(z,y) — &a)]+
tanh[s, (y + e(z,y) — wy + &a)]} + 1,

(B4)
folz) = 0.5{tanh[s, (z — L/2 + &,)]—
tanh[s,(x — L/2 — &,)]}, (B5)
and
Vedge(®,y) = Kedgen(z,y) (B6)
Vouk(z,y) = Kpun(, y). (B7)

The parameters s, and s, tune the smoothness of the
potential scaling, while &4 defines something like the
“penetration depth” of the etching-induced disorder close
to the boundaries. Additionally, e(z,y) is an offset de-
termined by the edge parametrization given by Eq. B1.
Finally, n(z,y) corresponds to random numbers which
are drawn from a uniform distribution in [0,1).

Appendix C: Further simulations: 2D BHZ model

The so-called 2D BHZ Hamiltonian [24] reads in the
basis |[E1 1), |[H11), |[E1 ), and |H1 |)

0 0
h(k) 0 0
HBHZ == ) (Cl)
0o (K
00
with
Bk — C—-(B+DXk*+M Ak
(k) = Al C+(B-DK—M
(C2)

The momentum operators are given by k? = k2 + k.
and k+ = k, = ik,. We use the Hamiltonian param-
eters A = 364.5 meV - nm, B = —686 meV - nm?,
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FIG. 7. (a) Hall bar schematic considered in the tight-binding
simulations illustrating the important length and geometric
parameters. (b) Numerically computed conductances for the
Hall bar setup with w = 200 nm shown in Fig. 5(a) vs. chem-
ical potential p for a topological choice of parameters in a
perpendicular magnetic field B, = 5T, based on the 2D BHZ
model. The Hall conductance G, (black) shows a spin non-
degenerate step like structure with integer multiples of ¢?/h
(denoted as n).

B = —512 meV - nm?, and M = —10 meV which cor-
respond to a 7 nm thick HgTe quantum well [22, 27].
This model allows us to examine a system closely related
to the experimental samples with valence and conduc-
tion band as well as topological states in a bulk band
gap. Furthermore, we also take into account additional
Hamiltonian terms originating from bulk inversion asym-
metry Hpra and structure inversion Hgy 4, as well as the
influence of the Zeeman effect H;. We also take into
account additional Hamiltonian terms originating from
bulk inversion asymmetry and structure inversion asym-
metry [21, 22, 27]. Those two contributions are given
by

and

0 0 —iRk_ O
0 0 0 0

HSIA - ZRk+ 0 0 0l (C4)
0 0 0 0

respectively, with the parameters A = 1.6 meV and
R = —15.6 meV - nm. For the latter term we simplified
the Hamiltonian and neglect the linear dependence of R
on the gate voltage induced electric field. Furthermore,
we include the Zeeman effect via [21]

9geuBB. 0 0 0
H, — 0 guipB, 0 0
7 0 0 _gEMBBz 0 ’
0 0 0 —gupBB.

(C5)
with the g-factors given by gg = 22.7 and gy = —1.21.

Note that we fix the same geometric parameters as
in the main text for the simulation of this Hamiltonian.
However, we choose for the disorder components Kcqq4e =
750 meV and Kpy = 30.3 meV to match the different
energy scale.

Results are shown in Fig. 7 (b), where we consider a
HgTe sample in the topological M/B > 0 regime and
again plot different conductance components vs. the
chemical potential.
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