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The motion of an electron and its spin are generally not coupled. However in a
one-dimensional material with strong spin-orbit interaction (SOI) a helical state may emerge
at finite magnetic fields, where electrons of opposite spin will have opposite momentum. The
existence of this helical state has applications for spin filtering and cooper pair splitter devices
and is an essential ingredient for realizing topologically protected quantum computing using
Majorana zero modes. Here, we report measurements of a quantum point contact in an
indium antimonide nanowire. At magnetic fields exceeding 3T, the 2e2/h conductance
plateau shows a re-entrant feature toward 1e%/h which increases linearly in width with
magnetic field. Rotating the magnetic field clearly attributes this experimental signature to
SOl and by comparing our observations with a numerical model we extract a spin-orbit
energy of approximately 6.5 meV, which is stronger than the spin-orbit energy obtained by
other methods.
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a charged particle moving in an electric field E

with momentum k and velocity v =k/m,, experiences an
effective magnetic field Bso = (—1/mgc)k x E in its rest frame. The
magnetic moment of the electron spin, g = eS/my, interacts with
this effective magnetic field, resulting in a spin-orbit Hamiltonian
Hgo = —p.Bso that couples the spin to the orbital motion and
electric field. In crystalline materials, the electric field arises
from a symmetry breaking that is either intrinsic to the
underlying crystal lattice in which the carriers move, known as
the Dresselhaus SOI!, or an artificially induced asymmetry in the
confinement potential due to an applied electric field, or Rashba?
SOIL Wurtzite and certain zincblende nanowires possess a finite
Dresselhaus SOI, and so the SOI is a combination of both the
Rashba and Dresselhaus components. For zincblende nanowires
grown along the [111] growth direction the crystal lattice is
inversion symmetric, and so only a Rashba component to the
spin-orbit interaction is thought to remain®.

Helical states® > have been shown to emerge in the edge
mode of two-dimensional (2D) quantum spin hall topological
insulators® 7, and in quantum wires created in GaAs cleaved edge
overgrowth samples®. They have also been predicted to exist in
carbon nanotubes under a strong applied electric field’, RKKY
systems'’, and in InAs and InSb semiconducting nanowires where
they are essential for the formation of Majorana zero modes!!~13,
Although the signatures of Majoranas have been observed in

The spin-orbit interaction (SOI) is a relativistic effect where

demonstration of the helical state in these nanowires has remained
elusive. The measurement is expected to show a distinct
experimental signature of the helical state—a return to 1e?/h
conductance at the 2 ¢?/h plateau in increasing magnetic field as
different portions of the band dispersion are probed® > 6, While
ballistic transport through nanowire quantum point contacts
(QPCs) is now standard!” '8, numerical simulations have shown
that the visibility of this experimental signature critically depends
on the exact combination of geometrical and physical device
parameterslé.

Here, we observe a clear signature of transport through a helical
state in a QPC formed in an InSb nanowire when the magnetic
field has a component perpendicular to the spin-orbit field. We
show that the state evolves under rotation of the external magnetic
field, disappearing when the magnetic field is aligned with Bso. By
comparing our data to a theoretical model, we extract a spin-orbit
energy Eso=6.5meV, significantly stronger than that measured
in InSb nanowires by other techniques.

Results

Emergence of the helical gap a quantum point contact. Fig-
ure la shows a schematic image of a typical QPC device. An InSb
nanowire is deposited on a degenerately doped silicon wafer
covered with a thin (20 nm) SiN dielectric. The QPC is formed in
the nanowire channel in a region defined by the source and drain
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Fig. 1 The helical gap in a one-dimensional nanowire device. a An indium antimonide (InSb) nanowire device with a Rashba spin-orbit field Bso
perpendicular to the wave vector k and the electric field E. A voltage is sourced to one contact, and the resulting conductance measured from the second
contact. A degenerately doped wafer acts as global backgate V. b A quantum point contact (QPC) of length L is defined by the two contacts. Underneath
the nanowire contacts, many subbands are occupied as the contacts screen the gate electric field. In the nanowire channel away from the contacts, the
chemical potential in the wire, g, is tuned with V. The onset shape of V with a lengthscale A is set by the dielectric and screening of the electric field from
the metallic contacts resulting in an effective QPC length Lqopc =L-2). € The energy dispersion of the first two subbands for a system with spin-orbit
interaction (SOI) at external magnetic field B=0 T. The SOI causes subbands to shift by kso in momentum space, as electrons with opposite spins carry
opposite momentum. When the electrochemical potential u in the wire is tuned conductance plateaus will occur at integer values of Go. d At finite
magnetic field B perpendicular to Bsp, the spin polarized bands hybridize opening a helical gap of size E; (green). In this region the conductance reduces
from 1-Gg to 0.5-Go when y is positioned inside the gap. e When the magnetic field is orientated at an angle 6 to Bsp, the size of the helical gap decreases to
only include the component of the magnetic field perpendicular to Bso and the two subbands split by an additional Zeeman gap (purple). The color scheme
illustrating different conductance regimes is also used in Figs. 2d and 3b. For all angles the re-entrant conductance feature at 0.5-Gg in the 1-Go plateau will

scale linearly with Zeeman energy
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Fig. 2 Magnetic field dependence of the helical gap. a The nanowire lies in the x-y plane at an angle 8 =17° relative to the external magnetic field.

b Differential conductance dl/dV at zero source-drain bias as a function of backgate voltage and external magnetic field. At low magnetic fields
conductance plateaus at multiples of 0.5-Gg are visible. Above B=3T, a re-entrant conductance feature at 0.5-Go appears in the 1-Gg plateau. The feature
evolves linearly with Zeeman energy indicated by dashed green lines. ¢ Numerical simulations of the differential conductance as a function of the potential
E, and external magnetic field for L =325 nm, 8 =17° and Iso = 20 nm (Supplementary Note 1 and Supplementary Fig. 1 for a more detailed description of
the model). In the numerical simulations, the conductance plateaus have a different slope compared to the experimental data as the calculations neglect
screening by charges in the wire. d (Top) Sketch of the expected conductance together with the color scheme explained in Fig. 1 and (bottom) line traces of
the conductance map in b taken at B=3T (green), B=4.5T (pink) and B=5.5T (brown). As the helical gap is independent of disorder or interference
effects, these and other anomalous conductance features average out in a 2D colorplot improving the visibility of the helical gap in b compared to the

individual traces in d

QPC channel, which sets the subband occupation, is controlled
by applying a voltage to the gate V,. The electric field in the
nanowire, E, generated by the backgate and the substrate that the
nanowire lies on, both induce a structural inversion asymmetry
that results in a finite Rashba spin-orbit field. As the wire is
translationally invariant along its length, the spin-orbit field, Bso,
is perpendicular to both the electric field and the wire axis. The
effective channel length, Lopc ~245 nm, as well as the shape of
the onset potential A ~ 80 nm , are set by electrostatics which are
influenced by both the thickness of the dielectric and the amount
of electric field screening provided by the metallic contacts to the
nanowire (Fig. 1b). Here, we report measurements from one
device. Data from an additional device that shows the same effect,
as well as control devices of different channel lengths and onset
potentials, is provided in the Supplementary Figs. 5-7.

The energy-momentum diagrams in Fig. lc-e show the
dispersion from the one-dimensional (1D) nanowire model of
refs. * ° including both SOI with strength a and Zeeman splitting
E; = gupB, where g is the g-factor, pp the Bohr magneton and B
the magnetic field strength. These dispersion relations explain
how the helical gap can be detected: without magnetic field, the
SOI causes the first two spin degenerate subbands to be shifted
laterally in momentum space by +kso=m*a/h* with m* the
effective electron mass, as electrons with opposite spins carry
opposite momentum, as shown in Fig. lc. The corresponding
spin-orbit energy is given by Eso = hi°k3,/2m*. However, here
Kramers degeneracy is preserved and hence the plateaus in
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conductance occur at integer values of Gy = 2 €?/h, as for a system
without SOL Applying a magnetic field perpendicular to Bso the
spin bands hybridize and a helical gap, of size Ez opens as shown
in Fig. 1d. When the chemical potential u is tuned by the external
gate voltage, it first aligns with the bottom of both bands resulting
in conductance at 1-G, before reducing from 1-Gy to 0.5-Gp when
u is positioned inside the gap. This conductance reduction with a
width scaling linearly with increasing Zeeman energy, is a
hallmark of transport through a helical state. When the magnetic
field is orientated at an angle 6 to Bso, the size of the helical gap
decreases as it is governed by the component of the magnetic
field perpendicular to Bso, as shown in Fig. le. Additionally, the
two sub-band bottoms also experience a spin splitting giving rise
to an additional Zeeman gap. For a general angle 6, the QPC
conductance thus first rises from 0 to 0.5-Gy, then to 1-Gy, before
dropping to 0.5-Gy again and the helical gap takes the form of a
re-entrant 0.5-Gp conductance feature. By comparing to a 1D
nanowire model, we can extract both the size of the helical gap
Epdical ~ Ezsin@ and the Zeeman shift Ezeeman &~ Ez cos
(Supplementary Note 2 and Supplementary Figs. 1, 9 and 10).
This angle dependency is a unique feature of SOI and can be used
as a decisive test for its presence in the experimental data.

Magnetic field dependence of the helical gap. Figure 2 shows the
differential conductance dI/dV of our device at zero source-drain
bias as a function of gate and magnetic field. Here and in the data
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Fig. 3 Voltage bias spectroscopy of the helical gap. a Conductance
measurement as a function of QPC gate V; and source-drain bias voltage
Vsq at B=4T. The observed helical gap is a stable feature in voltage bias.
Dotted lines are drawn as guide to the eye indicating the linecut presented
in b (red), as well as the edges of the 0.5-Gq plateau (purple), helical gap
(green) and the 1-Gg and 1.5-Gg plateaus (black). b, Linecut of a taken at V4
=0 mV together with the color scheme explained in Fig. 1. ¢ Evolution of
the energy levels extracted from the scans similar to a, at increasing
magnetic field. Fits with intercept fixed at zero (dotted lines) give the
g-factor of the first subband and the offset angle via g = 1/(ug cos9) -
dE/dB and Epelical/Ezeeman ~ tan@. We find g=38 +£1 and §=13° + 2°.
Individual scans are shown in Supplementary Fig. 2

shown in Fig. 3, the magnetic field B is offset at a small angle 6 =
17° from Bso in the x-y plane (Fig. 2a). We determine that our
device has this orientation from the angle dependence of the
magnetic field, by clearly resolving the 1-G, plateau before the re-
entrant conductance feature, which is reduced at larger angles
(Fig. 4 and Supplementary Note 2 and Supplementary Fig. 10).
For low magnetic fields, we observe conductance plateaus quan-
tized in steps of 0.5-Gy, as typical for a QPC in a spin polarizing
B-field with or without SOI. Above B=3T, the 1-G, plateau
shows a conductance dip to 0.5-Gy. This re-entrant conductance
feature evolves continuously as a function of magnetic field,
before fully enveloping the 0.5-G, plateau for magnetic fields
larger than around 5.5 T. Line traces corresponding to the colored
arrows in Fig. 2b are shown in Fig. 2d. The feature is robust at
higher temperatures up to 1K, as well across multiple thermal
cycles (Supplementary Fig. 3).

Using the 1D nanowire model with #=17°, we find that the
helical gap feature vanishes into a continuous 0.5-G, plateau when
E;=24Ess. Using the extracted g-factor g= 38 of our device (Fig. 3
and Supplementary Note 2), we find a lower bound for the spin-orbit
energy Eso=5.5meV, corresponding to a spin-orbit length o =1/
kso ~ 22 nm. For a second device, we extract a similar value Egq =
52meV (Supplementary Figs. 5 and 6). Recently, it has been
highlighted that the visibility of the helical gap feature depends
crucially on the shape of the QPC potential'®. To verify that our
observation is compatible with SOI in this respect, we perform self-
consistent simulations of the Poisson equation in Thomas—Fermi
approximation for our device geometry. The resulting electrostatic
potential is then mapped to an effective 1D QPC potential for a
quantum transport simulation using parameters for InSb (for details,
see Supplementary Note 1 and Supplementary Fig. 1). These
numerical simulations, shown in Fig. 2¢, fit best for ko =20nm
(Eso=6.5meV) and agree well with the experimental
observation, corroborating our interpretation of the re-entrant
conductance feature as the helical gap.

Voltage bias spectroscopy, as shown in Fig. 4a confirms that
this state evolves as a constant energy feature. By analyzing the
size of conductance triangles in voltage bias spectroscopy data at a
range of magnetic fields, we directly convert the development of
the initial 0.5-Gy plateau, as well as the re-entrant conductance
feature to energy (Fig. 4c). From the evolution of the width of the

4
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first 0.5-G, plateau, we can calculate the g-factor of the first
subband g=38 + 1. This number is consistent with the recent
experiments, which reported g-factors of 35-50'% 2, Comparing
the slopes of the Zeeman gap and the helical gap En/Ez ~ tan6
provides an alternative way to determine the offset angle 6. We
find € = 13° + 2° which is in reasonable agreement with the angle
determined by magnetic field rotation.

Angle dependence of the helical gap. To confirm that the
re-entrant conductance feature agrees with spin-orbit theory, we
rotate the magnetic field in the plane of the substrate at a constant
magnitude B=3.3T, as shown in Figs. 4a, b. When the field is
rotated towards being parallel to B, the conductance dip closes,
while when it is rotated away from Bgo, the dip increases in
width and depth. In contrast, when the magnetic field is rotated
the same amount around the y-z plane, which is largely
perpendicular to Bso, there is little change in the re-entrant
conductance feature, as shown in Figs. 4c, d. Rotating through a
larger angle in the x-y plane (Figs. 4e, f) shows that this feature
clearly evolves with what is expected for spin orbit. Our numerical
simulations in Fig. 4g agree well with the observed experimental
data. The small difference in the angle evolution between the
numerical simulations and experimental data can be attributed to
imperfect alignment of the substrate with the x-y plane.

Discussion

The extracted SO energy of 6.5 meV is significantly larger than
that obtained via other techniques, such as weak anti-localization
(WAL) measurements®!, and quantum dot spectroscopy?’. This
is not entirely unexpected, due to the differing geometry for this
device and different conductance regime it is operated in.
Quantum dot measurements require strong confinement, and so
the Rashba SOI is modified by the local electrostatic gates used to
define the quantum dot. Weak anti-localization measurements
are performed in an open conductance regime, however they
assume transport through a diffusive, rather than a ballistic
channel. Neither of these measurements explicitly probe the
spin-orbit interaction where exactly one mode is transmitting
in the nanowire, the ideal regime for Majoranas, and so the
spin-orbit parameters extracted from QPC measurements offer a
more accurate measurement of the SOI experienced by the
Majorana zero mode. Also, the SOI in a nanowire can be different
for every subband, and it is expected that the lowest mode has the
strongest SOI due to a smaller confinement energy’. Additionally,
the finite diameter of the nanowire, together with impurities
within the InSb crystal lattice?® both break the internal symmetry
of the crystal lattice which can modify the SOI and may
contribute a non-zero Dresselhaus component to the spin-orbit
energy that has not been previously considered.

While high quality quantized conductance measurements have
been previously achieved in short channel devices!” (L ~ 150 nm),
the channel lengths required for observing the helical gap are at
the experimental limit of observable conductance quantization.
As shown in Supplementary Figs. 1, 8 and 10, small changes in
the QPC channel length, spin-orbit strength or the QPC potential
profile are enough to obscure the helical gap, particularly
for wires with weaker SOI. We have fabricated and measured a
range of QPCs with different length and potential profiles, and
only two devices of L ~ 300 nm showed unambiguous signatures
of a helical gap. Possibly some of the other devices did not show
clear signatures because they had weaker SOI.

Several phenomena have been reported to result in anomalous
conductance features in a device such as this. Oscillations
in conductance due to Fabry-Perot resonances are a common
feature in clean QPCs. Typically the first oscillation at the front of
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Fig. 4 Angle dependence of the helical gap. a lllustration of the magnetic field orientation in b. When rotating along 0 the magnetic field lies in the x-y plane
and is aligned with Bsg at @ = 0° b, Rotation of the magnetic along 8 at B=3.3 T, shows a strong angle dependence of the helical gap. The conductance dip
closes when B is rotated toward Bsg and opens when B is rotated away from Bsg. Linecuts taken at 8 =12.9° (green arrow) and 0 = 21.1° (pink arrow) are
shown in the bottom panel. ¢ Illustration of the magnetic field orientation in d. When rotating along ® the magnetic field lies in the x-z plane. At ®=0°B is
aligned with the y-axis at at a small offset angle relative to Bso. d Rotation of the magnetic field along @ at B=3.3 T, mostly perpendicular to Bso, with
linecuts at @ =-4.1° (pink arrow), and ® = 4.1° (green arrow), added in the bottom panel. While the angle range is identical to b, there is little change in the
conductance dip. e Rotation of the magnetic field along 8 at B=3.6 T over a large angle range. The conductance dip disappears when B is parallel to Bso
which gives the exact offset angle between Bsg and By, @ =17°. f Linecuts of e taken at 8 = 0° (brown arrow), @ =17° (green arrow), and 6 = 37° (pink arrow),
additional linecuts are shown in Supplementary Fig. 4. g Numerical simulations of the differential conductance in a magnetic field rotated along 8 with L =
325 nm and Isp = 20 nm. Black dashed lines indicating the width of the helical gap are added as guide to the eye in b, d, e

each plateau is the strongest and the oscillations monotonically
decrease in strength further along each plateau!® 22, In our
second device, we clearly observe Fabry-Perot conductance
oscillations at the beginning of each plateau, however
these oscillations are significantly weaker than the subsequent
conductance dip. Furthermore we observe Fabry-Perot
oscillations at each conductance plateau, while the re-entrant
conductance feature is only present at the 1-Gy plateau.
Additionally, the width of the Fabry-Perot oscillations does
not change with increasing magnetic field, unlike the observed
re-entrant conductance feature. A local quantum dot in the
Coulomb or Kondo regimes can lead to conductance suppression,
which increases in magnetic field**. However both effects should
be stronger in the lower conductance region, and exists at zero
magnetic field, unlike the feature in our data. Additionally, a
Kondo resonance should scale with bias voltage V,q = +gupB/e as
a function of external magnetic field, decreasing instead of
increasing the width of the region of suppressed conductance.
Given the g-factor measured in InSb quantum dots, and its
variation with the angle of applied magnetic field g = 35-50%', we
can exclude both these effects. Similarly the Fano effect and dis-
order can also induce a conductance dip, but these effects should

18:478

not increase linearly with magnetic field. The 0.7 anomaly occurs
at the beginning of the plateau, and numerical studies have shown
it does not drastically affect the observation of the helical gap?°.
In conclusion, we have observed a return to 1 ¢*/h conductance at
the 2¢’/h plateau in a QPC in an InSb nanowire. The
continuous evolution in increasing magnetic field and the strong
angle dependence in magnetic field rotations agree with a SOI
related origin of this feature and distinguish it from Fabry-Perot
oscillations and other g-factor related phenomena. Additional con-
firmation is given by numerical simulations of an emerging helical
gap in InSb nanowires. The extracted spin-orbit energy of 6.5 meV
is significantly larger than what has been found by other techniques,
and more accurately represents the true spin-orbit energy in the first
conduction mode. Such a large spin-orbit energy reduces the
requirements on nanowire disorder for reaching the topological
regime?®, and offers promise for using InSb nanowires for the
creation of topologically protected quantum computing devices.

Methods

Device fabrication. The InSb nanowires were grown using the metalorganic
vapor phase epitaxy (MOVPE) process, and are grown along the [111] growth
direction in a zincblende crystal structure?’. The InSb nanowires were deposited
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using a deterministic deposition method on a degenerately doped silicon wafer. The
wafer covered with 20 nm of low stress LPCVD SiN which is used as a high quality
dielectric. Electrical contacts (Cr/Au, 10 nm/110 nm) defined using ebeam litho-
graphy were then evaporated at the ends of the wire. Before evaporation the wire
was exposed to an ammonium polysulfide surface treatment and short helium ion
etch to remove the surface oxide and to dope the nanowire underneath the
contacts'”.

Measurements. Measurements are performed in a dilution refrigerator with base
temperature ~20 mK fitted with a 3-axis vector magnet, which allowed for the
external magnetic field to be rotated in-situ. The sample is mounted with the
substrate in the x-y plane with the wire orientated at a small offset angle 6 =17°
from the x-axis. We measure the differential conductance G =dI/dV using
standard lock-in techniques with an excitation voltage of 60 pV and frequency
f=283 Hz. Additional resistances due to filtering are subtracted to give the true
conductance through the device. The helical gap, Zeeman gap, and subband
spacing reported in Fig. 3¢ were extracted from analysis of the full voltage bias
conductance diamonds shown in Fig. 3a and Supplementary Fig. 2. The subband
spacing was extracted by summing the widths of the 0.5 and 1 plateaus, the helical
gap and Zeeman gap from their respective conductance diamonds.

Numerical transport simulations. We use the method of finite differences to
discretize the 1D nanowire model of ref. °. In order to obtain a 1D QPC potential,
we solve the Poisson equation self-consistently for the full three-dimensional (3D)
device structure treating the charge density in the nanowire in Thomas-Fermi
approximation. To this end, we use a finite element method, using the software
FEniCS?8. The resulting 3D potential is then projected onto the lowest nanowire
subband and interpolated using the QPC potential model of ref. '°. Transport in
the resulting tight-binding model is calculated using the software Kwant?.

Code availability. All code used for the simulations in this study is available from
the 4TU.ResearchData repository at doi:10.4121/uuid:f82b6a24-201f-4de7-94cb-af
c95adladea (http://doi.org/10.4121/uuid:f82b6a24-201{-4de7-94cb-afc95ad1adea).

Data availability. All data underlying this study are available from the 4TU.
ResearchData repository at doi:10.4121/uuid:686925fd-017c-49df-a92b-3dc841
38c513 (http://doi.org/10.4121/uuid:686925fd-017c-49df-a92b-3dc84138c513).

Received: 25 January 2017 Accepted: 16 June 2017
Published online: 07 September 2017

References

1. Dresselhaus, G. Spin-orbit coupling effects in zinc blende structures. Phys. Rev.
100, 580-586 (1955).

2. Rashba, E. & Sheka, V. Symmetry of energy bands in crystals of wurtzite type:
II. Symmetry of bands including spin-orbit interaction. Fiz. Tverd. Tela Collect.
Pap 2, 162-176 (1959).

3. Winkler, R. Spin-Orbit Coupling Effects in Two-Dimensional Electron and Hole
Systems (Springer, 2003).

4. Streda, P. & Seba, P. Antisymmetric spin filtering in one-dimensional electron
systems with uniform spin-orbit coupling. Phys. Rev. Lett. 90, 256601 (2003).

5. Pershin, Y. V., Nesteroff, J. A. & Privman, V. Effect of spin-orbit interaction
and In-plane magnetic field on the conductance of a Quasi-one-dimensional
system. Phys. Rev. B 69, 121306 (2004).

6. Konig, M. et al. Quantum spin hall insulator state in HgTe Quantum Wells.
Science 318, 766-770 (2007).

7. Nowack, K. C. et al. Imaging currents in HgTe quantum wells in the quantum
spin Hall regime. Nat. Mater. 12, 787-791 (2013).

8. Quay, C. H. L. et al. Observation of a one-dimensional spin-orbit gap in a
quantum wire. Nat. Phys. 6, 336-339 (2010).

9. Klinovaja, J., Schmidt, M. J., Braunecker, B. & Loss, D. Helical modes in carbon

nanotubes generated by strong electric fields. Phys. Rev. Lett. 106, 156809 (2011).
. Klinovaja, J., Stano, P., Yazdani, A. & Loss, D. Topological superconductivity
and Majorana fermions in RKKY systems. Phys. Rev. Lett. 111, 186805 (2013).

. Alicea, J., Oreg, Y., Refael, G., von Oppen, F. & Fisher, M. P. A. Non-Abelian
statistics and topological quantum information processing in 1D wire networks.
Nat. Phys. 7, 412-417 (2011).

12. Nayak, C,, Simon, S. H., Stern, A., Freedman, M. & Das Sarma, S. Non-Abelian
anyons and topological quantum computation. Rev. Mod. Phys. 80, 1083-1159
(2008).

13. Oreg, Y., Refael, G. & Von Oppen, F. Helical liquids and Majorana bound states
in quantum wires. Phys. Rev. Lett. 105, 177002 (2010).

14. Mourik, V. et al. Signatures of majorana fermions in hybrid superconductor

semiconductor nanowire devices. Science 336, 1003 (2012).
. Albrecht, S. M. et al. Exponential protection of zero modes in majorana islands.
Nature 531, 206-209 (2016).

1

f=}

1

—

1

w

18:478

16. Rainis, D. & Loss, D. Conductance behavior in nanowires with spin-orbit
interaction: a numerical study. Phys. Rev. B 90, 235415 (2014).

17. Kammhuber, J. et al. Conductance quantization at zero magnetic field in InSb
Nanowires. Nano. Lett. 16, 3482-3486 (2016).

18. Heedt, S., Prost, W., Schubert, J., Griitzmacher, D. & Schipers, T. ballistic
transport and exchange interaction in InAs nanowire quantum point contacts.
Nano. Lett. 16, 3116-3123 (2016).

19. Van Weperen, L, Plissard, S. R., Bakkers, E. P. A. M., Frolov, S. M. &
Kouwenhoven, L. P. Quantized conductance in an InSb nanowire. Nano. Lett.
13, 387-391 (2013).

20. Nadj-Perge, S. et al. Spectroscopy of spin-orbit quantum bits in indium
antimonide nanowires. Phys. Rev. Lett. 108, 166801 (2012).

21. van Weperen, L. et al. Spin-orbit interaction in InSb nanowires. Phys. Rev. B 91,
201413 (2015).

22. Cayao, J., Prada, E., San-Jose, P. & Aguado, R. SNS junctions in nanowires with
spin-orbit coupling: Role of confinement and helicity on the subgap spectrum.
Phys. Rev. B 91, 024514 (2015).

. Koelling, S. et al. Atom-by-atom analysis of semiconductor nanowires with
parts per million sensitivity. Nano. Lett. 17, 599-605 (2017).

24. Heyder, J. et al. Relation between the 0.7 anomaly and the Kondo effect:
Geometric crossover between a quantum point contact and a Kondo quantum
dot. Phys. Rev. B 92, 165401 (2015).

25. Goulko, O., Bauer, F., Heyder, J. & Von Delft, J. Effect of spin-orbit interactions on
the 0.7 anomaly in quantum point contacts. Phys. Rev. Lett. 113, 266402 (2014).

26. Sau, J. D., Tewari, S. & Das Sarma, S. Experimental and materials
considerations for the topological superconducting state in electron- and
hole-doped semiconductors: Searching for non-Abelian Majorana modes in 1D
nanowires and 2D heterostructures. Phys. Rev. B 85, 064512 (2012).

27. Plissard, S. R. et al. From InSb nanowires to nanocubes: Looking for the sweet
spot. Nano. Lett. 12, 1794-1798 (2012).

28. Logg, A. et al. Automated Solution of Differential Equations by the Finite
Element Method (Springer, 2012).

29. Groth, C. W., Wimmer, M., Akhmerov, A. R. & Waintal, X. Kwant: a software
package for quantum transport. New. J. Phys. 16, 063065 (2014).

2

W

Acknowledgements

We gratefully acknowledge D. Xu, S. Goswami, D. van Woerkom and R.N. Schouten for
their technical assistance and helpful discussions. This work has been supported by
funding from the Netherlands Foundation for Fundamental Research on Matter (FOM),
the Netherlands Organization for Scientific Research (NWO/OCW), the Office of Naval
Research, Microsoft Corporation Station Q, the European Research Council (ERC) and
an EU Marie-Curie ITN.

Author contributions

J.K. and F.P. fabricated the samples, ].K., M.C.C., and F.P. performed the measurements
with input from M.W. O.G. contributed to the experiments. M.W., M.N,, and A.V.
developed the theoretical model and performed simulations. D.C., SR.P., and EP.AM.B.
grew the InSb nanowires. All authors discussed the data and contributed to the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00315-y.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-00315-y | www.nature.com/naturecommunications


http://doi.org/10.4121/uuid:f82b6a24-201f-4de7-94cb-afc95ad1adea
http://dx.doi.org/10.4121/uuid:686925fd-017c-49df-a92b-3dc841
http://doi.org/10.4121/uuid:686925fd-017c-49df-a92b-3dc84138c513
http://dx.doi.org/10.1038/s41467-017-00315-y
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Conductance through a helical state in an Indium antimonide nanowire
	Results
	Emergence of the helical gap a quantum point contact
	Magnetic field dependence of the helical gap
	Angle dependence of the helical gap

	Discussion
	Methods
	Device fabrication
	Measurements
	Numerical transport simulations
	Code availability
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




