arXiv:2409.19052v2 [cond-mat.supr-con] 1 Oct 2024

Buried Dirac points in Quantum Spin Hall Insulators: Implications for edge transport
and Majorana Kramer Pairs

J.J. Cuozzo1 W. Yu2, X. Shi®, A.J. Muhowski2, S.D. Hawkins?, J.F. Klem?, E. Rossi*, and W. Panllﬂ
L Sandia National Laboratories, Livermore, CA 94551, USA.
2 Sandia National Laboratories, Albuquerque, New Mexzico 87185, USA
3 Department of Physics, The University of Texas at Dallas, Richardson, TX, USA
4 Department of Physics, William & Mary, Williamsburg, VA 23187, USA
(Dated: October 3, 2024)

For heterostructures formed by a quantum spin Hall insulator (QSHI) placed in proximity to a su-
perconductor (SC), no external magnetic field is necessary to drive the system into a phase supporting
topological superconductivity with Majorana zero energy states, making them very attractive for the
realization of non-Abelian states and fault-tolerant qubits. Despite considerable work investigating
QSHI edge states, there is still an open question about their resilience to large magnetic fields and the
implication of such resilience for the formation of a quasi-1D topological superconducting state. In
this work, we investigate the transport properties of helical edge states in a QSHI-SC junction formed
by a InAs/GaSb (15nm/5nm) double quantum well and a superconducting tantalum (Ta) constriction.
We observe a robust conductance plateau up to 2 T, signaling resilient edge state transport. Such
resilience is consistent with the Dirac point for the edge states being buried in the bulk valence
band. Using a modified Landauer-Biittiker analysis, we find that the conductance is consistent with
98% Andreev reflection probability owing to the high transparency of the InAs/GaSb—Ta interface.
We further theoretically show that a buried Dirac point does not affect the robustness of the quasi-
1D topological superconducting phase, and favors the hybridization of Majorana Kramer pairs and
fermionic modes in the QSHI resulting in extended MKP states, highlighting the subtle role of buried
Dirac points in probing MKPs.

INTRODUCTION

A quantum spin Hall insulator is a 2D topological insulator hosting a pair of time reversal symmetry-protected helical
edge states!™. The interplay of quantum Hall edge states and superconductivity has been extensively investigated
with the prospect of realizing a topological superconductor® 2 wherein exotic non-Abelian anyons called Majorana
zero modes (MZM), which can be used to construct topological qubits for topological quantum computingt®“& are
predicted to exist. However, their unambiguous experimental demonstration remains elusivel®2?, Recently, it was
suggested that Majorana Kramer pairs®’ (MKPs) can be used to create a “Majorana Kramer pairs qubit,” which may
be a viable alternative to MZM-based qubits3l. To assess the potential of a qubit based on MKPs, theoretical analysis
of realistic models and experimental investigation of prospective devices are needed. MKPs have been predicted in
QSHI-SC hetrostructures with a quantum point contact (QPC) where helical edge states hybridize at a QPC, see
Fig. (1] (a). When the SC constriction is phase-biased by a flux ®/2 (where ®q is the superconducting magnetic flux
quantum), MKPs can form at the ends of the constriction®433,

In this work, we theoretically and experimentally investigate MKPs in a QSHI with a flux-biased superconducting
constriction. We measure a quantized three-terminal conductance of 12(e?/h) in an InAs/GaSb(15nm/5nm) double
quantum well across a superconducting Ta constriction. We then apply an out-of-plane magnetic field and observe
little variation in the sub-gap conductance up to ~ 2 T. Analyzing the conductance 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 reflection (98%), owing to the high quality of the device and the helical edge state properties.
Performing numerical simulations of edge state transport using the Bernevig-Hughes-Zhang (BHZ) model* within the
Bogoliubov de-Gennes (BdG) formalism, we find quantitative agreement with measured conductance at zero field. The
conductance remains robust in the presence of magnetic fields indicating that in our InAs/GaSb double quantum wells
the Dirac point for the edge modes is “buried”, i.e., well below the bulk midgap energy>#32. We further investigate
the impact of a buried Dirac point on MKPs and find that not only are the MKP’s topological protection preserved,
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but also that a buried Dirac point may be more advantageous to preserve MKPs under a weak external magnetic
field.
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Figure 1. (a) Schematic of the device setup where a w-phase difference across the junction leads to the creation of MKPs
(yellow). (b) Illustration of the material stack. (¢) Microscope image of the device with edge states schematically superimposed.
Contact 25 is the Ta SQPC and all other contacts are Ti/Au. Dashed box: Schematic of the superconducting point contact
formed by the junction. (d) Longitudinal resistance Ry, across normal contacts 3 and 13 vs gate voltage. (e) Three-terminal
dI/dV vs voltage bias between contacts 13 and 25 at B =0 and V; = —-0.6, —1.0V

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 barrier to superconductors like Ta, making them attractive for superconducting
heterostructure device design. Molecular beam epitaxy techniques are used to grow a InAs/GaSb (15nm/5nm) double
quantum well. This thickness arrangement of the double quantum well corresponds to the inverted regime where a
QSHI develops®®. The growth recipe is similar to what has been done beforé3? and has been described in Refs. 38 and
A cross-sectional cut of the stack and the Ta electrode is shown in Fig. [I| (b). The AlSb layers act as a potential
barrier for the InAs/GaSb bilayer. We define the InAs/GaSbh mesa using standard photolithography techniques and
wet chemical etching®®. Then a Ta electrode is directly deposited in the pattern of an rf-SQUID, as shown in Fig. (c),
creating a superconducting point contact (SPC) in the InAs/GaSb mesa. To complete device fabrication, an Al;O3
dielectric layer is grown by atomic layer deposition, before depositing a metal stack of Au/Ti (300nm/20nm). Biasing
the top Au/Ti gate allows tunability of the electron density in the bilayer. Helical edge states propagating along the
InAs/GaSb mesa encounter the constriction formed by the Ta junction and hybridize, opening up a mass gap in the
edge dispersion. In this device, the constriction length is L, ; ~ 2 pm and the separation of the Ta arms is d = 600
nm (Fig. [1] (c)). The edge states of InAs/GaSb are predicted to have a spatial penetration into the bulk of about 300
nm® which implies the constriction of the device (d ~ 600 nm) should lead to significant scattering between edges.

EXPERIMENTAL DATA

In Fig. |1 (d), we show the measured longitudinal resistance R,, as a function of the electrostatic 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 expected
resistance quantum h/2e?, which may be due to bulk conductivity associated with disorder in the InAs/GaSb bilayer,
see Supplementary Material (SM), and equilibration of propagating spin-up and spin-down edge channels®,

To investigate the edge state regime further, in Fig. [I| () we compare three-terminal conductance measurements
across the Ta constriction at the gate voltage corresponding to the peak in Ry, (Vy, = —0.6 V) and in the hole-doped
regime (V; = —1.0 V). Both regimes show a nearly constant conductance before the onset of conductance dips at
Vie = £0.2 mV. Figure [2| (a) shows the differential conductance at V; = —0.6 V for various out-of-plane magnetic
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Figure 2. (a) Three-terminal dI/dV vs V. under an applied magnetic field. (b) Gap Ag extracted from the dI/dV traces vs
magnetic field.

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 splitting Ay = gupB ~ 0.88 meV (assuming g = 8) which is
almost half of the theoretical bulk gap of InAs/GaSb at B = 0.

Dips in the differential conductance at Vg, ~ +£0.2 mV are consistent with the superconducting gap of Ta (~
200 peV). This is in contrast with past experiments on superconducting edge states in InAs/GaSb bilayers?*#Y where
the induced gap was noticeably smaller than the parent gap. In Fig. [2 (b) we present the dependence of the gap
extracted from the minima of dI/dV, Ay, as a function of B. Firstly, we observe a slight enhancement of both gaps at
low fields, similar to past measurements of the gap®?. This may be associated with the strong spin-orbit interaction*2
in the InAs/GaSb bilayer, but the exact microscopic mechanism is unclear. Notably, A is nearly constant at low
fields and is gradually suppressed by the magnetic field.

NUMERICAL CONDUCTANCE SIMULATIONS

To interpret our measurements, we simulate the electronic transport numerically with a three-terminal setup.
Within the bulk gap of a QSHI, nominally we expect a pair of counter-propagating helical edge states to be responsible
for charge transport. When one of these edge states encounters a superconducting interface with an excitation energy
below the superconducting gap, the process of Andreev reflection occurs where a hole is retroreflected from the
superconductor and a pair of electrons co-tunnels into the condensate of Cooper pairs in the superconductor. Perfect
Andreev reflection is expected since single electron tunneling into the superconductor and backscattering along the
QSHI vacuum edge are forbidden. In our device with a superconducting constriction, however, the geometry of
the constriction can strongly affect the probability of Andreev reflection since backscattering and electron tunneling
across the constriction edge are allowed. We model this by calculating the scattering matrix coefficients using the
python package Kwant?3. First, we treat the superconducting constriction as two parallel superconducting electrodes
separated by a small gap (Fig. [I| (a)). We can treat the QSHI-SC system within the BdG formalism as

Hpia(k) = (thzg{*) - "w— THb}i(—k)Tl> 7 v

which satisfies the BAG equation Hpyg (Z) =F (Z) and where the mean-field superconducting gap A(r) = A¢l¢/2

in the bottom superconducting QPC arm and Ae~%¥/2 in the top arm, u is the chemical potential, and k = (ks ky)
is the momentum. 7' = 40y, K is the time-reversal operator with complex conjugate operator K. The BHZ model
describing the QSHI is Hyp,, (k) = Hppz0+ %az + Hja, where Hyp, 0(k) = C+Mp, —(Bp,+D)k*+ A(kyo . ps —kypy)
is the conventional BHZ model, Az is the Zeeman spin splitting, Hy4 describes broken inversion symmetry in the
double quantum well¥, p;, o; are Pauli matrices in orbital and spin space, respectively. A detailed description of the
system is presented in the SM. The dispersion of the BHZ model is shown in Fig. (3| (a) where the linearly crossing
bands at E' = 0 are the helical edge states.

To make the connection to our measured conductance in Fig. [2| (a), we calculate the sub-gap conductance of the
four-terminal Hall bar shown in the inset of Fig. [3| (a) using a modified Landauer-Biittiker model for helical edge
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Figure 3. (a) Dispersion of BHZ model used in transport simulations. Dashed line indicates the chemical potential used in
simulations presented in panels (b,c). (b) dI/dV comparison between experimental measurements (brown) and simulation with
various constriction gaps d for L, = 120a and L.,s = 100a where a is the tight binding lattice spacing. (c) dI/dV comparison
between experimental measurements (brown) and simulation with Anderson disorder (black), Ua = 60A and d = 5a.

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 leads 2 and
3 are floating and lead 4 is a grounded superconductor. The Landauer-Biittiker equation for the current in lead ¢ is
I, = Zj a;;(V; — V) where V; is the chemical potential of lead i, V' = V4, and a;; = Ral (2 =T+ Ti}}e) with the
resistance quantum Ry = h/e?. Here, 0 < T¢¢, T,

bl ”-e < 1. We suppose the currents Iy = I = —I,. We can calculate
the resistance

Va -V 1 1
3[ =Ry - (2)

R =
34 4(The + Tear) — 2(3 — 2Tcar — 2TP)

where The = The = The is the Andreev reflection probability, T¢" = T = TH¢ is the crossed Andreev reflection
probability, and T = T{ = T is the backscattering probability. The conservation of quasiparticle current is
expressed as T¢f + The + The + T = 1. Details of this calculation are provided in the SM. At zero magnetic field,
we find that assuming a perfect Andreev reflection (7"¢ = 1) and no backscattering and cross Andreev reflection
(Tee" = 0 = T®), the conductance is quantized: G34 = 12¢?/h, and agrees excellently with experimental observations.

We now present simulations corresponding to finite voltage bias measurements, still at zero field. Details about the
simulation are presented in the SM. Using ¢ = 0, we show G54 as a function of F in Fig.|3|(b) for different constriction
widths d. When d is large, a small mass gap in the constriction suppresses backscattering and leads to a strong Andreev
response. As the constriction is narrowed, the Andreev reflection is weakened. This is qualitatively similar to the
effect of a potential barrier on Andreev reflection in the BTK model of a normal metal-SC junction. Additionally, we
find Andreev reflection associated with the superconducting constriction is robust to Anderson disorder. Figure [3| (c)
shows G in the presence of Anderson disorder (black line) with a potential amplitude Uy = 60A averaged over
55 disorder realizations. In Fig. [3| (c) we compare the experimental conductance at V, = 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 non-equilibrium effects and thermal broadening that are not captured in the Landauer-Biittiker
description. Importantly, the nearly quantized three-terminal conductance we 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 non-quantized conductance that is sensitive to the voltage bias.

A quantized Hall conductance anomalously robust under large magnetic fields has been reported in other InAs/GaSb
double quantum wells for in-plane fields as large as 12 T2, This is in contrast with the general expectation that
under a strong B field broken TRS should open a gap at the Dirac point of linearly dispersing edge states, eventually
leading to the suppression of edge conductance. 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*#%. We
expect that this to be the case for our devices. Recent work theoretically investigated the impact of a buried Dirac
point on Majorana zero modes®, but study of MKPs in a similar vein is lacking. In the following, we will examine
this case.



MAJORANA KRAMER PAIRS WITH BURIED DIRAC POINTS

To investigate MKPs with and without a buried Dirac point, we consider a more detailed Hamiltonian for a similar
inverted type-IT InAs/GaSb bilayer derived from k - p calculations using the Lowdin partitioning technique®. This
effective Hamiltonian is a variation of the BHZ model with additional spin-orbit coupling and ~ k® momentum
terms: Hy = Hypp, + Hgsoe + H3 (see SM for details). The Hamiltonian H, allows us to accurately model the two
dimensional electron gas in the double quantum well without having to use two different Hamiltonians for the the
InAs and GaSb layer and take into account the band-bending effects at the interface between the two layers®®. To
compare the properties of MKPs with and without a buried Dirac point as directly as possible, we will consider two
Hamiltonians: H® = Hyy,, + 0.1H,,. and H® = H,, where H) has an exposed Dirac point and H? has a buried
one. HW includes the term 0.1H,,,. in order to account for structural asymmetries? that give rise to a gap opening
with the activation of a Zeeman field in the z-direction. In our simulations, we use experimentally relevant parameters
d = 600 nm, L;, = 900 nm, and a uniform spatial grid with resolution a = 3 nm; for more details and the specific
parameters of the Lowdin effective model, see SM.
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Figure 4. (a) Dispersion of HY) with (blue) and without (black) Az. (b) Relative weights |[{z|*> and |¢1|? of a MKP at
Az =0 using H M and (c) corresponding eigenenergies versus Az. The arrow indicates the onset of a spinless p-wave state.
(d) Dispersion of the Lowdin effective model for InAs/GaSb with (blue) and without (black) Az. (e) Relative weights [{z|>
and |'L;L|2 of a MKP at Az = 0 using H® and (f) corresponding eigenenergies versus Az.

Figure [4] (a) presents the dispersion for H (1) with Az = 0 and 4A. To visualize the MKPs, we consider the local
density of states of a pair of MKP eigenstates transformed into left- and right-parity states ¢y/r = % (y £ih_),
where 11 are one pair of positive and negative energy MKP eigenstates. This is a useful transformation of both
Majorana zero modes and Kramer 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, |¢L/R|2 relative to their overlap:

3)

0, o.w.

Vr/rl* = {i (WLl = lvrl?) . = (19l = [vrl?) > 0

Note that in the thermodynamic limit (L, , — 00), |1Z)L/R|2 = [¢r,/r|*. In Fig.|4| (b) we plot the MKP relative weights

|'§;L/R|2 with Az = 0. Compared to Fig. (a), |¥1|? here is extended along the vacuum edge of the QSHI region.
This occurs because the tunneling barrier (combination of edge state mass gap and 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 A is presented in Fig. [4] (¢). With
time-reversal symmetry lifted, the MKPs split from F = 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’s 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 Agp. in the dispersion 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 Agp. exceeds
the difference in energy between the Dirac point and the top of the valence band, edge states in the QPC remain
gapless 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 exists two Fermi points with k& > 0 that have superconducting
gaps of differing signs inside the 7 phase-biased SC constriction. Then, in principle, pairing of counter-propagating
edge states on the top and bottom of the constriction is unaffected by a buried Dirac point, permitting MKPs at the
ends of the constriction. 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, leading to an extended MKP state. This is similar to what happens to a Majorana zero mode at the
end a topological superconductor (TSC) nanowire when it couples strongly to a normal region where the SC gap is
removed (see SM). This can also occur with an exposed Dirac point (c.f. Fig. 4| (b)), but it will be ubiquitous with a
buried Dirac point.

Figure 4] (d) shows the dispersion of H?) where the Dirac point lies just below the valence band edge for Ay = 0
and Az = 4A. In Fig. |4 (e), we present the analog of panel (b) with H(?), The MKP weights are similar to the
exposed Dirac point scenario in panel (b), but here the MKP is more localized along the vacuum edge of the QSHI
region. In Fig. [4] (f), we notice a qualitative difference 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 oscillations are
similar to the oscillations expected in finite-sized systems hosting Majorana zero modes which have been investigated
extensively*?48 but here they correspond to MKPs rather than a single pair of Majorana zero modes. Importantly,
contrary to the case in panel (¢) with an exposed Dirac point, in panel (f) 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 SM) suggest the system still contains weakly hybridized MKPs despite lacking topological protection*”, 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 Majorana zero modes with buried Dirac points,
it was shown that the transition from a trivial phase to a TSC induced by a Zeeman splitting is shifted to larger
values of A, when the chemical potential does not coincide with the Dirac point??. 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 Majorana Kramer pairs under finite
magnetic fields.

SUMMARY

To conclude, we fabricated a device based on a InAs/GaSb (15nm/5nm) bilayer with a superconducting Ta constric-
tion. Using an electrostatic gate, we tuned the InAs/GaSb bilayer to a bulk band gap and measured a three-terminal
conductance dI/dV = 12(e?/h) which remained 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 found the measured dI/dV
consistent with ~ 98% Andreev reflection probability which is in quantitative agreement with tight binding simula-
tions of the device. The robustness of the conductance to B strongly points to a buried Dirac point. Our simulations
show a buried Dirac point in this scheme 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 con-
striction, which can cause any resonant structure associated with the MKPs, such as crossed Andreev reflection?233,
to be washed out. This low tunneling barrier consequentially unpins a MKP (the left side of the constriction in
Fig. |4 (b,e)), resulting in a non-local 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 unaffected. 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 (see SM), well within the
resolution of available lithographic techniques.
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SUPPLEMENTAL MATERIAL

I. ADDITIONAL EXPERIMENTAL DATA

Magnetoresistance (R, ) data in the device region without the superconductor is shown in Fig,. At both V, =0
and -1 V, the Shubnikov-de Haas oscillations are observed (Fig.|S1h). Fast Fourier Transform (FFT) analysis of these
SdH oscillations is carried out, from which the electron density n. = 3.85x10'* cm™2 at V, = 0V and hole density n,,
= 3.15x10" cm ™2 at Vy = -1V are deduced. Furthermore, their mobilities are obtained. At V, =0V, pe = 8.1x10%
cm?/Vs; at V, = -1V, p, = 9.4x10* cm?/Vs. The calculated electron and hole mean free path is 0.83 ym and 0.87
um, respectively. These mean free paths are smaller than the device dimension (~3 pm). So, bulk contribution to
R, is large. This explains why the peak conductance at V, = —0.6 V is much larger than 2¢%/h (expected for pure
edge transport).

s

(a)

: : . . 6 T T T T
E 3.85x10" em” fp
4t = n,=385x10" cm —v=0
§ n, =3.45x10" om” _VZ=.1V
o f
3t & 4r ¢ 1
g [)
3 o
o 2f 2
\ a
0 2+ g
! ’ S f/2
1 ‘ ] [\ P
| |_ A/\‘\
L
L
K 0 ; 2 s 0 3 6 ? 1‘2
B(T)
FFT frequency (T)

Figure S1.  Electronic transport characterization in the device region without the superconductor. (a) 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 SdH oscillations in panel (a). At V4 = 0 V, where the carriers are of
electron 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. = 3.85x10'! cm™2 and n, = 3.15x10 cm™2.

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

4L 4 -
/
/
- /
G 3t / i
<4 /
— /
=
> 2 ’
5?2 g----"° v, =ov
|:7-->25
1+ V:13->25 -

02 00 02 04 06 08 10 12 14 16

Figure S2. Temperature dependence of the three-terminal differential resistance dV/dI at V; = 0 V. The dashed line is a
guide to the eye.
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II. BHZ TIGHT BINDING MODEL

To simulate the conductance across the SPC, we use the following tight binding Bogoliubov-de Gennes Hamiltonian
on a square lattice:

H[szdG) = Z ¢In (NsmTz ®ogQp; — U7z ® 00 @ po — A(rn)Ty Koy & Po) wrn

Tn
t t i\
- Z 6ynvym¢ln (517—2 Koo & p, + 527—2 ® oo & po + ETO Ro, X pz> wrm
(nm)
t t iA
— > e ¥, (517 ® o0 s+ 5T OO0 po— T @00 @ py> Ve, (S1)
(nm)
where ¥y, = (cr,, ¢f )7, v, = (Con,Brts Crn.Hits Crm,Erds Crn i) c:f,mpg (¢r,,po) is the creation (annihilation)

operator for an electron at site r,, in orbital p with spin o, and 7, p; and o; are 2 x 2 Pauli matrices. p is the chemical
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
inversion asymmetries in the double quantum well, we include the term

dG
HED =3 0l (~Aprar © 0, ® py)

T
5 2 Oy, Re()7: ® 0y © pi + ()T © 00 @ i — 70 @ 00 @ (beps + thp-)) U,
(

nm)

i
-3 Z 5zn,mm¢1n (Re(X)70 ® 02 @ p1 —Im(X)T: ® 0y ® py — T2 @ 0y @ (teps — thp-)) Yr,,, (S2)

(nm)

where Apra, t. and t; describe the bulk inversion asymmetry and x describes the structural inversion asymmetry.
The dimensions of the system modeled are shown in Fig. [S3]

Hsm A |ti|ta | XA |ABra X te th | Lz Ly Ls,a: Ls,y
0.5]0.05/11]0.6/0.3| 0.01 {0.06|0.003|0.003|80|140| 100 | 40

TABLE I. Parameters used to generate Fig. 3 in the main text.

0

Figure S3. Schematic of system geometry used in simulations.
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III. LOWDIN EFFECTIVE TIGHT BINDING MODEL
We model the buried Dirac point in InAs/GaSb using the effective Hamiltonian derived in Ref=2:

1
H{P' =2 W (hns + hs + haoe + ha) Vi, (S3)
k

where, using abbreviated notation for Kronecker products, we have

A
hone =75 (C = i+ Mp, — BE?p, — DK* + A(kya.ps — kypy)) + 72@ (S4)
hy =T, (F k 20zPx — ypy) + Q(kikypy - kxkjasz)) (S5)

hsoe = Tx (T(kaoy — kyo)py — G(k2oy — kiow)py — W (kokioy — k2kyoo)ps — H(K2oy + kiog)p—)
+ 72 (R(kokloy + k2kyoo)p— + E1(k2 — k2)owpy + Eokokyoyp,) (S6)

0 Alr)

ha = , S7
4 (A*(r) 0 ) 70p0 (S7)

and Uy = (cx, (—ioy)c;r() with cx = (Ck. Bty Ck.Hi 1 Cr.Eyl> Ckoiyy). . The matrices 7;, o; and p; are Pauli matrices

in Nambu, spin, and orbital spaces, respectively, with p; = diag{1, 0} and p_ = diag{0, 1}.

Hamiltonian| u | A| A B C D Ey | B2 F G| H M Q R T | W |a

HDY 108/0.8/-6.2|-273.4|98.4|-116.5| 3.4 |10.1| 0 |6.5|-8.95/-18.5| 0 |-35.8 |-0.16/6.73|3.0
H® 108(0.8|-6.2|-273.4|98.4|-116.5|32.8(96.4|-170.2|62.5|-85.5|-18.5|179.4|-341.9| -1.6 |64.3|3.0

TABLE II. Parameters used to generate Fig. 4 in the main text. Energies in units of eV and lengths in units of nm.

IV. CONDUCTANCE CALCULATIONS

In the four-terminal setup presented in the main text, we assume contact 4 is a grounded superconductor. Then
we can generalize the LB method to account for Andreev processes’?

LS an (V- 1), (59)

where V is the voltage of the superconducting lead and
2

(Wb — T+ 1), (59)

aij =

where T is the electron transmission from lead j to lead i, Ti’}e is the transmission of an electron from lead j to a
hole in lead 4 (i.e. Andreev reflection), and

Z (Tee + 1), (S10)

is the total number of modes in lead .

We assume 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 reflection. Furthermore, we assume helical edge states are the only
allowed modes in the system i.e. ignore bulk contributions.

Time-reversal symmetry gives us

TS =Tg =T  Tow =T :=T", (S11)
T =Tsp =T, Ty =T =T, (S12)



where 0 < T, The Tcer Tc0 < 1. and quasiparticle number conservation gives us

Tb+TCO+The+TcaT:1.

13

(S13)

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

I = a11Vi + a12Va + a13Vs — (a11 + a12 + a13)V

(S14)

(S16)

(S17)

2
€ ee € € ee € ee ee € € ee e ee
=7 [(2 =T = T{OVL — (Tl — Ti5)Va + (T — T55)Vs — (2 — Ti — T{Y + Tls — Tfs + T — T13)V] (S15)
62 he b car co car he
== (24T =TV — Vo + (T = T) V3 — 2(T°" + T"*)V] .
Similarly
€2
I2:Z[2V2_V1_V3]
2
I3 — % [(2 _|_ The _ Tb)‘/g _ ‘/2 _|_ (TcaT‘ _ Tco)‘/l _ Q(Tcar _|_ The)v] .

Then the conductance can be found by solving the matrix equation

I + 2TAV 24 The —Tb —1 Tear _peo i
I = -1 2 -1 Vs |,
Iy + 2TAV Tear _qeo 1 oy The b ) \Vq

where T4 = The 4 Tear,

V. ADDITIONAL SIMULATION DATA

L, L L
[ 2 2 200 - 00000 - 200 00000
0.025 0.025
0.020 0.020
~ 0015 ~_ 0.015
E 0.010 = 0.010 Extended MZM
0.005 0.005
0.000 0.000
-200 =100 O 100 200 —-200 =100 O 100 200
L L(a)

Figure S4. Illustration of extended Majorana zero modes using the Lutchyn-Oreg nanowire model.

(S18)

(S19)

In the right figure, the

superconducting gap is suppressed in the range —250a < x < —50a. In the absence of a potential barrier at the NS interface,

the left MZM hybridizes with fermionic modes in the normal metal region leading to an extension of the left MZM.
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Figure S5. Evolution of MKP wave function weights under Zeeman splitting for H®* (exposed Dirac point).
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Figure S6. Evolution of pinned to unpinned MKPs with increasing d (top to bottom) for H? (buried Dirac point).
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Figure S7. Evolution of MKPs with increasing A, for H? (buried Dirac point).
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