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ABSTRACT: Ballistic one-dimensional transport in semiconductor B=4T
nanowires plays a central role in creating topological and helical states. L
The hallmark of such one-dimensional transport is conductance R

quantization. Here we show conductance quantization in InSb
nanowires at nonzero magnetic fields. Conductance plateaus are studied
as a function of source-drain bias and magnetic field, enabling extraction

of the Landé g factor and the subband spacing.
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S emiconductor nanowires are the starting point of recently
proposed topological systems.'™ A topological super-
conducting region arises in a one-dimensional (1D) semi-
conductor wire in the presence of a strong spin—orbit coupling
when it is brought in contact with a superconducting material.
On the boundary of the topological and nontopological wire
regions Majorana fermions (MFs) are expected.4 The MFs in a
nanowire, quasi-particles that are an equal superposition of an
electron and a hole, are candidate building blocks for fault-
tolerant quantum computation.“’5 Moreover, 1D semiconduc-
tor wires with strong spin—orbit coupling have also been
identified as a suitable platform for creation of a helical state.*®
In such a state spin and momentum of an electron are perfectly
correlated, thereby creating spin polarization and allowing spin
filtering, key themes in the field of spintronics.”~ "'

InSb nanowires, alongside InAs and Si/Ge core—shell
nanowires, are promising for study of topological and helical
states, as they have a strong spin—orbit interaction,'? and
superconductivity can be induced in the nanowires."> Indeed
signatures of MFs have been reported in hybrid semi-
conductor—superconductor InSb nanowire devices.'"* While in
InSb nanowires the basic properties of spin—orbit interaction
and induced superconductivity have each been separately
investigated, the degree of fulfillment of the third requirement
for creation of MFs, the 1D semiconductor wire, is not as well
understood. In a 1D wire transport takes place in subbands, of
which the occupation is controlled by an external gate voltage.
While first schemes for detection of MFs required occupation
of only a single subband near the superconducting contacts
where the MFs form,"? later })ro7posals extended this condition
to the multisubband regime.'>~"” Information about the energy
spectrum of InSb nanowires needed to answer questions of
subband occupation is however lacking. Moreover, MFs are
affected by disorder in the wire,'””'® of which the extent is
unknown. Such disorder creates diftusive transport, instead of
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the ballistic transport implied in the 1D requirement. Subband
occupation and disorder are also key issues in creation of helical
states in InSb nanowires.

The formation of subbands in (ballistic) 1D wires is shown in
transport measurements by quantization of conductance, where
each spin-degenerate subband contributes a conductance of g,
= 2¢?/h***" In semiconductor nanowires conductance
quantization is hard to achieve, as it requires strong suppression
of disorder between source and drain contact, a distance of
typically several hundred nanometers to a few micrometers.
Disorder, both due to structural imperfections and surface
states,”>*> leads to scattering of electrons, which due to the
radial confinement of nanowires often results in reflection of
electrons back to the reservoir from which they originated, that
is, backscattering (Figure 1la). Backscattering erases the
conductance quantization. In two-dimensional geometries, in
which conductance quantization has been studied extensively,
scattering centers outside of the 1D constriction are less
harmful to conductance quantization, as they will only affect the
trajectories of a small percentage of electrons. Also, in a plane
scattering less likely results in backscattering (Figure 1b). So far
indications of conductance quantization in nanowires have been
reported in Si/Ge core—shell nanowires,24’25 while signs of
quasi-ballistic transport, but no unambiguous conductance
quantization, have been observed in InAs nanowires.>**¢~>°

Here we demonstrate quantization of conductance in InSb
nanowires at nonzero magnetic field. We study the quantization
as a function of source-drain bias and magnetic field. With this
subband spectroscopy we extract the main characteristics of the
system, namely, the Landé g factor and the subband spacing.
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Figure 1. Consequences of scattering in nanowires and two-
dimensional geometries. (a) Transport through a constriction in a
nanowire. Scattering at an impurity reflects an electron back to the
source reservoir. Reflection at the reservoirs, here drawn for the drain
reservoir, also leads to backscattering. (b) Transport through a
constriction in a two-dimensional geometry in the presence of
scattering centers. Note that, compared to the 1D nanowire in panel
a), a scatterer only affects a small number of the ballistic trajectories
from source to drain reservoir and that scattering is less likely to lead
to scattering through the 1D constriction.

Our device (Figure 2a) is an InSb nanowire with two metal
contacts (Ti/Au). The InSb nanowires have a zinc blende
crystal structure free of structural defaults®" and have yielded
field-effect mobilities up to 35000 cm® V™' s\, The spacing of
the two metal contacts in the device studied here (~200 nm) is
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Figure 2. Quantization of conductance in an InSb nanowire. (a)
Scanning electron microscope image of a contacted (Ti/Au 25/150
nm) InSb nanowire similar to the one measured. The InSb wire is
colored yellow, the stem (InP and InAs) green. The direction of the
in-plane magnetic field B with respect to the wire is indicated. The
angle between nanowire and magnetic field is (53 + $)°. Differential
conductance g = dI/dV = I,c/V,c is obtained from a S0 pVpys
excitation Vjc. The source-drain bias Vg, is applied antisymmetrically
across the sample. The scale bar is 500 nm. All measurements were
performed at a temperature of 4.2 K. (b) Schematic drawing of the
nanowire lying on a Si substrate covered with 285 nm SiO,. The highly
p-doped Si acts as a global backgate to which a voltage V, is applied.
The inset shows the electrostatic potential U created by the backgate
voltage V,. The electrostatic potential leads to the formation of a
constriction in the wire in the region between the two contacts. (c)
Conductance g as a function of backgate voltage V,at B=4T (Vep=0
mV) shows plateaus at 0.5 and 1.0 conductance quanta g, (2¢’/h). A
series resistance of 6 kQ has been subtracted, chosen such that the
conductance of the second plateau is 1.0gy. This series resistance,
consisting of the impedance of the current amplifier (3 k) and a
contact resistance at the interface of the InSb wire and the metal
contact, is discussed in more detail in the Supporting Information. (d)
At nonzero magnetic field the energy spectrum consists of spin-split
subbands n{1,}}. The energy spacing between subbands 1] and 11,
where g = 0.5g, is denoted as E}' — E,". The energy spacing between
21 and 1] (g = 1.0gq) is denoted as E,' — E%.

comparable to the electron mean free path of ~300 nm
extracted from measurements of field-effect mobility. Con-
ductance quantization has however also been observed in a
device with ~850 nm contact spacing A global backgate
controls the electron density in the nanowire (Figure 2b).
Differential conductance g = dI/dV is measured using a
standard lock-in technique. On application of an in-plane
magnetic fleld conductance steps as a function of backgate
voltage are observed as seen in Figure 2c. The conductance at
the two plateaus is, after subtraction of 6 kQ of series resistance,
g~ 0.5g4 and g ~ 1g,, corresponding to transport through the
lowest subband 17 and through the 11 and 1| subband,
respectively (see Figure 2d). Subbands are denoted by an index,
with 1 the subband lowest in energy, and spin-split subbands (1
or |) that are degenerate in the absence of magnetic field have
the same number.

1D conductance channels show nonlinear conductance as a
function of DC source-drain bias Vgp. So-called half-plateaus at
intermediate conductance values g ~ 0.25g,, 0.75gq, and larger
fractions arise at high Vs, when the number of subbands
available for electrons from source or drain reservoir differs by
1.**73* Nanowire conductance as a function of Vg and gate
voltage (Figure 3a) shows that the 0.5g, and 1.0g, plateaus
around Vg = 0 mV evolve into these intermediate plateaus at
high source-drain bias (Vgp ~ + 10 mV). g(Vg) traces at Vg =
0 mV, —=7.5 mV, and —11 mV show the appearance of the high-
bias plateaus (Figure 3b). The observation of these half-
plateaus at high source-drain bias is a further confirmation of
conductance quantization.

The derivative of conductance to gate voltage,35 the
transconductance dg/dV,, of the same nonlinear transport
data (Figure 3c) shows the subband alignment with respect to
source and drain reservoir as a function of gate voltage and
source-drain bias. Zero-bias and high-bias plateaus (zero
transconductance) are separated by lines of high trans-
conductance that arise when a subband aligns with source or
drain reservoir. Two high transconductance lines intersect at
finite Vsp when source and drain are aligned with successive
subbands. This is seen in Figure 3c for the 11 and 1] subbands
at Vgp = 14 mV (point marked with *). In this configuration®
the source-drain potential eVgy, equals the subband spacing E,*
— E,', as depicted schematically in Figure 3d. We therefore
extract an energy spacing E,' — E,"(B = 4 T), which is also the
Zeeman energy at B = 4 T, of 14 meV.

Gate traces as a function of magnetic field B (Figure 4a)
show that the conductance plateaus become more pronounced
with increasing B. At B = 0 T conductance is dominated by
resonances that obscure the plateaus. The resonances, which
are discussed in the Supporting Information, are suppressed at
higher magnetic fields, enabling observation of the 0.5g,
plateau for B > 2 T and the 1.0go plateau for B > 3 T. The
improvement of plateau quality with magnetic field suggests the
presence of orbital effects; similar to two-dimensional electron
gases36 application of a magnetic field seems to reduce
backscattering.

The subband spacing E,} — E,, obtained from voltage bias
spectroscopy measurements such as the one shown in Figure
3¢, increases with magnetic field as seen in Figure 4b. We
extract from a linear fit with intercept fixed to zero to
this Zeeman splitting a gl factor of the first subband Ig,| = 1/
up d(E;* — E;')/dB of 58 + 1 (uy is the Bohr magneton). As
the subband splitting at zero magnetic field is experimentally
not accessible, also a linear fit with the intercept as a fitting
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Figure 3. Voltage bias spectroscopy. (a) Conductance as a function of
source—drain voltage Vgp. Each trace is taken with fixed V, between
—0.25 and 4 V and plotted without offset between traces. Dense
regions correspond to conductance plateaus. Data obtained at B = 4 T.
(b) Gate traces at Vgp = 0 mV (black), Vgp = —7.5 mV (red), and Vg,
= —11 mV (blue), corresponding to the location of the arrows in panel
a). The bump at g = 0.5¢, in the trace taken at Vs, = —11 mV is an
electronics artifact. (c) Transconductance dg/ dV, of the data in panel a
shows plateaus (zero transconductance, red) separated by transitions
between plateaus with high transconductance (yellow/white). The
conductance of the plateaus is indicated. The intersection of two
regions of high transconductance surrounding the 0.5 plateau at finite
Vgp (indicated with *) allows extraction of the energy E}—E" ()
The intersection of the high-transconductance regions at high source-
drain bias (point * in panel c) corresponds to the alignment of the
electrochemical potential of the source with spin-split subband 1],
while the drain potential is aligned with spin-split subband 11. The
source—drain potential eV, equals the subband spacing E,' — E;".

parameter is performed, giving a Ig;| of 64 + 3 . These g factors
are higher than the bulk InSb gl factor of 51. Although spin—
orbit interaction is thought to affect Igl factors in confined
geometries®”*® our enhanced Igl factor can likely be attributed
to exchange enhancement in low density quantum point
contacts.**~*" A gradual increase of conductance with source-
drain bias prevents observation of the transition between the
1.0g, plateau and the 1.25g, high-bias plateau in trans-
conductance. The subband spacing between 21 and 1|, E,'
— E,', is therefore extracted from measurements of
conductance as function of source-drain bias and gate voltage
(see Supporting Information), giving E'-E'B3T<BLS
T) ~ 10 meV (Figure 4c). The less well-defined 1.0g, plateau
in voltage bias spectroscopy measurements complicates
extraction of a clear magnetic field dependence of subband
spacing E,' — E,*(B).

In a second device conductance plateaus at g = 0.5g, and g =
1.0g,, are observed as the out-of-plane magnetic field increases,
showing the reproducibility of our results (Figure Sa). The
0.5g4 plateau widens with field for B < 5 T, and from voltage
bias spectroscopy measurements we extract Ig;|=51 + 1 for a
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Figure 4. Development of the conductance plateaus in magnetic field.
(a) Conductance g as a function of gate voltage V, at B between 0 and
5 T in steps of 0.2 T. The 0.5g; and 1.0g, conductance plateaus are
indicated by the red and blue box, respectively. (b) For B between 2
and 5 T the spin-split subband spacing E;* — E,' is extracted
from voltage bias spectroscopy measurements as indicated in panel
3c). From a linear fit through the origin (purple line) an effective Igl
factor Ig,| = 58 + 1 is obtained. A linear fit with the intercept as a free
parameter (green line) gives lg)l = 64 + 3. c) Spin-split subband
spacing E,' — E," extracted from conductance as a function of source-
drain bias and gate voltage (conductance plots in voltage bias
spectroscopy measurements) between 3 and 5 T.

linear fit with intercept fixed to zero (the intercept as fitting
parameter gives 62 + 3) (Figure Sb). The g = 0.5g, plateau
remains approximately constant in width for B > 5 T. The g =
1.0g, plateau is observed for B > 5.75 T, and its subband
spacing, also obtained from voltage bias spectroscopy measure-
ments, increases linearly with B for magnetic fields up to 9 T.

A transconductance plot of the gate traces of Figure Sa, in
which the lines of high transconductance correspond to the
onset of transport through a subband, shows that a crossing of
two subbands occurs at B ~ S T (Figure Sc). We now explain
which subbands cross and under which conditions a subband
crossing occurs. At zero magnetic field the 1 and | subbands
with the same index are degenerate, and Zeeman energy lifts
the degeneracy at nonzero magnetic fields. This is seen in
Figure Sc for the 1] and the 11 subband. One of the subbands
involved in the crossing is therefore the 1] subband, and the
similarity in slope to the 11 level at B > 5 T suggests that the
second subband involved is the 21 subband. At nonzero B
quantized steps with height g = 1g, split into steps of height g =
0.5g (see first column of Figure 5d, where only the 0.5g,
plateau is seen). When B is increased such that the Zeeman
energy is equal to the energy spacing of subbands at B =0 T,
two subbands with opposite spin and an index that differs by 1
become degenerate. Two 0.5g, steps combine to a single 1.0g,
step, leading to the disappearance of the plateaus at integer g,
As in our data at B ~ 5§ T the 27 and 1] subband are
degenerate, a 1.0g, step from 0.5, to 1.5g, occurs (see second
column of Figure 5d). At Zeeman fields larger than the subband
spacing the order of subbands is changed, in our case to 17, 21,
1|, and the width of the 0.5g, plateau, now defined as E,' —
E' is, excluding magnetic field contributions to confinement,
constant in magnetic field. The 1.0g, plateau grows as a larger
magnetic field increases the Zeeman energy separation between
1| and 21. Both the constant width of the 0.5g, plateau as well
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Figure 5. Conductance quantization and subband crossing in device II.
(a) Conductance g as a function of V, at out-of-plane B between 2 and
9 T in steps of 0.2 T. The green, blue and yellow trace (B=3T, S T,
and 9 T, respectively) are shown in the right column of panel d). Inset:
scanning electron microscopy image of device II with relevant contacts
(1 and 2) and wire region indicated by the box. Contact spacing is 300
nm, wire diameter 70 nm. Scale bar is S00 nm. (b) Subband spacing
Egy as a function of B for spin-split levels E\* — E,' (g = 0.5 red
squares) and |E,' — E;*l (g = 1.0 g blue dots) obtained from voltage
bias spectroscopy measurements. The purple and green lines are linear
fits to E;* — E;" with fit fixed at the origin and the intercept as a free
parameter, providing lg,| = 51 + 1 and 62 + 3, respectively. The linear
fit (blue line) to IE,’ — E,*(B)I gives lg,_i| = 1/uy d(E,' — EY)/dB =
52 + 2. The subband spacing of the 0.5g, plateau for B > S T is
denoted by E,' — E," (orange triangles). (c) The transconductance
dg/dV, of the traces of panel a) shows the onset of transport through a
subband as a line of high transconductance (yellow/white). Plateau
conductance (zero transconductance; red) is indicated. With
increasing B the spin-split subbands 1] and 11 move apart. Around
B =35 T 1] intersects with the 21 subband. Cuts A, B, and C are the
magnetic field values (B =3 T, S T, and 9 T, respectively) at which
g(Vg) is shown in panel d). Black dotted lines are a guide to the eye.
(d) Schematic drawing of the subband energies at B=3, B =S, and B
= 9 T (left) and the corresponding schematic conductance steps
(middle). The right column shows measured gate traces at the
indicated magnetic field.

as the increase in subband spacing of the 1.0g, plateau are seen
in Figure S5a, b and c.

Crossings of spin-split subbands have been observed in
quantum point contacts in GaAs two-dimensional hole and
electron gases.*”*® The large g factor in InSb, leading to a large
Zeeman energy, makes such a subband crossing reachable at
moderate magnetic fields. The energy spectrum of the wire
between contacts 2 and 3 in the inset of Figure Sa shows similar
signs of a subband crossing (see Supporting Information). In

both wire sections it was found that a magnetic field affects the
relative energy of subbands via a Zeeman energy contribution; a
magnetic field contribution to confinement strength**** was
not observed.

The spin-degenerate subband spacing at B = 0 T is estimated
from the subband crossing point. In the absence of magnetic
field contributions to confinement strength E," — E;" equals the
spin-degenerate subband spacing between the first two
subbands; E,' — E,'= E, — E,. At the degeneracy between
the 21 and 1| subbands at B~ S TE,' — E,' =E;* — E,' ~ 15
meV. We therefore estimate a spin-degenerate subband spacing
E, — E; ® 15 meV. This subband spacing agrees well with the
level spacing E, — E; = 18 meV in an infinite cyclindrical well
with diameter equal to our wire diameter (70 nm), which is,
considering that the confinement potential in our nanowire is
likely different from cylindrical, taken only as a rough estimate.

To summarize we have observed quantized conductance in
InSb nanowires at nonzero magnetic fields. Subband spectros-
copy, performed by measuring conductance quantization as a
function of source—drain voltage and magnetic field, allowed
extraction of Landé g factors of ~5S and a subband spacing of
~15 meV. Results reported here on devices with small contact
spacing indicate quasi-ballistic rather than diffusive transport
conditions in the InSb nanowire devices with contact spacing
~1 pum used in detection of MFs. Moreover, observation of
conductance plateaus is a prerequisite for detection of a helical
liquid in a nanowire. Our results are therefore an essential step
toward creation of such a helical state. The extracted nanowire
characteristics also allow estimation of the experimental
conditions under which a helical state arises. It is required*’
that spin—orbit energy Eqo and Zeeman energy are similar in
size and therefore, based on the reported lgl factor and Egqo ~
50 peV,'* a magnetic field of ~15 mT is predicted to lead to a
helical state. Furthermore, subband spacings reported here are
expected to be large enough to allow detection of helical liquid
signatures on conductance plateaus. Future experiments will
focus on nanowire devices with local gating, giving more
control over the shape and location of confinement potential,
to achieve ballistic transport at zero magnetic field, and will
explore ballistic transport in nanowires in the presence of spin—
orbit interaction.
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Fabrication details and electronic characterization of device I
and II, an estimation of contact resistance, voltage bias
spectroscopy measurements at 0 T of device I, measurements
of conductance as function of source—drain bias and gate
voltage of device I at 4 T, voltage bias spectroscopy
measurements at 3 T, S T, and 9 T of device II, and a
transconductance measurement of the energy spectrum in
device II as function of magnetic field and gate voltage. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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