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Quantum spin Hall insulators (QSHIs) host helical electronic edge states that are protected from
backscattering due to time-reversal symmetry (TRS). Despite considerable work investigating QSHI edge
states, there is still an open question about their unexpected resilience to large magnetic fields where
TRS is undoubtedly broken. In this work, we investigate the transport properties of helical edge states
in a QSHI-superconductor (QSHI-SC) junction formed by a InAs(15 nm)/GaSb(5 nm) double quantum
well and a superconducting tantalum (Ta) constriction. We observe a robust conductance plateau up to
2 T, signaling resilient edge-state transport. Using a modified Landauer-Biittiker analysis, we find that
the zero-field conductance is consistent with 98% Andreev-reflection probability owing to the high trans-
parency of the (InAs/GaSb)-Ta interface. Such resilience is consistent with the Dirac point for the edge
states being buried in the bulk valence band. We further theoretically show that a buried Dirac point does
not affect the robustness of the quasi-one-dimensional topological superconducting phase. We find that a
buried Dirac point favors the hybridization of Majorana Kramers pairs (MKPs)—predicted to exist in a
QSHI-SC constriction—and fermionic modes in the QSHI vacuum edge resulting in extended MKP states,

highlighting the subtle role of buried Dirac points in probing MKPs.

DOI: 10.1103/tw65-82r9

I. INTRODUCTION

Quantum materials are currently under intense inves-
tigation to understand fundamental interactions driving
quantum phases of matter which can be leveraged for
quantum information science and to create novel quan-
tum technology [1,2]. Quantum materials are distinct from
“classical” materials in that they exhibit emergent quan-
tum phenomena with no classical analogs [3] such as
topological protection arising from the bulk band struc-
ture of a topological insulator (TI) [4]. In the seminal
work by Kitaev, it has been recognized that topological
protection can be utilized to suppress quantum decoher-
ence in a quantum computer, e.g. by performing qubit gate
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operations with topological defects in a so-called Kitaev
chain—a one-dimensional (1D) spinless p-wave super-
conductors belonging to class D of the Altland-Zirnbauer
classification [5]. These exotic topological defects are
called Majorana zero modes (MZMs) and can be used
to construct topological qubits satisfying requirements
for universal quantum computing [6—8]. Since the ini-
tial work of Kitaev, many proposals have been offered to
realize a Kitaev chain and other analogs hosting MZMs;
however, their unambiguous experimental demonstration
remains elusive [9—20]. Most of the approaches to creat-
ing a topological superconductor (TSC) with MZMs rely
upon engineering a heterostructure involving conventional
superconductors and the superconducting proximity effect.
Within this set of proposals, the setups can be distin-
guished into two subgroups: finite- and zero-magnetic-
field schemes.

Three popular approaches to creating MZMs involv-
ing finite magnetic fields are described in Figs. 1(a)-1(c)
and capture the essence of this subgroup of schemes.
In Fig. 1(a), we describe the Lutchyn-Oreg nanowire
model [21,22] that utilizes a semiconducting nanowire

Published by the American Physical Society
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with strong spin-orbit interactions (e.g. InAs), a moderate
axial magnetic field B (B <1 T), and a conventional
superconductor (e.g. Al). A similar construction is shown
Fig. 1(b) involving a planar Josephson junction [23,24].
Here the essential distinction from the Lutchyn-Oreg pic-
ture is how a phase bias across the junction can be used
to create a stable topological superconductor (TSC) inside
the junction. Lastly, in Fig. 1(c) we describe the approach
using the quantum Hall effect. In this case, a strong mag-
netic field (B, > 1 T) drives a two-dimensional electron
gas (2DEG) in the quantum Hall regime, the counter-
propagating edge states of which can couple through a
superconductor to create a TSC [25-35]. While these var-
ious approaches are viable paths to creating a TSC with
MZMs, their integration into a quantum computing archi-
tecture [36] like the one shown in Fig. 1(d) will inevitably
involve many TSCs relying on a global magnetic field on
the order of 1 T, creating challenges for performance and
scalability.

Alternatively, the zero-field schemes described in Figs.
1(e)-1(g) do not rely upon an applied magnetic field. In
Fig. 1(e), we describe two approaches where spin textures
are induced in a superconductor, e.g. a Shiba chain [37,38],
or where zero-field analogs of the approaches described
in Figs. 1(a)-1(c) are implemented, e.g. using quantum
anomalous Hall insulators [39,40]. While an external mag-
netic field is not necessary to realize MZMs, time-reversal
symmetry has to be broken in approaches such as those

shown in Fig. 1(e), that, however, are also very difficult
to scale requiring atomic precision fabrication. In this
work, we explore an approach that is fundamentally dis-
tinct where fourfold-degenerate MZMs are realized in a
time-reversal invariant topological superconductor based
on a quantum spin Hall insulator (QSHI) [see Fig. 1(f)].

A QSHI is a 2D topological insulator (TI) hosting
a pair of time-reversal symmetry-protected helical edge
states [4,41—43]. As shown in Fig. 1(f), when helical edge
states encounter a superconducting constriction with a 7
phase bias, Majorana Kramers pairs (MKPs) [44] can
form at the ends of the constriction [45,46]. Recently, it
has been suggested that MKPs can be used to create a
Majorana Kramers qubit (MKQ) [see Fig. 1(g)] that can
perform a set of universal single- and two-qubit logic
gates [47]. Importantly, MKQs may benefit from preserved
time-reversal symmetry by having a larger topological
gap and additional protection from quasiparticle poisoning,
which could make them a viable alternative to MZM-based
qubits [47].

Currently, there exist experimental challenges in realiz-
ing a high-quality QSHI-SC heterostructure, such as edge
roughness causing spurious edge conduction [48]. Further-
more, QSHI devices with a quantized Hall conductance
have shown a confounding resilience to large magnetic
fields [49], complicating the edge-state picture where a
broken TRS is expected to open a gap at the Dirac point
of linearly dispersing edge states, which ought to lead
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FIG. 1.

(a)~(c) A schematic of TSCs with MZMs (yellow dots) in (a) a gate-defined Lutchyn-Oreg nanowire, (b) a planar Josephson

Jjunction with applied in-plane magnetic field By, and (c) a quantum Hall-superconductor hybrid structure with out-of-plane field B, .
(d) The tetron qubit-based topological quantum computing architecture based on arrays of coupled TSCs. (e)}<g) Zero-field schemes
for TSC: (e) a schematic of approaches relying on intrinsically broken TRSs with magnetic adatoms on the surface of a conventional
superconductor forming a Shiba chain, or quantum anomalous Hall effects that do not require an external magnetic field; (f) a time-
reversal invariant TSC based on a QSHI and SC constriction which hosts two degenerate pairs of Majoranas (Majorana Kramers pairs,
MKPs); and (g) a schematic of a Majorana Kramers qubit based on MKPs that can perform (left) single- and (right) two-qubit gate

operations required for universal quantum computing.
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to the suppression of edge conductance. One hypothesis
to resolve this discrepancy is to consider higher-order
corrections to the band structure of QSHIs which can
lead to a burying of the Dirac point in the bulk valence
bands, i.e. well below the bulk midgap energy [50-52].
This is similar to buried Dirac points reported in three-
dimensional topological insulators such as Bi,Te; [53],
and these works highlight the need to implement models
that go beyond simplified minimal models of QSHIs in
zincblende systems. Recent work has theoretically inves-
tigated the impact of a buried Dirac point on a QSHI-SC
heterostructure with a ferromagnetic layer [54], but a study
of MKPs is currently lacking.

In this work we present a device deliberately designed
toward the goal of realizing MKPs. This requires the com-
bination of several features: (i) extremely high-quality
InAs/GaSb semiconductor stacks grown via molecular
beam epitaxy (MBE) to minimize the effects of disorder,
that has emerged as the main obstacle toward the realiza-
tion of non-Abelian states and therefore topological qubits;
(i1) accurate control of the thickness of the InAs and GaSb
to be in the “inverted-band” regime in which the 2DEG is
expected to be in a QSHI phase; (iii) nanoscale fabrication
of a superconducting-2DEG hybrid structure and pattern-
ing of a superconducting constriction to allow the trapping
of the MKPs without decreasing the quality of the 2DEG;
and (iv) the achievement of almost ideal superconducting
edge states at the constriction. When incoming electrons
along the QSHI edges meet a phase-biased SC constric-
tion, the process of Andreev reflection can occur depend-
ing on the phase difference across the constriction [see

Fig. 2(a)]. To probe these Andreev processes, we measure
a quantized three-terminal conductance of 12(e?/A) in an
InAs(15 nm)/GaSb(5 nm) double quantum well across a
superconducting Ta constriction. Analyzing the conduc-
tance with a modified Landauer-Biittiker model accounting
for Andreev reflection of helical edge states, we find the
conductance measured is consistent with nearly perfect
Andreev retroreflection (98%), owing to the high quality of
the device and the helical edge-state properties. Perform-
ing numerical simulations of edge-state transport using
the Bernevig-Hughes-Zhang (BHZ) model [43] within the
Bogoliubov—de Gennes (BdG) formalism, we find quanti-
tative agreement with measured conductance at zero field.
In addition, we present results that show that the Dirac
point of the edge states in the InAs/GaSb double quan-
tum well is buried in the bulk conduction band, and that
this makes the superconducting edge modes needed to
realize MKPs robust against external magnetic fields. We
then show theoretically that the fact that the Dirac point
is below the edge of the bulk conduction band does not
affect the topological gap protecting the MKPs. Conse-
quentially, we establish the device design presented as a
viable, concrete, path toward the realization of MKP and
time-reversal invariant topological quantum computing.

I1. DEVICE FABRICATION

In this study the QSHI is realized in InAs/GaSb double
quantum wells. InAs and GaSb have a small effective mass,
high mobility, and low Schottky batrier to superconduc-
tors like Ta, making them attractive for superconducting
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FIG. 2. (a) A schematic of Andreev retroreflection and crossed Andreev reflection at a QSHI-SC constriction. (b) An illustration of

the material stack. (c) A microscope image of the device with edge states schematically superimposed. Contact 25 is the Ta SC quantum
point contact (QPC) and all other contacts are Ti/Au. The dashed box shows a schematic of the superconducting point contact formed
by the junction. (d) The longitudinal resistance R,, across normal contacts 3 and 13 versus the gate voltage. (¢) The three-terminal
dl /dV versus the voltage bias between contacts 13 and 25 at B =0 and V, = —0.6, —1.0 V.
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FIG. 3. (a) The three-terminal dI/dV versus V, under an

applied magnetic field B. (b) A waterfall plot of dI/dV with
increasing B. The dashed line follows the evolution of the super-
conducting gap Ay. (c) The gap A, extracted from the dI/dV
traces versus the magnetic field.

heterostructure device design. MBE techniques are used
to grow a InAs(15 nm)/GaSb(5 nm) double quantum well.
This thickness arrangement of the double quantum well
corresponds to the inverted regime where a QSHI devel-
ops [55]. The growth recipe is similar to what has been
done before [56] and has been described in Refs. [57,58].
A cross-section cut of the stack and the Ta electrode is
shown in Fig. 2(b) (full stack shown in Appendix A). The
AISb layers act as a potential barrier for the InAs/GaSb
bilayer. We define the InAs/GaSb mesa using standard
photolithography techniques and wet chemical etching
[57]. We use the etchant NH4OH (22%): H,O = 1:4 to etch
GaSb and AISD (etching rate 4 A/s), and citric acid H,O,
= 1:2 to etch InAs (etching rate 4 A/s). These etchants are
quite selective, so we normally use longer etching time to
make sure that each layer is completely etched off. Then
a Ta electrode is directly deposited in the pattern of an rf
superconducting quantum interference device (SQUID), as
shown in Fig. 2(c), creating a superconducting point con-
tact (SPC) in the InAs/GaSb mesa. To complete device
fabrication, an Al,Oj; dielectric layer is grown by atomic

layer deposition, before depositing a metal stack of Au(300
nm)/Ti(20 nm). Biasing the top Au/Ti gate allows tunabil-
ity of the electron density in the bilayer. Helical edge states
propagating along the InAs/GaSb mesa encounter the con-
striction formed by the Ta junction and hybridize, opening
up a mass gap in the edge dispersion. In this device, the
constriction length is Ly, ~ 2 wm and the separation of
the Ta arms is d = 600 nm [Fig. 2(c)]. The edge states of
InAs/GaSb have been shown to have a spatial penetration
into the bulk with an upper bound of about 300 nm [59],
so that the constriction of the device (d & 600 nm) should
lead to significant scattering between edges. The penetra-
tion of the edge states in the bulk roughly scales inversely
with the topological bulk gap. With our numerical simu-
lations of InAs/GaSb presented in Sec. V, we find an edge
penetration of about 300 nm. Since the bulk gap in the sim-
ulations is consistent with the bulk gap in InAs(15nm)/
GaSb(5 nm), we suppose that our 300 nm upper bound is
reasonable.

III. EXPERIMENTAL DATA

The carrier density that we have obtained at V, =0V

(which is close to the as-grown density) is 3.85x 10!! cm™2.

This as-grown density is similar to those reported in pre-
vious works on similar growth structures [60,61]. The
measurements reported in this work have been done on one
device where we have verified that we get the same results
on different cooldowns. In Fig. 2(d), we show the measured
longitudinal resistance R, as a function of the electro-
static gate voltage V, at base temperature 7' = 20 mK. A
peak occurs around V, ~ —0.6 V, which we attribute to
the presence of the bulk gap in the InAs/GaSb bilayer.
The maximum resistance is ~1.75 k2, which is roughly
13% of the resistance quantum R, = //2¢*. Based on a
resistor-network model [62], we expect a resistance of
R = 3Ry/8 ~ 4.8 k2 in the QSHI phase. We believe this
discrepancy is primarily due to a nonideal contact from the
Ta electrode; although, there is likely also some bulk con-
ductivity associated with disorder in the InAs/GaSb bilayer
(see Appendix A).

To investigate the edge-state regime further, in Fig.
2(e) we compare three-terminal conductance measure-
ments across the Ta constriction at the gate voltage cor-
responding to the peak in Ry, (V, = —0.6 V) and in the
hole-doped regime (V, = —1.0 V). Here a current bias is
applied between electrodes 7 and 25, and voltage is mea-
sured between 25 and 13. Both regimes show a nearly
constant conductance before the onset of conductance dips
at V. ~ £0.2 mV. In Fig. 3(a), we show the differential
conductance at ¥y, = —0.6 V for various out-of-plane mag-
netic fields. It is clear that edge-state transport appears to
be robust to magnetic fields up to ~2 T. Indeed, at 2 T,
the zero-bias conductance is still robust despite a Zeeman
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splitting Az = gugB ~ 0.88 meV (assuming a bulk g fac-
tor of 8) which is almost half of the theoretical bulk gap of
InAs/GaSb at B = 0.

Dips in the differential conductance at V,; ~ £0.2
mV are consistent with the superconducting gap of Ta
(~200 peV). In Fig. 3(b) we present the dependence of the
gap extracted from the minima of dI/dV, A, as a function
of B. First, we observe a slight enhancement of the gap at
low fields, similar to past measurements [58]. This may be
associated with the strong spin-orbit interaction [63] in the
InAs/GaSb bilayer. Notably, Ay is nearly constant at low
fields and is gradually suppressed by the magnetic field.

IV. NUMERICAL CONDUCTANCE SIMULATIONS

To interpret our measurements, we simulate the elec-
tronic transport numerically with a three-terminal setup.
Within the bulk gap of a QSHI, nominally we expect a pair
of counterpropagating helical edge states to be responsi-
ble for charge transport. When one of these edge states
encounters a superconducting interface with an excita-
tion energy below the superconducting gap, the process
of Andreev reflection occurs where a hole is retroreflected
from the superconductor and a pair of electrons cotunnels
into the condensate of Cooper pairs in the superconductor.
Perfect Andreev reflection is expected since single elec-
tron tunneling into the superconductor and backscattering
along the QSHI vacuum edge are forbidden. In our device
with a superconducting constriction, however, the geome-
try of the constriction can strongly affect the probability of
Andreev reflection since backscattering and electron tun-
neling across the constriction edge are allowed. We model
this by calculating the scattering matrix coefficients using
the PYTHON package KWANT [64]. First, we treat the super-
conducting constriction as two parallel superconducting
electrodes separated by a small gap [Fig. 2(a)]. We can

treat the QSHI-SC system within the BdG formalism as

Hpnz(K) — p A

Hpac(k) = A 1
BaG (K) ( A 1 — THag (—R T ) (1)

which satisfies the BAG equation Hgyg (%) = E (%) and
where the mean-field superconducting gap A(r) = Ae®/2
in the bottom superconducting quantum point con-
tact (QPC) arm and Ae /2 in the top arm, p is
the chemical potential, and k = —iV, is the momen-
tum operator in real space. T =1io,K is the time-
reversal operator with complex-conjugate operator K. The
BHZ model describing the QSHI is Hpnz(K) = Hpuzo +
(Az/2)o. + Hia, where Hpuzo(k) = C+ Mp. — (Bp, +
D)i* 4+ A(kyo.py — kyp,) is the conventional BHZ model,
Az is the Zeeman spin splitting, Hia describes broken
inversion symmetry in the double quantum well [65], and
p; and o; are Pauli matrices in orbital and spin space,
respectively. A detailed description of the system is pre-
sented in Appendix B. The dispersion of the BHZ model
is shown in Fig. 4(a), where the linearly crossing bands at
E = 0 are the helical edge states.

To make the connection to our measured conductance in
Fig. 3(a), we calculate the subgap conductance of the four-
terminal Hall bar shown in the inset of Fig. 4(a) using a
modified Landauer-Biittiker model for helical edge modes.
If we consider the possibility of spin-flip processes, then
both backscattering of edge states and crossed Andreev
reflection may occur in the device, so we include all of
these processes in the model. We assume that leads 2
and 3 are floating and lead 4 is a grounded supercon-
ductor. The Landauer-Biittiker equation for the current in
lead i is [; = Zj a; (V; — V), where V; is the chemical
potential of lead i, V' = V4, and a; = R/ ' - Tfje + Tf-}-e)
*. Here, Tj¢ and
TZ-Q are probabilities of electron transmission and Andreev

reflection from lead ;j to lead i, respectively, and 0 < 777,

with the resistance quantum Ry = h/e

Vdc (mV) Vdc (mV)
(a) (b) -0.1 0.0 0.1 () —0.1 0.0 0.1
- \
R
>
3
3
—.—d/a=5
-1.0 -05 00 05 1.0 -10 -05 00 05 1.0

E (D) E (B)

FIG. 4. (a) The dispersion of the Bernevig-Hughes-Zhang (BHZ) model used in transport simulations. The dashed line indicates the
chemical potential used in the simulations presented in (b) and (c). (b) The dI /dV comparison between experimental measurements
(brown) and simulation with various constriction gaps d for L, = 120a and L, = 100a, where a is the tight-binding lattice spacing.
(c) The dI /dV comparison between experimental measurements (brown) and simulation with Anderson disorder (black), Uy = 60A,
and d = 5a.
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Tf}e < 1. We suppose that the currents I} =1 = —I;. We
can calculate the resistance R34 = (V3 — V)/I and find

1 1
Ry =R - 2
e [4(The 7o) 23 — 2T — 2Tb)] @

e

where 7" = Thf = T”3 is the Andreev-reflection proba-
bility, 7% = T%g = TET is the crossed Andreev-reflection
probability, and 7° = T3 = T% is the backscattering prob-
ability. The conservation of the quasiparticle current is
expressed as 7% + T4 + T7$ + T = 1. Details of this
calculation are provided in Appendix D. At zero magnetic
field, we find that assuming a perfect Andreev reflec-
tion (7" = 1) and no backscattering and cross Andreev
reflection (7% = 0 = T?), the conductance is quantized,
Gs4 = 12¢%/h, and agrees excellently with experimental
observations.

We now present simulations corresponding to finite-
voltage-bias measurements, still at zero field. In this case,
no MKPs are expected to be present in the constriction.
Details of the simulation are presented in Appendix B.
Using ¢ = 0, we show the simulated dI /dV (equivalent to
G34) as a function of E in Fig. 4(b) for different constric-
tion widths d, comparing directly to the measured di /dV
(brown line). When d is large, a small mass gap in the con-
striction suppresses backscattering and leads to a strong
Andreev response. As the constriction is narrowed, the
Andreev reflection is weakened. This is qualitatively simi-
lar to the effect of a potential barrier on Andreev reflection
in the BTK model of a normal-metal-SC junction. Addi-
tionally, we find that Andreev reflection associated with
the superconducting constriction is robust to Anderson dis-
order. In Fig. 4(c), we show dI/dV in the presence of
Anderson disorder (black line) with a potential amplitude
U4 = 60A averaged over 55 disorder realizations. We use
a random, uncorrelated on-site disorder potential sampled
from a uniform distribution in the range [—Uy/2, Uy/2].
In Fig. 4(c) we compare the experimental conductance at
Ve =—0.6 V to the disorder-averaged conductance and
find excellent quantitative agreement. We observe only
slight deviations near the gap edge, most likely due to
nonequilibrium effects and thermal broadening that are
not captured in the Landauer-Biittiker description. Impor-
tantly, the nearly quantized three-terminal conductance we
have measured substantiates the existence of helical edge-
state transport in the device since trivial edge states or bulk
carriers lack topological protection, generally leading to a
nonquantized conductance that is sensitive to the voltage
bias.

When a magnetic field is applied, a phase bias will
develop across the constriction and can lead to the forma-
tion of MKPs when ¢ = 7. In this case, perfect crossed
Andreev reflection is expected at zero bias and results in
a negative nonlocal dI/dV; although, at moderate field

strengths, edge states will be gapped out leading to a sup-
pression of dI /dV. From Fig. 3(a), we see that this clearly
does not occur in our device. A quantized Hall conduc-
tance anomalously robust under large magnetic fields has
been reported in other InAs/GaSb double quantum wells
for in-plane fields as large as 12 T [49]. This is in contrast
with the general expectation that under a strong B field bro-
ken TRS should open a gap at the Dirac point of linearly
dispersing edge states, eventually leading to the suppres-
sion of edge conductance. While a topological excitonic
insulating state in InAs/GaSb double quantum wells due to
strong interlayer correlations may reconcile disagreement
between theoretical predictions and experimental obser-
vations concerning temperature scaling of disorder effects
[55,66,67], broken time-reversal symmetry is still expected
to gap out the topological excitonic edge states. A very
likely scenario to resolve this discrepancy is one in which
the Dirac point is moved down in energy (buried) due to
higher-order corrections to the band structure of QSHIs
[50,51]. We expect that this to be the case for our devices.
Recent work has theoretically investigated the impact of a
buried Dirac point on Majorana zero modes [54], but study
of MKPs in a similar vein is lacking. To assess the potential
of a qubit based on MKPs, theoretical analysis of realis-
tic models and experimental investigation of prospective
devices are needed. MKPs have been predicted in QSHI-
SC heterostructures in which helical edge states hybridize
ata QPC [see Fig. 8(a)]. When the SC constriction is phase
biased by a flux ®(/2 (where @ is the superconducting
magnetic flux quantum), MKPs can form at the ends of the
constriction [45,46]. In the following, we will examine this
case.

V. MAJORANA KRAMERS PAIRS WITH BURIED
DIRAC POINTS

To investigate MKPs with and without a buried Dirac
point, we consider a more detailed Hamiltonian for a sim-
ilar inverted type-II InAs/GaSb bilayer derived from k - p
calculations using the Loéwdin partitioning technique [51].
This effective Hamiltonian is a variation of the BHZ model
with additional spin-orbit coupling and ~k® momen-
tum terms: Hy = Hpuz + Hsoc + H; (see Appendix C for
details). The Hamiltonian H, allows us to accurately model
the 2DEG in the double quantum well without having to
use two different Hamiltonians for the InAs and GaSb lay-
ers and take into account the band-bending effects at the
interface between the two layers [68]. To compare the
properties of MKPs with and without a buried Dirac point
as directly as possible, we will consider two Hamiltoni-
ans: HY = Hpyz + 0.1H,. and H® = H,, where H
has an exposed Dirac point and H® has a buried one. H®
includes the term 0.1H,. in order to account for struc-
tural asymmetries [65] that give rise to a gap opening
with the activation of a Zeeman field in the z direction.
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0.0
k (1/nm)

FIG. 5. The dispersion of the Lowdin effective model for
InAs/GaSb with a buried Dirac point.

In our simulations, we use experimentally relevant param-
eters d = 600 nm, L,, = 900 nm, and a uniform spatial
grid with resolution @ = 3 nm; for more details and the
specific parameters of the Lowdin effective model, see
Appendix C.

In Fig. 5, we show the dispersion of a nanoribbon with a
1.2-pwm width calculated using H,. We see that instead of
the helical edge modes crossing in the middle of the bulk
gap, the Dirac point lies buried below the bulk valence
band. We verify the spin-momentum locking of the edge
modes in Fig. 6(a), where edge states propagating with
momentum =k, have spin projection £S,. When an out-
of-plane magnetic field is applied, a Zeeman splitting Az
opens a minigap in the edge dispersion as shown in Figs.
6(b) and 6(c). Due to the magnetic field, we see that the
edge states acquire a nonzero S, spin projection in Fig. 6(c)
and the edge-band degeneracy is lifted. In this case, the
edge-state spins begin to cant with respect to the S, axis,
as depicted in Fig. 6(d), allowing for spin-flip scattering at
the SC constriction.

We can analyze the effect of spin canting on edge
conductance where within the Born approximation we
can estimate the edge-state mean-free path to be
[66] £mep < vr/E(hS11/VodB)?, Where (V(r)V(r)) = §VS
(r — 1) describes uncorrelated disorder, §u is the differ-
ence between the chemical potential and the position of the
Dirac point, and §p is the minigap opened by the magnetic
field. The constant of proportionality in this expression, in
part, describes the spin susceptibility of the edge states,
i.e. how readily they align with the magnetic field. In
Fig. 7, we quantify the spin susceptibility of H and
H®@ for A; = 0.25A by comparing the relative spin angle
between edge states with opposite momentum. We find
that buried edge bands have stronger spin susceptibility
where the spins of edge states with opposite momentum
have a relative angle less than 7, even in the middle of the
bulk gap. This suggests that even weak disorder, such as
the weak uncorrelated disorder that we have incorporated

@ \ -0 ® \ Ay>0 0.50
J ”? _ ’ ;J 0.25
E 0 \ 0.00

0.

@& /_\,/\ -0.25
-0.5 -2 \

(arb. units)
Sy (arb. units)

Ay
s
\
w
o~

-0.2 0.0 2 -0.2 0.0 0.2
k (1/nm) k (1/nm)
c @ ]
© A,>0 05 S.

A,=0

o
o
S, (arb. units)
el
®

7\ -0.5 S,
-2 “ //
. A, >0 Qy%
-0.2 0.0 0.2 Sy -
k (1/nm)
FIG. 6. (a),(b) The edge-state dispersion calculated from H,

with spin projection S, for (a) Az = 0 and (b) Az = 4A. (c) The
spin projection S, for Ay = 4A. (d) A schematic of spin cant-
ing of edge modes with A, > 0 associated with an out-of-plane
magnetic field leading to edge backscattering at the SC constric-
tion.

into our transport calculations, can cause non-negligible
backscattering at low fields in our three-terminal mea-
surement extending over roughly 8 wm. This mechanism
likely describes the slight dip in the subgap conductance
observed in Fig. 3(a) at low fields.

In Fig. 8(b), we present the dispersion for " with
Az = 0 and 4A. To visualize the MKPs, we consider the
local density of states of a pair of MKP eigenstates trans-
formed into left- and right-parity states v,z = %(g{ur +
iv_), where {1 are one pair of positive and negative
energy MKP eigenstates. This is a useful transformation
of both Majorana zero modes and Kramers pairs since
the left- and right-parity states are expected to be highly
localized with little overlap between them. To be able to
visualize using only positive effective weights the spatial
profiles of the MKPs, |z |? relative to their overlap:

£ (el = 1vrl?), £ (vel® = 1yrl?) = 0,

e
Vel 0, otherwise

€)

Note that in the thermodynamic limit (L, — 00),
|1/~/L/R|2 = |¢/&|*. In Fig. 8(c) we plot the MKP relative
weights |1/7L/R|2 with Az = 0. Compared to Fig. 8(a), |/,]?
here is extended along the vacuum edge of the QSHI
region. This occurs because the tunneling barrier (com-
bination of the edge-state mass gap and the constriction
length separating the QPC and QSHI) between the MKP
and fermionic modes in the QSHI region is insufficient
to pin the left Majorana modes to the constriction. The
evolution of MKP energies with Zeeman splitting Az is
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FIG. 7. The edge-state dispersion with spin canting angle for
Az = 0.25A calculated from (a) H" (exposed Dirac point) and
(b) H? (buried Dirac point).

presented in Fig. 8(d). With time-reversal symmetry lifted,
the MKPs split from £ = 0 and modulate weakly before
evolving near Az = 0.45A into one pair of Majorana zero
modes and a pair of trivial finite-energy states.

Before analyzing the viability of MKPs with a buried
Dirac point, let us discuss the impact of the constriction
on edge states with an exposed Dirac point compared to a
buried one. When top and bottom edge states hybridize in
a normal constriction, they open a gap Agpc in the dis-
persion near the Dirac points. When the Dirac point is
in the middle of the bulk gap, this can gap out the edge-
state dispersion if the constriction width is smaller than
the penetration of the edge states into the bulk. For edge
states with a buried Dirac point, unless Agpc exceeds the
difference in energy between the Dirac point and the top
of the valence band, edge states in the QPC remain gap-
less regardless of the position of the Fermi energy in the
bulk gap. Thus, the key difference arises in the role of the
mass gap opening at the Dirac point when the edge states
encounter the constriction. Despite this modification to the
bands, with a buried Dirac point there still exist two Fermi
points with £ > 0 that have superconducting gaps of differ-
ing signs inside the r phase-biased SC constriction. Then,
in principle, pairing of counterpropagating edge states on
the top and bottom of the constriction is unaffected by a
buried Dirac point, permitting MKPs at the ends of the con-
striction. Now, in the case of a buried Dirac point where

the edge dispersion remains gapless in the constriction, no
insulating domain wall exists between the QSHI and SC
constriction that pins the MKP. Without a domain wall to
pin the MKP, the tunneling between low-energy fermionic
modes in the QSHI and the MKP can be significant, lead-
ing to an extended MKP state. This is similar to what
happens to a Majorana zero mode at the end of a topo-
logical superconductor (TSC) nanowire when it couples
strongly to a normal region where the SC gap is removed
(see Fig. 17 in Appendix E). This can also occur with an
exposed Dirac point [cf. Fig. 8(c)], but it will be ubiqui-
tous with a buried Dirac point. Due to this strong coupling
of the MKPs and fermionic states, a narrower constriction
is needed in order to pin MKPs (see Fig. 19) and differen-
tiate between conductance signatures of MKPs and trivial
Andreev bound states.

In Fig. 8(e), we show the dispersion of H®, where
the Dirac point lies just below the valence band edge for
Az =0 and Az =4A. In Fig. 8(f), we present the ana-
log of Fig. 8(b) with H®. The MKP weights are similar
to the exposed Dirac point scenario in Fig. 8(c), but here

(a)

S
®
units)

S oo
= o » o
12 (arb. units)

S

>

@81 (arb.

S
N
1
S
o
7

E (meV)
o

-0.2 0.0 0.2 0.0 02 0.4 0.6
k (1/nm) Bz (D)

10  glo
osZ fosi

_______ 5
065

04T

J 025 |02

2 (arb. units)

E (meV)

0.2 0.4 0.6
k (1/nm) Az (B)

FIG. 8. (a) A schematic of the device setup where a = phase
difference across the junction leads to the creation of MKPs
(yellow). (b) The dispersion of H" with (blue) and without
(black) Ay. (c) The relative weights |Yz|> and |v/;|? of a MKP
at Az = 0 using HV. (d) The corresponding eigenenergies ver-
sus Ayz: the arrow indicates the onset of a spinless p-wave state.
(e) The dispersion of the Lowdin effective model for InAs/GaSb
with (blue) and without (black) Az. (f) The relative weights | ¥zl
and | |* of a MKP at Ay = 0 using H®. (g) The corresponding
eigenenergies versus Ayz.
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the MKP is more localized along the vacuum edge of the
QSHI region. In Fig. 8(g), we note a qualitative differ-
ence in the effect of the Zeeman splitting: oscillations in
the MKP energies are regular and persist throughout the
range of Zeeman splittings we consider. These oscilla-
tions are similar to the oscillations expected in finite-sized
systems hosting Majorana zero modes, which have been
investigated extensively [69,70], but here they correspond
to MKPs rather than a single pair of Majorana zero modes.
Importantly, contrary to the case in Fig. 8(d) with an
exposed Dirac point, in Fig. 8(g) no transition occurs to
a spinless p-wave state (with a single pair of zero-energy
states) when the Dirac point is buried. In fact, the MKP
weights at finite Ay (see Appendix E) suggest that the sys-
tem still contains weakly hybridized MKPs despite lacking
topological protection [71], even for values of Ay where
the H system is driven into a spinless p-wave phase.
This delay in transitioning to a spinless p-wave state can
be traced back directly to the buried Dirac point. For Majo-
rana zero modes with buried Dirac points, it has been
shown that the transition from a trivial phase to a TSC
induced by a Zeeman splitting is shifted to larger val-
ues of Az when the chemical potential does not coincide
with the Dirac point [54]. In our context, the transition
from weakly hybridized MKPs to Majorana zero modes is
shifted to larger Az when the chemical potential does not
align with the Dirac point. Thus, a buried Dirac point may
help preserve the MKPs under finite magnetic fields.

VI. CONCLUSIONS

In this work, we have presented an experimental
device specifically designed toward realizing MKPs and
which satisfies the essential requirements toward this goal.
We have fabricated a device based on a InAs(15nm)/
GaSb(5nm) bilayer with a superconducting Ta constric-
tion. Using an electrostatic gate, we have tuned the
InAs/GaSb bilayer to a bulk band gap and measured a
three-terminal conductance dI /dV ~ 12(2 /h) at zero field
with a conductance plateau remaining robust up to an
external magnetic field of 2 T. Using a modified Landauer-
Biittiker analysis accounting for helical edge states and
Andreev processes, we have found the measured dI /dV to
be consistent with ~98% Andreev retroreflection probabil-
ity which is in quantitative agreement with tight-binding
simulations of the device. The robustness of the conduc-
tance to B strongly points to a buried Dirac point.

Turning to a theoretical analysis of potential future
devices, our simulations show that a buried Dirac point
in the configuration of our device works to preserve
MKPs under broken TRS. We have shown that a buried
Dirac point also reduces the tunneling barrier between the
QSHI and the SC constriction, which can cause any reso-
nant structure associated with the MKPs, such as crossed
Andreev reflection [45,46], to be washed out. This low

tunneling barrier consequentially unpins a MKP [the left
side of the constriction in Figs. 8(c) and 8(f)], result-
ing in a nonlocal MKP that remains decoupled from the
other MKP. Since the coupling of MKPs on either end of
the constriction is unaffected, the topological gap is unaf-
fected. Given that, the MKP can become an extended edge
state rather than a localized “defect” and we can apply
edge-state techniques such as scattering at normal QPCs
to probe the MKPs. On the other hand, if we want to pin
the MKP as originally proposed, this can be achieved by
reducing the separation of the Ta electrodes further to less
than 100 nm, well within the resolution of available litho-
graphic techniques. Future work on devices with narrower
Ta constrictions may be promising for finding evidence for
perfect Andreev reflection resonant with MKPs in nonlocal
conductance measurements.
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APPENDIX A: ADDITIONAL EXPERIMENTAL
DATA

In Fig. 9, we show the full material stack of the super-
conducting device discussed in the main text. A high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of a heterostructure
that we grew using the same growth parameters (e.g. the
same growth temperatures) and the same MBE machine
as the one we used in the main text shows perfect epitax-
ial interfaces between InAs, GaSb, and AISb, respectively
[72]. This clearly demonstrates the high quality of the
interfaces in our InAs/GaSb samples. Because of this we
conclude that in our devices the dominant disorder arises
from random, screened charge impurities and that other
sources of disorder, such as interfacial disorder [73,74],
should be negligible.

The magnetoresistance (R,,) data in the device region
without the superconductor are shown in Fig. 10. At both
Ve =0 and —1 V, the Shubnikov—de Haas (SdH) oscil-
lations are observed [Fig. 10(a)]. Fast Fourier transform
(FFT) analysis of these SdH oscillations is carried out,
from which the electron density 7, = 3.85 x 10'! cm™2
at V; =0 V and hole density n, = 3.15 x 10! cm~? at
V, = —1 V are deduced. Furthermore, their mobilities are
obtained. At Vo =0V, ., = 8.1 x 10* cm?/Vs; at V, =
—1V, u, =94 x 10* cm?/V's. The calculated electron
and hole mean free paths are 0.83 pwm and 0.87 wm, respec-
tively. These mean free paths are smaller than the device
dimension (~3 pwm). So, the bulk contribution to R,, can
be non-negligible.

In Fig. 11, we present the three-terminal differential
resistance dV/dl at Vy, =0 V measured as a function of
sample temperature (7). It is constant at high tempera-
tures. The sharp drop at 7 ~ 1.3 K is due to the onset of
the superconducting transition of the Ta electrode. dV/dI
continues to decrease as the temperature is lowered.

In Fig. 12, we present R,, measurements as a function
of the gate voltage in a w-bar device (inset). The device

nAs 5 nm Ta 200 nm

AISb 50 nm
GaSb 5 nm
InAs 15 nm

AISb 50 nm

AISb/GaSb superlattice
AISb 1000 nm

GaSb 1000 nm

FIG. 9. A heterostructure material stack of the superconduct-
ing device.

o
—

o
S

o

n,=385x10" em™

—y=0
n,=315x10" em™

—V=1v

IS

FFT amplitude (arb. units)
N

P

B (T) FFT frequency (T)

FIG. 10. Electronic transport characterization in the device
region without the superconductor. (a) The magnetoresistance
R, at two gate bias voltages of 0 (black curve) and —1 V (red
curve), respectively. Shubnikov—de Haas (SdH) oscillations are
observed. (b) Fast Fourier transform (FFT) analysis of the SdH
oscillations in (a). At V, = 0 V, where the carriers are of elec-
tron type, a single FFT peak is seen. At V, = —1 V, where the
carriers are of hole type, two peaks are seen. From the positions
of the main peaks, the electron and hole densities are deduced:
n, =3.85 x 10" em? and n, = 3.15 x 10! cm™2.

has been fabricated on a different sample than the one pre-
sented in the main text, but both samples follow the same
fabrication procedure. We observe a peak R, ~ 3.5 k€2,
which is consistent with R,, measured in other InAs/GaSb
double quantum wells in the QSHI regime with similar
device geometry [75].

In Fig. 13, we show the resistor-network model used to
estimate the expected R, in the QSHI phase. The edge
modes between contacts are assumed to have resistance
R, with ideal contacts, which results in a resistance across
contacts 3and 13: R, = V3_13/1 = %Ro ~ 4.84 k2. There

T T T T
5k
4k
/
~ /
G 3t / 1
4 /
N~ /
2 /
S 2} _-n )
m-- V=0V
[ 7-->25
T V:13-->25 1
0 " 1 L 1 L 1 L 1 L 1 " 1 L 1 L 1 " 1
-02 00 02 04 06 08 10 12 14 16
T (K)
FIG. 11. The temperature dependence of the three-terminal

differential resistance dV/dl at V; = 0 V. The dashed line is a
guide to the eye.
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p (V)

2.0 -15

FIG. 12. R,, measured in 7-bar device (inset).

are two possibilities that we have identified to explain
the discrepancy between the expected and measured R,,.
First, there may be a parallel bulk channel with resistant
Ry ~ 2.74 k2. Alternatively, the assumption of an ideal
contact may break down for lead 25 where Ta forms a
constriction, in which case a contact resistance of ~13Ry
can account for the discrepancy. Both effects likely con-
tribute to the observed R, but the nearly quantized value
of dI/dV (12¢*/h) in the three-terminal measurement is
consistent with a primarily edge-state picture.

Lastly, we have performed a second cooldown of the
device reported in the main text to check the reproducibil-
ity of the zero-field subgap conductance plateau. The
nonlocal differential conductance measurement is shown
in Fig. 14.

12F

m

10}

di/dVv (e?/h)
()]

a4l
21
“10  -05 00 05 10
Ve (mV)
FIG. 13. The three-terminal dI/dV versus the voltage bias

between contacts 13 and 25 at B =0 and the gate set to the

charge-neutrality point upon a second cooldown of the device.

3 13

Fa 25

1

FIG. 14. The resistor-network model for edge transport of the
device. Contacts are indicated by dots and the contact labeling is
the same as shown in Fig. 2(c).

APPENDIX B: BHZ TIGHT-BINDING MODEL

To simulate the conductance across the QPC, we use the
following tight-binding Bogoliubov—de Gennes Hamilto-
nian on a square lattice:

H]g?{dZG) = Z W.Tn (HsmTz: ® 09 ® p; — LT, ® 00 & Po

In

- A(rn)fy ® 0, ® )00) Yr,

51
_ Z Synym Va (Erz ® 00 ® p-
(nm)

1)
2

+ (4
- Z axn,xm 1/fr,, ETZ Koy ® p;
(nm)

ir
+ rz®do®po+5fo®0z®0x>‘/frm

153 i
+—Tz®0’0®,00__75z®00®,0y Wrm,

2 2
(B1)
where Y, = (Crys o )Ty Crn = (Cony 1 Cro i 1> Cra iy 1
Certiy1)7s Oy po (Cry po) is the creation (annihilation) oper-
ator for an electron at site r, in orbital p with spin o, and
T;, pi, and o; are 2 x 2 Pauli matrices. u is the chemical

1
Ls’y
L,|" QSHI d
Lx

FIG. 15.
tions.

A schematic of the system geometry used in simula-
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TABLE I. The parameters used to generate Fig. 3.
Mesm A 4 15) A ABIA X le I Lx Ly Ls,x Ls,y
0.5 0.05 1 0.6 0.3 0.01 0.06 0.003 0.003 80 140 100 40

potential, assumed to be uniform throughout the system.
The superconducting gap A(r) is taken to be Ae’/? in the
top superconductor, Ae~**/2 in the bottom superconductor,
and zero otherwise. Due to the bulk and structural inver-
sion asymmetries in the double quantum well, we include
the term

Hl(fdG) = Z WI,, (—ABIATZ ®o,® :Oy) Yr,
I'n

i
+ E ZSYn,YMw:n (RC(X)TZ ® Oy ® Py

(nm)

+ Im(x)7 ® 0x ® p+ — 7o ® 0x @ (fep+ + thp-)) Y,

i "
=5 2 S ¥, Re(OT ® 03 ® iy

(nm)

—Im(¥): ® 0, ® pr — 7. ® 0, ® (lepy — th,()_)) Ve
(B2)

where Agia, Z., and #, describe the bulk inversion asym-
metry and x describes the structural inversion asymmetry.
The dimensions of the system modeled are shown in Fig.
15.

APPENDIX C: LOWDIN EFFECTIVE
TIGHT-BINDING MODEL

We model the buried Dirac point in InAs/GaSb using the
effective Hamiltonian derived in Ref. [51]:

1
HED = 23 W Gz + b+ e + ha) Wi (C1)
k

where, using abbreviated notation for Kronecker products,
we have

hBHz=Tz(C—M+MPz—Bk2/0z

A
- Dkz +A(kxo'sz - kypy)) + 720'29

(€2

TABLE II.

h3 =T <F(kgasz - k)%py) + Q(kikypy - kxk}%(fsz)> 5
(©3)

hsoc = T2 <T(kxo'y - kyo'z)p+ - G(kfffy - k)%ax)p+
- W(kxkfay - kfkyax)er - H(kiay + kiox)p,> ,
+ 1, (R(kxkf,ay + kfkyox)p_

+ B\ — oo, + Ezkxkyorypy>

0 A
ha = (A* O) 0000,

(C4)

(C5)

and \Ijk = (Ck, (—l'O'y)C;r() with Ck = (CkaElT’ Ck,Hi 1>
CrE |>CkH, ¢)T. The matrices t;, 0;, and p; are Pauli matri-
ces in Nambu, spin, and orbital spaces, respectively,
with p; = diag{1,0} and p_ = diag{0, 1}. Similar to the
approach to the conductance calculations, we Fourier
transform the Hamiltonian into r-space to perform tight-
binding calculations. The parameters used in the calcula-
tions are shown in Tables I and II. The parameters used
for simulations with HZ(BdG) correspond to an InAs/GaSb
heterostructure with layer thicknesses 12.5 and 5 nm,
respectively. These thicknesses differ from those in our
experiment (15 and 5 nm) which suggests that there will
be differences in the band structure between the two het-
erostructures. Given other effects such as strain from AlSb
layers with different thicknesses that is not completely
accounted for, we believe that the differences between the
two models are minor if (i) the magnitudes of the bulk gaps
are consistent (~ 3 meV) and (ii) they both reside in the
“deeply inverted” regime where the Dirac point is buried.

APPENDIX D: CONDUCTANCE CALCULATIONS

In the four-terminal setup presented in the main text,
we assume that contact 4 is a grounded superconductor.
Then we can generalize the Landauer-Biittiker method to

The parameters used to generate Fig. 4. Energies are in units of electronvolts and lengths are in units of nanometers.

Hamiltonian

w A A4 B C D E E

F G H M Q@ R T W a

0 65 —895 —185 0 —-35.8 —0.16 6.73 3.0

HMY(12.5/5nm) 108 0.8 —6.2 —273.4 984 —116.5 3.4 10.1
H®(12.5/5nm) 108 0.8 —6.2 —273.4 984 —116.5 32.8 96.4 —170.2 62.5 —85.5 —18.5 179.4 —341.9 —1.6 64.3 3.0
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FIG. 16. The difference between n and the minigap edge
opened at the Dirac point due to backscattering in a narrow chan-
nel of width d using (a) HV (exposed Dirac point) and (b) H®
(buried Dirac point).

account for Andreev processes [32]:

under Zeeman splitting for H" (exposed Dirac point), for
Az = 0.25A.

where T is the electron transmission from lead; to lead i,

T7¢ is the transmission of an electron from lead j to a hole
in lead 7 (i.e. Andreev reflection), and

m

M3 ().

j=1

(D3)

is the total number of modes in lead i.

We assume that the energy of electrons injected from
normal contacts is below the superconducting gap so that
the current in lead 4 is entirely due to Andreev reflec-
tion. Furthermore, we assume that helical edge states are
the only allowed modes in the system, i.e. we ignore bulk

contributions.
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FIG. 17. An illustration of extended Majorana zero modes 100 025 |{o.2:&
using the Lutchyn-Oreg nanowire model. In the right-hand y
figure, the superconducting gap is suppressed in the range 0 50 100 150 200
—250a < x < —50a. In the absence of a potential barrier at x (a)

the NS interface, the left-hand MZM hybridizes with fermionic
modes in the normal-metal region leading to an extension of the
left-hand MZM.

FIG. 19. The evolution of pinned to unpinned MKPs with
increasing d (top to bottom) for H® (buried Dirac point).
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Time-reversal symmetry gives us

TE=T =T, TE=T5=T" (D4

TE=T§ =10, TE=T=T" (D3
where 0 < 77, T, T°, T*° < 1, and quasiparticle number

conservation gives us

TP + T 4 7" 4 7% = 1. (D6)

Then we can derive the conductance matrix for the Hall
bar by expressing each current in terms of the voltages of
the normal contacts. For contact 1,

Iy = anVi+apVy, +aizVs — (an +apn +a)V (D7)

2
e
=-le-Ti- TV — (T1 — T Vs

+ (T — TV — @ = TY§ — T§ + T15 — T3

+ 15 = T19)V] (D8)
=§W+W—MW
— Vo (T =TV —2(T* + T)V]. (DY)
Similarly,
L= %2[21/2 — Vi —V3] (D10)

&2
L= N [(2+ 1’

— I3 = Va4 (T = TV, — 2(T" + T)V].
(D11)

Then the conductance can be found by solving the matrix
equation

I + 27V 24T 10 —1 T _ T
L = —1 2 —1

L+ 27V T — 0 1 24T TP
Vi

x| 7], (D12)
V3

where T4 = 77 4 Tar,

APPENDIX E: ADDITIONAL SIMULATION DATA

We can quantify the tunneling barrier between the
MKP and vacuum edge states by calculating the difference
between the chemical potential and the minigap edge in the

2 10 glo
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i E H

50 100 150 200 S 100 150 200
- o)

. £
50 100 150 200 0.6 0.6 >
& 04 < ({04

50 50 50 ! 02% {025

100 100 100)

|
50 100 150 200
x(a

4
50 100 150 200
(@) x(a)

50 100 150 200
(@ X (@)

(a)

FIG. 20. The evolution of MKPs with increasing A, for
H®@ (buried Dirac point): (a) Az =0.1A; (b) Ay = 0.25A;
(c) Az = 0.8A.

edge dispersion: §u — Agpc/2. When §uu — Agpc/2 < 0,
the edge states are gapped out at the chemical potential and
a corresponding tunneling barrier exists. If s — Agpc/
2 > 0, then edge states exist at the chemical potential and
nominally there is no tunneling barrier. This difference for
exposed and buried Dirac points is shown in Fig. 16 as
a function of the width of the nanoribbon, d. In addition,
Figs. 18 and 20 show the evolution of MKPs with finite
Zeeman splitting for exposed and buried Dirac points,
respectively.
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