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Ballistic Majorana nanowire devices
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Majorana modes are zero-energy excitations of a topologi-
cal superconductor that exhibit non-Abelian statistics™.
Following proposals for their detection in a semiconductor
nanowire coupled to an s-wave superconductor’*, several
tunnelling experiments reported characteristic Majorana
signatures®''. Reducing disorder has been a prime challenge
for these experiments because disorder can mimic the zero-
energy signatures of Majoranas'>'¢, and renders the topologi-
cal properties inaccessible'’-?°. Here, we show characteristic
Majorana signatures in InSb nanowire devices exhibiting clear
ballistic transport properties. Application of a magnetic field
and spatial control of carrier density using local gates gener-
ates a zero bias peak that is rigid over a large region in the
parameter space of chemical potential, Zeeman energy and
tunnel barrier potential. The reduction of disorder allows us
to resolve separate regions in the parameter space with and
without a zero bias peak, indicating topologically distinct
phases. These observations are consistent with the Majorana
theory in a ballistic system?, and exclude the known alterna-
tive explanations that invoke disorder'>'® or a nonuniform
chemical potential*2%,

Semiconductor nanowires are the primary contender for realiz-
ing a topological quantum bit (qubit) based on Majorana modes.
Their confined geometry together with highly tunable electronic
properties readily allow for localizing Majoranas, engineering the
coupling between Majoranas and controlling the coupling between
the topological superconductor and the external circuity. These
requirements for the implementation of a Majorana qubit are chal-
lenging to achieve in other Majorana systems such as 2D and 3D
topological insulators. Moreover, various basic networks* and high-
quality interfaces to different superconductors®*" have already
been realized in semiconductor nanowires, fulfilling the further
requirements for Majorana qubits. However, despite these advances
in materials, alternative explanations have been proposed for the
characteristic Majorana signatures. Most alternative explanations
invoke bulk or interface disorder’>'® or a nonuniform chemical
potential along the wire’>”. Notable examples are weak antilocal-
ization'*, Kondo effect'” and Andreev levels'®?, all shown to result
in transport signatures mimicking those attributed to Majoranas.
Here, we show characteristic Majorana signatures in nanowire
devices that exhibit ballistic transport, ruling out all known disor-
der- or nonuniformity-based explanations.

Figure la shows the measured device consisting of an
InSb nanowire (green) contacted with a grounded NbTIN
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superconductor (purple) and normal metal leads (yellow). The
local bottom gate electrodes are separated from the nanowire by a
boron nitride flake and are operated individually to allow for spa-
tial control of the carrier density in the nanowire. We have realized
our devices following our recently developed nanofabrication recipe
which results in a high-quality InSb-NbTiN interface, an induced
hard superconducting gap, and ballistic transport in the proximi-
tized nanowire (see refs '*°). All measurements are performed in a
dilution refrigerator with an electron temperature of ~50 mK. The
data is taken by applying a bias voltage, V, between the normal metal
lead and the superconductor indicated by N and S, respectively, and
monitoring the current flow. The other normal lead is kept floating.

Figure 1b shows the differential conductance dI/dV while
varying V, and stepping the voltage applied to the barrier gate.
Importantly, we find no signs of formation of quantum dots or
any other localization effects. Vertical line cuts at the gate voltages
indicated with coloured bars are shown in Fig. 1c. Figure 1c (bot-
tom) is from the tunnelling regime of the device where a sufficiently
negative voltage on the barrier gate locally depletes the noncovered
nanowire section, and creates a tunnel barrier between the normal
lead and the superconductor. In this regime we find an induced
superconducting gap with a strong conductance suppression for
subgap bias. The extracted gap value is A*=0.65meV. Increasing
the voltage on the barrier gate first lowers the tunnel barrier and
then removes it completely. Figure 1c (top) is from the regime in
which the noncovered nanowire section admits a single fully trans-
mitting transport channel. In this regime the subgap conductance is
strongly enhanced due to Andreev reflection compared to the large-
bias (above-gap) conductance of 2e*/h, the conductance quantum,
where e is the elementary charge and h is the Planck constant. The
extracted enhancement factor>1.5 implies a contact interface
transparency > 0.93 (ref. *°). Figure 1d shows the horizontal line cuts
from Fig. 1b at the bias voltages indicated with coloured bars. For
a bias V>A* we find a quantized conductance plateau at 2e*/h, a
clear signature of a ballistic device. For zero bias voltage the strong
Andreev enhancement is evident in the plateau region followed by
a dip in conductance due to channel mixing®. From the absence of
quantum dots, the observed induced gap with a strongly reduced
subgap density of states, high interface transparency, and quantized
conductance, we conclude a very low disorder strength for our
device, consistent with our recent findings®.

We now turn to the tunnelling regime of the device where
Majorana modes are characterized by a zero bias peak. To drive the
nanowire device into the topological phase, we apply a magnetic
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Fig. 1| Hybrid device and ballistic transport properties. a, False-colour electron micrograph of the measured device. The InSb nanowire (green) is contacted
by a grounded NbTiN superconductor (purple) and two Au normal metal leads (yellow). The nanowire has a diameter of ~80 nm. The local bottom gates
(normal, barrier and super) are separated from the nanowire by a boron nitride flake (~30 nm) and are operated individually. Two-terminal measurements
are performed between N and S, while the other normal lead is floating. b, Differential conductance d//dV as a function of bias voltage V, and voltage on the
barrier gate (the other gate electrodes are grounded). Vertical lines at certain gate voltages are due to slow fluctuations in the electrostatic environment.

¢, Vertical line cuts from b at the gate voltages marked with coloured bars. Top panel, the d//dV from the transport regime in which the current is carried

by a single fully transmitting channel. We find an enhancement of conductance at small bias by more than a factor of 1.5 compared to the large-bias
conductance of 2e?/h. Bottom panel, the tunnelling regime in which the current is carried by a single channel with low transmission. We extract an induced
superconducting gap A*=0.65meV. d, Horizontal line cuts from b at the bias voltages marked with coloured bars. Subgap conductance (V=0) shows an
enhancement reaching 1.5 x 2e?/h when the large-bias conductance (V=1.4mV >A*) has a quantized value of 2e?/h.

field, B, along the wire axis and tune the voltage applied to the
super gate (V) which controls y, the chemical potential in the
nanowire section underneath the superconductor. Figure 2a shows
that an increasing B closes the induced gap at 0.55T and gener-
ates a zero bias peak rigidly bound to V=0 up to 1.2T (line cuts in
Supplementary Fig. 1a). The gap closure is expected to occur for a
Zeeman energy E, > ~A*. From linear interpolation we find g> ~40
which matches our independent measurements”*. Converting the
B axis into a Zeeman energy (E,) scale (right vertical axis), we find
that the zero bias peak is bound to zero over 0.75meV, a range in
Zeeman energy that is 30 times larger than the peak width (the
full width at half maximum, FWHM ~ 20 peV, see Supplementary
Figs. 1c¢ and 4). This excludes a level crossing as the origin for our
zero bias peak'. We note that all our devices show a significant
increase of subgap density of states for the magnetic fields required
for topological phase transition. This behaviour is likely due to vor-
tex formation or a short mean free path*”* in our NbTiN film. The
formation of vortices is speculated to create a dissipation channel”,
the leading hypothetical mechanism that limits our zero bias peak
height from reaching the quantized value of 2e*/h. We have recently
observed a quantized zero bias conductance in InSb nanowires
proximitized by aluminium grown epitaxially on the wire*.

The origin of the zero bias peak can be spatially resolved by vary-
ing the voltages applied to individual gates. Figure 2b shows that

the presence of the zero bias peak is not affected when gating the
wire section underneath the normal contact, which changes the
conductance by more than a factor of five (see also Supplementary
Fig. 1d). Extending the same analysis to the noncovered wire sec-
tion yields the same result (Fig. 2c), that is, changing the tunnel
barrier conductance by nearly an order of magnitude does not split
the zero bias peak, nor makes it disappear (see also Supplementary
Fig. le). In contrast, Fig. 2d shows that the zero bias peak is pres-
ent over a finite range in voltage applied to the super gate (line cuts
in Supplementary Fig. 1f). This indicates that proper tuning of u is
essential for the appearance of the zero bias peak. The observation
of a zero bias peak that does not split when changing the tunnel bar-
rier conductance (Fig. 2¢) excludes the Kondo effect”® and crossing
of Andreev levels'® as the origin of our zero bias peak. Most impor-
tantly, it rules out an explanation provided by recent theoretical
work? that demonstrated trivial Andreev levels localized near the
noncovered wire section that are bound to zero energy for varying
E, and y, but quickly split to finite energies for varying tunnel barrier
strength (see also Supplementary Text 1). Here we demonstrate a
zero bias peak rigidly bound to V=0 over a changing tunnel barrier
conductance—a behaviour observed in all devices (Supplementary
Figs. 5-7). From the combined analysis (Fig. 2b-d) we conclude
that the zero bias peak originates in the wire section underneath the
superconductor, consistent with a Majorana interpretation.
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Fig. 2 | Zero bias peak and its dependence on magnetic field and local gate voltages. a, Differential conductance (dI/dV) as a function of bias voltage

(V), and an external magnetic field (B) along the nanowire axis for V, ,,.=0.75V. The magnetic field closes the induced gap at 0.55T and generates a

zero bias peak which persists up to 1.2 T. The right axis scales with Zeeman energy (E,) assuming a g factor of 40 obtained independently*?. (Voltage

on the normal and barrier gate: 0V and —1.4 V.) b, d//dV as a function of V and voltage on the normal gate. The voltage on the normal gate changes the
conductance by more than a factor of five but does not affect the presence of the zero bias peak. ¢, d//dV as a function of V and voltage on the barrier gate.
The voltage on the barrier gate changes the conductance by nearly an order of magnitude but does not affect the presence of the zero bias peak. d, dI/dV
as a function of V and voltage on super gate. The zero bias peak persists for a finite gate voltage range. The blue bar indicates the voltage on the super gate
in a, b and ¢. The voltage on the barrier gate is adjusted to keep the overall conductance the same when sweeping the voltage on the super gate.
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Fig. 3 | Dependence of zero bias peak on magnetic field orientation. a, Orientation of the nanowire device. The wire is along x and the spin-orbit field By, is along
y. The substrate plane is spanned by x and y. ¢ is the angle between the x-axis and the orientation of the external magnetic field in the plane of the substrate.

b, Differential conductance (dI/dV) as a function of bias voltage (V), and an external magnetic field along the y-axis. Application of a magnetic field along Bso
closes the induced gap but does not generate a zero bias peak. ¢, dl/dV as a function of V, and in-plane rotation of the magnetic field with a magnitude of 0.575T.
The zero bias peak appears in an angle range in which the external magnetic field is mostly aligned with the wire. We attribute the low conductance region around
the zero bias peak to the induced gap. Orienting the magnetic field away from the wire axis and more towards B, closes the induced gap and splits the zero bias
peak (see line cuts in d). d, Vertical line cuts from c at the angles indicated with coloured bars. For ¢p=0° the zero bias peak is present, which is split for ¢p=15°.
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Fig. 4 | Zero bias peak and phase diagram. a, Differential conductance (dl/dV) of another device measured as a function of bias voltage (V), and an
external magnetic field (B) along the nanowire axis. We find an induced gap A*=0.9 meV at zero magnetic field. Increasing the magnetic field closes the
induced gap at ~1T and generates a zero bias peak that persists up to at least 2.5 T. The right axis scales with Zeeman energy (E,), assuming g, =40
obtained independently?>?¢, The purple arrow at 1.22 T indicates the onset of the zero bias peak. b, Line cuts from a with 0.01x 2e?/h offset. ¢, Line cuts
fromaandbat O and 2.22T. d, Same as a but with a different super gate voltage V, ,...=—10V. For this super gate voltage, the onset of the zero bias peak
is at a larger magnetic field of 1.66 T, as marked by a purple arrow. e, Phase diagram constructed by the onset and the end of the zero bias peak in magnetic
field for different super gate voltages. The purple squares denote the onset, pink the end. For V, .,.,=—3V no zero bias peak is observed.

In a Majorana nanowire*’, the existence of a topological phase
strictly requires an external magnetic field with a finite component
perpendicular to the spin-orbit field By, see Fig. 3a. An external
field along the wire fulfills this requirement, shown in Fig. 2a. In
contrast, Fig. 3b shows that an external magnetic field parallel to
Bg, does not generate a zero bias peak for the same gate settings as
in Fig. 2a. Figure 3c shows the dependence of the zero bias peak on

the direction of the external field. The zero bias peak is limited to
an angle range where the external field is mostly aligned with the
wire, perpendicular to By, (see Supplementary Fig. 2 for a measure-
ment in a larger angle range). We observe a low conductance region
around the zero bias peak, indicating the induced gap. Orienting the
magnetic field away from the wire axis and more towards By, closes
the induced gap and splits the zero bias peak. This is indicated by
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the vertical line cuts from Fig. 3¢ at marked angles, shown in Fig. 3d.
A gap closing is expected for the critical angle ¢, given by the pro-
jection rule’>' E sin(¢p.) =A*. From the observed gap A* =175 peV
at B=0.575T and a g-factor of 40, we obtain ¢.=15°, agreeing well
with the observed value of ¢.~10° (a reduction in ¢, is expected
due to the orbital effect of the external magnetic field*?). Finally,
in Supplementary Fig. 2 we show that increasing B decreases ¢, a
behaviour consistent with the projection rule.

We now turn our attention to an identical device but with a lon-
ger proximitized wire section (1.2pm, see Supplementary Fig. 3a).
Figure 4a-c shows an induced gap A*=0.9meV at zero magnetic
field, significantly larger than the device in Figs. 1-3. As a result, the
induced gap closes at a higher magnetic field (~1T). The zero bias
peak is visible and unsplit over a range of at least 1.3 T, corresponding
to a Zeeman energy scale> 1.5meV. The FWHM is around 0.07 meV
yielding a ratio ZBP-range/FWHM 2 20 (Supplementary Fig. 4).
A disorder-free Majorana theory model with parameters extracted
from this device (geometry, induced gap, spin-orbit coupling, tem-
perature) finds perfect agreement between simulation®' and our data
(Fig. 4a). Supplementary Fig. 3b,c shows that the zero bias peak posi-
tion is robust against a change in conductance when varying the volt-
age applied to the normal and the barrier gate, ruling out the trivial
Andreev-level explanation™ consistent with our earlier discussion
(Fig. 2b,c). In contrast to normal and barrier gate, the voltage applied
to the super gate changes the onset and the end of the zero bias peak
in magnetic field. Figure 4d shows that for V ., =—10V the zero bias
peak appears at a higher magnetic field compared to Fig. 4a where
Vi gue==7V (1.66 T versus 1.22 T). We have extended this analysis for
-10V <V, <0V and marked the magnetic field values at which the
zero bias peak starts and ends (Supplementary Fig. 3d). The resulting
phase diagram is shown in Fig. 4e. For large negative voltages applied
to the super gate, we find a region in which the zero bias peak persists
for large ranges of magnetic field and V., indicating the topological
phase. We attribute the appearance of a trivial phase at large mag-
netic fields above the topological phase to multi-channel occupation
in the proximitized wire section?"**. A precise knowledge of the phase
boundaries requires a theory including finite-size effects®, the orbital
effect of the magnetic field* and accurate electrostatic modelling of
the device®, and will be addressed in future studies.

In conclusion, the presented experiments demonstrate zero bias
peaks over an extended range in Zeeman energy and gate voltage in
devices that show clear ballistic transport properties, and reveal the
distinct phases in the topology of Majorana wires. These observa-
tions exclude all known alternative explanations for our zero bias
peaks that are based on disorder.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-017-0032-8.
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Methods

Nanowire growth and device fabrication. InSb nanowires are grown by a Au-
catalysed vapour-liquid—solid mechanism in a metal organic vapour phase epitaxy
reactor. The InSb nanowires are zinc blende, along the [111] crystal direction, and

are free of stacking faults and dislocations®. As-grown nanowires are deposited one-
by-one using a micro-manipulator™ on a substrate patterned with local gates covered
by a ~30-nm-thick hBN dielectric. The contact deposition process starts with resist
development followed by oxygen plasma cleaning. Then, the chip is immersed in a
sulfur-rich ammonium sulfide solution diluted by water (at a ratio of 1:200) at 60°C for
half an hour. At all stages care is taken to expose the solution to as little air as possible.
For normal metal contacts>, the chip is placed into an evaporator. 30 seconds of
helium ion milling is performed in situ before evaporation of Cr/Au (10nm/125nm)
at a base pressure < 10”7 mbar. For superconducting contacts'**’, the chip is mounted
in a sputtering system. After 5seconds of in-situ argon plasma etching at a power of

25 watts and a pressure of 10 mTorr, 5nm NbTi is sputtered followed by 85nm NbTiN.
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Data availability. All data are available at http://doi.org/10.4121/uuid:b3f993a7-
1b8b-4fd8-8142-5fa577027cdd (ref. **).
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